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ABSTRACT

Building robust, generalizable models that work in the wild across many applications re-
quires learning that does not rely on manual labels. Human annotations are costly and
time-consuming. Labels inherit human biases and conventions, reflect taxonomic choices and
annotation artifacts, and cannot be obtained at scale or keep pace with an always-changing,
long-tailed world. Meanwhile, vast unlabeled data across many modalities (e.g., video, audio,
text) are freely available online. Humans naturally learn without explicit teaching by discover-
ing regularities in unimodal and multimodal inputs, integrating information across modalities,
and using language to reason about them. This thesis advances a label-free path for image and
video understanding, building on ideas of multimodal learning, reasoning in language space,
and unsupervised learning.

This thesis contributes to different main stages of building vision models without labels:
from creating high-quality datasets for pretraining, to training strong general-purpose models,
adapting them to specific tasks and domains, exploring models” dense properties, and finally
improving evaluation benchmarks — all without any human annotations. We develop three
complementary ideas: (1) leverage multimodal pretraining to go beyond simple modality-
alignment by learning fused multimodal representations, enabling dense spatio-temporal
grounding capabilities, and using multimodal models as pseudo-supervisors for task/domain
adaptation; (2) use language as the powerful operating space by translating visual signals into
text descriptions and exploiting the strong reasoning abilities of large language models; and (3)
design losses, architectures, and pipelines for unsupervised learning across different stages,
such as pretraining, domain/task adaptation, and spatio-temporal grounding. Concretely, we
introduce an ordering-based contrastive objective for self-supervised training that improves the
local neighborhood structure of the learned embedding space compared to a commonly used
contrastive loss. We then construct truly multimodal video—audio—text representations that can
flexibly fuse any subset of modalities into a single joint embedding. Then, we present a pipeline
that adapts image-language models to activity-centric video understanding, namely action
recognition, using only unlabeled videos together with action dictionaries, eliminating the
need for paired supervision. We also develop a pipeline that adapts vision-language models
to specific domains (e.g., cooking) using only domain text data, without even target-domain
vision data or any paired annotations. To increase the quality of of web-scale video—audio—text
data for multimodal pretraining without human curation, we propose a method to convert
noisy subtitles of web instructional videos into dense, high-quality, human-like descriptions by
using LLM to reason about the videos entirely in language space. Using the same language-
space reasoning idea, we propose a method to diagnose and mitigate representation biases,
such as object or single-frame bias, in popular video evaluation benchmarks, enabling a more
robust assessment of video understanding capabilities. We then propose an architecture that
learns spatio-temporal activity localization without any grounding supervision, using only
web multimodal video-text data. Finally, we unlock activity-grounding abilities in pretrained
multimodal models entirely without training, via lightweight architectural modifications.

Together, these contributions advance image and video understanding without reliance on
manual labels. We develop methods for label-free model pretraining and adaptation, reveal
dense grounding capabilities without human annotations, and introduce unsupervised tools
that improve pretraining data quality and create fairer, more reliable evaluation benchmarks.
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ZUSAMMENFASSUNG

Der Aufbau robuster, generalisierbarer Modelle, die in der Praxis iiber viele Anwendungen hin-
weg funktionieren, erfordert Lernverfahren, die nicht auf manuelle Beschriftungen angewiesen
sind. Menschliche Annotationen sind kostspielig und zeitaufwendig, kénnen Annotationsfehler
beinhalten und kénnen weder in grofiem Mafistab erstellt werden noch mit einer sich standig
wandelnden Welt Schritt halten. Gleichzeitig stehen im Internet groffe Mengen unbeschrifteter
Daten tiber viele Modalitdten hinweg (z. B. Video, Audio, Text) zur Verfiigung. Diese Disserta-
tion verfolgt einen label-freien Ansatz fiir das Lernen von Bild- und Videoreprasentationen,
der auf den Konzepten des multimodalen und des untiberwachten Lernens aufbaut.

Diese Arbeit betrachtet dabei verschiedene Phasen des multimodal, uniiberwachten Ler-
nens: von der Erstellung hochwertiger Datensédtze fiir das Vortraining tiber das Training
grosser, allgemein einsetzbarer Modelle, deren Anpassung an spezifische Aufgaben und
Domadnen, bis hin zur Verbesserung von Evaluationsbenchmarks. Sie basiert auf drei kom-
plementdren Ideen: (1) der Nutzung eines multimodalen Vortrainings, in dem fusionierte
multimodale Reprasentationen gelernt werden, und der Nutzung multimodaler Modelle als
Pseudo-Supervisoren fiir zur Anpassung an bestimmte Aufgaben oder Doménen; (2) der
Nutzung von Sprache als leistungsfahigem Reprasentationsraum, indem visuelle Signale in
Textbeschreibungen iibersetzt und die Schlussfolgerungsfahigkeiten grofier Sprachmodelle
ausgenutzt werden; und (3) der Anpassung von Loss-Funktionen, Architekturen und Pipelines
fiir untiberwachtes Lernen in verschiedenen Phasen. Konkret fiihren wir einen Sorting-Loss fiir
das selbstiiberwachte Training ein, welcher die lokale Nachbarschaftsstruktur eines Reprédsen-
tationsraums im Vergleich zum héufig verwendeten Contrastive Loss verbessert. Anschlieflend
konstruieren wir multimodale Video-Audio-Text-Reprédsentationen, die flexibel jede Teilmenge
von Modalitdten in einer gemeinsamen Représentationen fusionieren kénnen. Daraufhin wird
eine Pipeline vorgestellt, die Vision-Language-Modelle fiir das Videoverstehen — insbesondere
fiir die Bewegungsklassifikation — anpasst, indem ausschliefilich unbeschriftete Videos zusam-
men mit entsprechenden Labeln, aber ohne direkte Zuordnung, verwendet werden, wodurch
der Bedarf an paarweiser Annotation entféllt. Des weiteren wurde eine Pipeline entwickelt,
die Vision-Language-Modelle an spezifische Doménen (z. B. Kochen) anpasst, wobei nur
doménenspezifische Textdaten genutzt werden — ohne jegliche Zieldoméanen-Bilddaten oder
gepaarte Annotationen. Um die Qualitdt von Video-Audio-Text-Daten im Web-Mafstab fiir
das untiberwachtes, multimodale Training zu erhthen, wurde eine Methode entwickelt, mit
der verrauschte Untertitel von webbasierten Videos in hochwertige Beschreibungen umge-
wandelt werden, indem ein grofies Sprachmodell das Video ausschliefilich im Sprachraum
interpretiert. Mit derselben Idee der sprachbasierten Verarbeitung wurde eine Methode zur
Diagnose von visuelles Biases — etwa Objekt- oder Einzelframe-Bias — in gdngigen Video-
Evaluationsbenchmarks entwickelt, um eine robustere Bewertung aktueller Videomodelle zu
ermdoglichen. Schliesslich wird eine Architektur vorgestellt, die rdumlich-zeitliche Aktivitat-
slokalisierung unter Verwendung ausschliefslich webbasierter multimodaler Video-Text-Daten
und ohne jegliche lokala Annotation lernt. Diese wird schliesslich ergdnzt durch eine Meth-
ode, die Aktivitatslokalisierung auch durch vortrainierte multimodale Modelle ohne weiteres
Training lediglich durch architektonische Modifikationen erlaubt.

Insgesamt ermoglichen die genannten Beitrdge das Training von Modellen zum Bild- und
Videoverstehen ohne die Notwendigkeit manueller Beschriftungen zu verbessern. Die entwick-
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elten Methoden fiir label-freies Training zeigen dabei, dass es moglich ist, gute Reprédsenta-
tionsfahigkeiten ohne menschliche Annotationen zu lernen und stellen Werkzeuge vor, die die
Qualitdt der Trainingsdaten verbessern und verldsslichere Evaluationsbenchmarks schaffen.
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The success of deep learning in computer vision has traditionally relied on the availability
of human-annotated datasets. Landmark benchmarks such as ImageNet [DDS"og] or Ki-
netics [KCS™17] have driven progress by providing millions of labeled examples, enabling
supervised models to learn powerful representations. However, constructing such datasets
requires extensive human effort, is expensive, and scales poorly, especially for domains like
video, where annotations must also capture temporal boundaries of actions or events. Moreover,
human labels are often noisy, incomplete, and biased, reflecting annotation artifacts rather
than the underlying structure of the data [TE11, PRB™21]. Beyond errors, the very process
of defining annotation guidelines inherently constrains what is captured: deciding on label
taxonomies or descriptive granularity reflects human assumptions and conventions rather than
objective truth [BSoo]. These limitations motivate a shift toward multimodal and unsupervised
learning, which leverage signals abundantly available online, such as videos with subtitles,
images with alt-text, audio—visual correlations, or intrinsic structure of unimodal raw data.

Humans perceive their environment by integrating information from various sensory modal-
ities. Vision, hearing, touch, and smell are not processed in isolation but combined into
a coherent understanding of the world [GSo6]. For example, watching a speaker’s lip
movements improves speech understanding in noisy environments compared to listening
alone [SP54, (GSo0]]. Similarly, training people to visually discriminate motion patterns while
concurrently hearing congruent audio leads to faster learning of a visual-only task than train-
ing with vision alone [KSSo08, SSo8]. This shows that different modalities can complement
and supervise each other, enabling more robust understanding of the world and faster learn-
ing [MDFB™ 21, BLoo), SSo8]. Multimodal learning in computer vision tries to build on those
mechanisms and utilize multiple modalities to enable a more reliable, human-like perception
and foster more efficient learning of visual representations.

Additionally, beyond complementing and supervising each other, modalities can also be
transferred from one modality into another. For example, people summarize movies into
short plot descriptions or tag lists to allow for easier search and recommendation rather than
relying on short video trailers. Similarly, people often understand a visual task better when
it is not only explained through visual examples but when this visual task is described in
words [Mayos|]. Recent advances in large language models (LLMs) excel at zero-shot reasoning
and leveraging background knowledge [BMR" 20, |AAAT23]]. Systems that translate vision
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perception into language can improve visual understanding by expressing visual information as
text and allowing LLMs to reason about it and/or process this information in the context of
their world knowledge [ZLI" 24].

Finally, humans acquire knowledge largely without explicit supervision. No one provides
infants with exhaustive labels of every object, boundary, or action they encounter. Instead,
humans learn by observing and discovering regularities in sensory input [SAN96, [FAo2, [FAo1].
Children do not learn to distinguish an apple from a ball through annotated datasets, but
rather by repeatedly encountering them across varied contexts. This ability to learn from raw,
uncurated experience is also reflected in the power of unsupervised learning in computer vision.

A central goal of this thesis is to advance image and video understanding without relying
on human annotations, by drawing inspiration from how people learn through (1) multimodal
experience, (2) language reasoning, and (3) finding regularities in raw input. We leverage
multimodal data to enrich visual representations beyond vision alone and to enable modalities
to supervise each other, we transform modalities into language space to take advantage
of the structured reasoning abilities of large language models, and we adopt unsupervised
learning paradigms to learn directly from unannotated signals. Concretely, this thesis covers
the different stages of building models for image and video understanding: from creating
high-quality multimodal datasets for pretraining, to developing strong general-purpose models,
adapting them to specific tasks and domains, exploring their dense properties, and finally
debiasing evaluation benchmarks - all without any human annotations.

The thesis is structured into four main parts.

* In Part[l} Pretraining Representations Without Human Supervision, we investigate
learning strong, generalizable representations from large-scale, annotation-free data that
transfer to diverse downstream tasks.

- In Chapter 3| we propose a new loss function that extends the contrastive loss com-
monly used in self-supervised and multimodal pretraining by relaxing the objective
to enforce only that positives lie closer to the anchor than any negatives. Using
our new objective, we train image representations from raw images and show that
it yields more coherent local neighborhoods in the embedding space than contrastive
loss, resulting in significantly improved performance across benchmarks. This work,
“Learning by Sorting: Self-supervised Learning with Group Ordering Constraints”,
is published at ICCV 2023 [SPK™23].

— Further, in Chapter |4, building on the idea of multimodal pretraining, where
one modality supervises another in a contrastive way using internet data (e.g.,
CLIP [RKH™21al]), we focus on learning a representation that captures not only
individual modalities but also any of their combinations, e.g., video-audio-text, in
a single fused embedding, building truly multimodal representations that exploit
complementary information and training using only freely available, noisy instructional
videos. This work, “Everything at Once — Multi-modal Fusion Transformer for Video
Retrieval” is published at CVPR 2022. [SCR™22],

¢ In Part @ Finetuning Multimodal Models Without Human Supervision, we address
the challenge of adapting pretrained multimodal models to specific tasks or domains
without labeled data. While pretrained generalized representations usually achieve
strong zero-shot performance, finetuning on supervised datasets often remains crucial
for unlocking their full potential and achieving state-of-the-art results in a particular
task/domain.



— In particular, in Chapter [5, we investigate how to adapt image-language models, which
tend to focus primarily on objects, toward video understanding with a focus on activities
without relying on any paired human annotations using only unlabeled videos and
action dictionaries. This work, “Match, Expand and Improve: Unsupervised Fine-
tuning for Zero-Shot Action Recognition with Language Knowledge”, is published
at ICCV 2023 [LKS™23].

— In Chapter[6} we further explore how to adapt vision-language representations to a
specific domain (e.g., cooking) — again without any paired annotations, moreover,
without even target-domain video data and using only target-domain language.
This work, “In-Style: Bridging Text and Uncurated Videos with Style Transfer for
Text-Video Retrieval”, is published at ICCV 2023 [SKSK23].

* Further, in Part [, Improving Data Quality Without Human Supervision, we focus on
improving the quality of training and evaluation data without human involvement. For
multimodal pretraining of video models, natural multimodal signals such as instructional
videos paired with dense narrations obtained via automatic speech recognition are freely
available online. However, these narrations are often very noisy and misaligned and thus
suboptimal for effective pretraining. In addition, existing video evaluation benchmarks
are also limited, as they frequently exhibit representation biases, such as object or single-
frame bias, where accurate predictions can be achieved merely by recognizing objects or
relying on a single frame.

— Therefore, in Chapter [7, we show how to generate high-quality dense video annotations
at scale without any human supervision from subtitles obtained from automatic
speech recognition by formulating and solving the problem in language space and
using LLMs for reasoning. Using this method, we create a new video—audio-text
dataset, HowToCaption, which yields substantially better downstream performance
on video—-audio-text tasks compared to the original noisy supervision. This work,
“HowToCaption: Prompting LLMs to Transform Video Annotations at Scale”, is
published at ECCV 2024 [SKH™24].

— Further, in Chapter |8, we also show that mapping videos to language space allows
us to estimate and mitigate different types of representation biases in video evaluation
benchmarks at scale without any human input. We conduct a systematic analysis of
popular video benchmarks and create new debiased test splits, which we believe
provide a more robust assessment of video understanding capabilities. This work,
“Unbiasing through Textual Descriptions: Mitigating Representation Bias in Video
Benchmarks”, is published at CVPR 2025 [SNS™ 25].

* Finally, In Part[IV| Grounding with Multimodal Models Without Human Supervision,
we address dense vision tasks, specifically the localization of actions and events in space
and time in videos without any grounding supervision during training.

— In Chapter [g} we explore how multimodal signals from instructional videos can guide
spatio-temporal grounding of activities in untrimmed videos. We also propose a new
evaluation benchmark with dense spatio-temporal grounding annotations in long,
untrimmed, multi-action instructional videos, enabling assessment of this chal-
lenging task in a real-world setting. This work, “What, when, and where? Self-
Supervised Spatio-Temporal Grounding in Untrimmed Multi-Action Videos from
Narrated Instructions”, is published at CVPR 2024 [CSR™ 24].
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— In Chapter 10, we explore a training-free approach that uncovers the inherent action
grounding capabilities of frozen pretrained multimodal models without any additional
training or finetuning. This work, “VideoGEM: Training-free Action Grounding in
Videos”, is published at CVPR 2025 [VBK ™ 25].

For the rest of this chapter, we introduce each part in more detail in Sections 1.1 to [1.4/and
then list all corresponding publications and collaborations in Section

1.1 PRETRAINING REPRESENTATIONS WITHOUT HUMAN SUPERVISION

To train powerful, robust models that generalize across diverse tasks, large and diverse
datasets are essential. Since manual annotation at such scales is costly, self-supervised learn-
ing has emerged as an attractive alternative, offering a paradigm for learning transferable
representations from unlabeled data. Self-supervised learning methods include discrimina-
tive approaches, which learn by solving surrogate tasks such as rotation prediction [GSK18],
jigsaw puzzles [NF16], or temporal order prediction in videos [MZHzi6a], and generative
approaches, which learn by reconstructing missing or corrupted input, including autoen-
coders [VLBMOo8, VLL"10], inpainting [PKD™16], colorization [ZIE16, LMS16], or masked
token prediction [HCX" 22, BDPW21, ZWW"21]]. Discriminative methods also include con-
trastive approaches [DAT ™21, (CKNH20, TSP™20, HFW " 20a, BHB19| [YZYC19], which signifi-
cantly narrowed the gap to supervised learning by training models to pull together positive
pairs (e.g., augmented views of the same sample) and push apart negatives (e.g., different
samples) in the embedding space. Contrastive objective has proven highly effective not only
for unimodal representation learning but also as the foundation of multimodal approaches
aligning images, video, audio, and text [RKH"21a, MZA " 19, RBH"21] and has been extended
in many frameworks [GSA™ 20, CMM ™20, | ZJM ™ 21, [BPL21} [ESSS21, (CTM " 21, ICH21b]. Despite
its success, contrastive loss has several drawbacks. One drawback is that it minimizes the
distance between positives and maximizes separation from negatives, which can be subopti-
mal: positives may still differ despite sharing a concept, and even distant negatives contribute
unnecessarily to the optimization. Moreover, the contrastive objective is pairwise, aligning
only individual positive pairs and negative pairs rather than groups of related positives and
negatives. Extensions such as SwAV [CMM™ 20], which incorporates clustering, or Whiten-
ing [ESSS21]], which aligns multiple positives, address this partially. In this thesis, we build on
contrastive learning and propose a new loss that explicitly addresses these limitations.

In addition to self-supervised learning from unimodal data, multimodal pretraining pro-
vide another powerful paradigm, relying instead on the naturally co-occurring signals found
in web data. The key idea is to exploit noisy yet abundant internet-scale resources, such
as image and alt-text pairs or video with textual narration obtained from automatic speech
recognition, as supervisory signals. Models are trained to project different modalities into a
shared embedding space using contrastive objectives, minimizing the distance between positive
pairs (e.g., an image and its caption) while pushing apart unrelated samples (e.g., an image
and another image’s caption) . Powerful image-text [RKH " 21a, LLXH22a|, SWY "24, CLW 25,
7ZMKB23], video-text [BNVZ21a, MZA " 19, ZLH" 21a, WLL"24], and video—audio—text mod-
els [RBH" 21, /AYQ"21] demonstrate the effectiveness of this paradigm. Such multimodal
pretraining demonstrates strong zero-shot transfer to other tasks, such as zero-shot classifica-
tion or retrieval[RKH " 21a), [LLXHz22a, MZA " 19, RBH" 21]. Additionally, pretrained encoders
are also used as a strong initialization for downstream tasks. However, most efforts have
learned a joint embedding space that projects only individual modalities, while the challenge
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of jointly encoding multiple modalities, for example, obtaining a fused embedding for video
with accompanying audio and text, in an annotation-free multimodal manner has remained un-
explored. Such representations could be particularly valuable for capturing richer multimodal
signals and for improving performance on tasks that require reasoning across modalities, for
example, classifying videos together with their audio and accompanying text.

1.1.1 Contributions

In this thesis, we make two contributions to this field.

¢ First, in Chapter [3} we delve into contrastive objectives and propose a new contrastive
loss, Group-Ordering Constraints. Instead of comparing pairs of positives and negatives,
we compare groups of positives and groups of negatives [SPK™23]. Moreover, we relax
the standard constraint of “pull positives together, push negatives apart” and enforce
only that all positive samples are closer to the anchor than all negatives. This yields a
more holistic optimization of local neighborhoods than the standard contrastive loss. We
evaluate our new objective for self-supervised learning on unlabeled images and show
that it produces representations with more consistent local neighborhoods, evidenced by
significantly improved k-NN performance across benchmarks.

* Then, in Chapter 4} we aim to learn multimodal representations enabling not only strong
single-modality representations but also a fused representation for arbitrary modality
inputs using only free supervision from naturally co-occurring signals in instructional
web videos. We introduce a modality-agnostic fusion transformer that routes information
across video, audio, and text to produce a joint embedding [SCR™22]. We training the
representation with a contrastive objective applied in a combinatorial manner, pulling
together any combinations of given modalities. The resulting representations support
flexible modality combinations at test time and outperform previous methods in zero-shot
performance on retrieval and action localization.

1.2 FINETUNING MULTIMODAL MODELS WITHOUT HUMAN SUPERVISION

Large-scale vision-language models such as CLIP [RKH"21a], and SigLIP [ZMKB23] or
Meta CLIP [XXT"23, CLW'25] have achieved remarkable success by training on large-
scale corpora of web-scraped image-text pairs. They enable open-vocabulary recognition
through zero-shot transfer, powering tasks from classification to detection and segmenta-
tion [ZFZ" 22, [ZYLL22a|, [GLKC22, RZC"22]. Yet, despite their strong generalization, most
systems still require finetuning on downstream datasets to match fully supervised performance.
In video understanding, such datasets are particularly costly to construct because they also
require temporal annotation, such as identifying salient segments within long videos, precisely
trimming them, and aligning each segment with an appropriate textual description.

One of the main challenges in adapting image-text models to video understanding.
Image—text models usually are trained on much larger and diverse datasets than video—text
models, partly because video data has higher storage and compute costs, noisier and less
aligned textual signals, and more restrictive legal and licensing constraints. But despite
image-text models is promising for video understanding, they usually underperform on zero-
shot video tasks [WXL21, NPC ™22, JTHZ" 22, WSOz23| [CH22, RKM"22]. This gap is usually
attributed to a core bias: these models predominantly capture objects (nouns) while failing to
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represent actions (verbs or verb phrases) [T]B"22,1ZZZ " 22| YBK ™ 23a, [HN21]. To overcome this,
some methods adapt image-language models for video understanding by equipping them with
temporal modeling and applying supervised finetuning [GVM ™22, LXX" 22, WXL21, RKM"22].
However, such methods still rely on costly annotations and remain constrained by the narrow
vocabularies of curated datasets, limiting zero-shot transfer to unseen categories. In this thesis,
we tackle the challenge of adapting image-language models to video understanding using
unlabeled video data with an open vocabulary in an unsupervised manner. While more recent
models also solve this problem by combining larger-scale image-text data with video—text
data for pretraining [WHL" 23, WLL"24] or by using image—text models as teachers to train
video models [LWL ™23, LLW " 24], our method enables finetuning in a relatively low-resource
regime of strong image-text models and might applied to newer CLIP-family models such as
EVA-CLIP-18B [SWY "24] and MetaCLIP2 [CLW " 25].

Another challenge lies in the adaptation of multimodal models to specific video do-
mains (e.g., cooking or movies). Most multimodal models utilize supervised finetuning
for each domain [RKM™22, LWL"23, WHL"23, WLL"24]. But since collecting domain-
specific annotations is expensive, some methods attempt to augment domain-specific data
automatically [WLFT23, [ZMKG22|] and finetune the model using these data. For exam-
ple, Cap4Video [WLF™ 23] generates auxiliary captions for in-domain videos by optimizing
language model output to maximize CLIP [RKHT21b] similarity score to the video. LaV-
iLa [ZMKG22|] proposes generating additional narrations for dense coverage of long videos by
finetuning a large language model on subset of paired text-video data. However, zero-shot
captioning methods such as Cap4Video require substantial optimization time and access to
in-domain videos, and methods that finetune language models to produce in-domain captions,
such as LaVila, still rely on partially annotated data. In this thesis, we make a first step
towards finetuning vision-language models using only in-domain text data, without any paired
data or even without in-domain videos.

1.2.1 Contributions

This thesis investigates annotation-free finetuning strategies and makes two contributions to
the field.

e In Chapter s, we propose MAtch, eXpand and Improve (MAXI) [LKS™ 23], an approach to
adapt image-text models for open-vocabulary video understanding without requiring
annotated data. MAXI enables finetuning on unlabeled video datasets (e.g., Kinetics-
400 [KCS™17]) by leveraging external language sources such as action dictionaries, world
knowledge of large language models (e.g., GPT-3 [BMR " 20]), and vision-language models
for captioning (e.g., BLIP [LLXHz22al]) and pseudo-matching (e.g., CLIP [RKH"21a]]). We
show that MAXI effectively leverages unlabeled video data, significantly improving
source model performance for video understanding, competing with state-of-the-art
supervised methods, and even surpassing them in some zero-shot and few-shot action
recognition tasks.

* In Chapter [6| we introduce a method to adapt vision-language models for domain-
specific text-video retrieval using only text queries from the target domain [SKSK23].
We formalize this new setup as text—video retrieval with uncurated and unpaired data, where
training relies solely on text queries without corresponding videos. This setting is
motivated by the ease of collecting or generating text data, e.g., producing topic-specific
queries rather than curating matched video—text pairs. We also propose In-Style method,
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which learns the style of domain-specific queries and transfers it to uncurated web videos,
enabling training on pseudo pairs without any human annotations and significantly
narrowing the gap between zero-shot and fully supervised performance.

1.3 IMPROVING DATA QUALITY WITHOUT HUMAN SUPERVISION

The rapid progress of multimodal pretraining has been fueled by large-scale web data collec-
tions for training, such as LAION [SVB™21a]], DataComp [GIF 23], HowTo10o0M [MZA " 19],
and WebVid [BNVZ21a], which provide massive amounts of image-text or video—text pairs
at virtually no annotation cost. While the scale of training data has been the main driver
of recent progress, noisy or biased data might limit generalization and robustness. This has
sparked growing interest in automatically improving training data quality through filter-
ing, denoising, and re-annotation strategies [GIF 23, LLXH22a| [LAl24, SVB™21a, WHL" 23].
While image-alt-text pairs scraped from the web have proven effective for training image
models, especially combined with dataset cleaning strategies [GIF' 23, XXT 23, SVB™21a],
video-text data introduces unique challenges. Web videos with alt-text, such as those in
WebVid [BNVZ21a], often lack audio and provide only high-level descriptions rather than
dense annotations of multiple events. Instructional videos, e.g. in HowTo1ooM [MZAT19],
with narration automatically transcribed by speech recognition systems (ASR) offer a promis-
ing alternative, since they supply video—audio—text signals at scale. However, such data is
inherently noisy: ASR transcripts are often ungrammatical and filled with filler words and
often weakly aligned with visual content [MZA ™ 19, [HXZ22]. While some works mitigate
this issue by re-annotating video data with pretrained image captioning models applied to
individual frames [WHL™ 23, CSM 24, CLW T24] — essentially transferring knowledge from
images to videos — in this thesis we instead convert noisy ASR transcripts into high-quality,
temporally aligned captions, thereby uncovering new knowledge within the data, enabling the
construction of densely annotated video—audio—text datasets for more effective pretraining.

Another critical aspect of data quality lies in the evaluation benchmarks used to assess
robustness and generalization. The quality of evaluation benchmarks is crucial, as they may suf-
fer from different type of biases and spurious correlations that unintentionally hinder robust
image and video understanding evaluation. In video understanding, where action classification
and text-to-video retrieval datasets are typically used to evaluate the fundamental ability of new
models, there is ongoing debate about how much performance on these benchmarks reflects
true action recognition versus reliance on spurious cues such as objects or background con-
text [HSSK16|, [(CWR22, WR21]. This issue, known as representation bias, has been examined
through strategies such as masking human figures or replacing backgrounds [HSSK16| CWR22]
or miming actions in unrelated environments [WR21]]. Other works aiming to reduce scene or
object bias have collected specialized datasets [LLV18, BSYS™ 21, GEKM " 17b]. Though such
debiased solutions are rarely adopted for benchmarking, either due to artifacts in modified
videos or perceived out-of-domain data distributions. Beyond object and scene bias, there
was also a discussion about whether current video benchmarks truly evaluate temporal rea-
soning, since single-frame models often achieve competitive performance with video-based
methods [BEG™22, LBB23]. While new benchmarks have been proposed to explicitly test
temporal understanding [BTS23, MAM23, CTZ"24], temporal representation bias in standard
datasets remains underexplored. In this thesis, we address this challenge by systematically
assessing and mitigating different forms of representation bias in video benchmark, including
object/scene and temporal bias.
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1.3.1 Contributions

This thesis investigates annotation-free strategies for improving both training data and evalua-
tion benchmarks in video understanding. Our main contributions are:

¢ In Chapter [7}, we present a method to transform noisy ASR transcripts of instructional
videos into high-quality, temporally aligned captions, enabling the construction of-
densely annotated video—audio—text datasets for large-scale pretraining [SKH™24]. We
design an LLM prompting strategy that processes longer subtitle contexts, generates
human-like captions, and aligns them to videos using subtitle timestamps. Applied to
HowTo100M dataset, we produce the large-scale HowToCaption dataset. Our evaluation
shows that HowToCaption improves zero-shot text-video retrieval and captioning across
benchmarks, and further disentangles narration from audio, boosting performance in
text-video—audio tasks.

¢ In Chapter |8, we introduce a scalable approach to systematically analyze and mitigate
different types of representation bias, such as object or single-frame bias, in existing
video benchmarks using automatically generated textual descriptions, without the need
for manual annotations [SNS'25]. To this end, we leverage VLMs and LLMs, converting
our video task into the problem described with language, which allows us to exploit the
strong zero-shot reasoning abilities of LLMs and to draw conclusions about biases in
video representation. Using our method, we systematically analyze 12 video datasets,
create object-debiased test splits, and benchmark 30 state-of-the-art models to reveal both
dataset and model biases. To enable more robust evaluation, we release UTD-descriptions
(structured dataset annotations) and UTD-splits (object-debiased test sets).

1.4 GROUNDING WITH MULTIMODAL MODELS WITHOUT HUMAN SUPER-
VISION

Parts [I| and [lI] explore pretraining and finetuning for image and video understanding using
multimodal and unsupervised learning. However, these chapters focus on models that operate
at a coarse level and do not address dense prediction tasks, such as semantic segmentation,
object detection, spatial or spatio-temporal grounding of objects and activities. In Part[IV| we
investigate how to equip models with dense properties, namely, focusing on enabling models
with action-grounding capabilities without manual annotations.

Spatio-temporal grounding of activities in video is particularly challenging. Unlike objects
with clear spatial extent, actions emerge from interactions unfolding over time, making them
ambiguous, variable, and costly to annotate [JGZ" 13, (GSR" 18, MS17]. Traditional activities
grounding methods rely on dense human supervision, pairing bounding-box trajectories
with textual descriptions [YMS™22, JylYM22], which limits scalability and generalization.
In contrast, multimodal self-supervised approaches [MAS™ 20, IARS ™20, |AYQ™ 21} (CRD"21]]
trained on large-scale video—text corpora such as HowTo10oM [MZA T 19] achieve state-of-the-
art results at coarse tasks, including zero-shot temporal segmentation [ZAC"19a, TDR" 19,
SCR™22[], but lack spatial localization abilities. Recent works have explored annotation-free
spatial grounding [AKB™ 19} [LZZ " 22, WLL " 22,ZYZ" 22, [TPS™21,|(CSR " 24|, learning to localize
entities from image—caption or video—caption pairs without bounding boxes. Yet, these methods
assume the queried concept is visible and are not designed to detect whether and when an
action occurs in untrimmed, real-world videos. This gap motivates us to extend multimodal
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training toward spatio-temporal grounding, namely localizing events both spatially and
temporally without direct grounding supervision, which we address in this thesis.

While the annotation-free grounding methods discussed above avoid manual labels, they
often require specialized architectures or losses tailored to spatial or temporal localization.
In contrast, a separate line of work explores training-free localization of semantic concepts in
images [ZLD22, LWDL23| BPFK24] by adapting vision-language models for object grounding.
While effective for object localization in images, action localization in videos is considerably
more challenging, as it requires capturing contextual cues beyond object boundaries. Unlike
objects with clear boundaries, actions do not have clear outlines, they are context-dependent,
often involving interactions between multiple entities across varying timescales. In this thesis,
we address this challenge by investigating training-free spatial activity grounding in videos
leveraging frozen pretrained multimodal models.

1.4.1 Contributions

This thesis explores annotation-free grounding of events in videos and makes the following
contributions.

* In Chapter[g} we introduce the first approach for spatio-temporal grounding of events in
untrimmed videos trained using only multimodal supervision from instructional videos,
without any human annotations [CSR"24]. Our method integrates fine-grained local
representations, which capture spatial details, with global representations that encode
higher-level temporal and contextual information, combining them into a unified frame-
work. We also propose a new benchmark dataset, GroundingYoutube, a first benchmark
with dense spatio-temporal annotations centered around activities in long, untrimmed
instructional videos containing multiple actions. Experiments on this dataset and other
downstream tasks demonstrate that our approach outperforms existing baselines across
spatial, temporal, and spatio-temporal grounding scenarios.

¢ In Chapter |10, we explore how to enable spatial grounding of activities using pretrained
multimodal models in a fully training-free manner [VBK"25]. To this end, we adapt
the GEM method [BPFK24], originally developed for grounding objects and referring
expressions in images, to the problem of activity grounding in videos. We propose a
layer-weighting scheme that prioritizes higher layers, motivated by our analysis showing
that actions, as abstract semantic concepts, typically emerge in the higher layers of models.
We also introduce a prompt decomposition technique that processes verbs, actions, and
objects separately, resulting in more accurate spatial localization of activities. Our fully
training-free method outperforms existing supervised state-of-the-art approaches for
spatial video grounding.

1.5 PUBLICATIONS

Four parts of this thesis comprise eight chapters (Chapter [3]to [10), that present the core contri-
butions of the thesis. Each of Chapter [3|to Chapter |10|is based on a paper that has undergone
peer review and was accepted for publication at a conference. The corresponding chapters
closely follow the respective publications, with only minor adjustments and formatting changes.
Reuse of the published material follows the author reuse rights and licence conditions of the
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respective publishers; in particular, the IEEE/CVE[[|chapters are based on the accepted /CVF
Open Access versions, while the ECCV /Springer Nature chapter is reproduced in accordance
with the Springer Nature Licence to Publish. Below, we list publications included in this thesis,
as well as summarize Nina Shvetsova’s contributions in each publication, and acknowledge
collaborations. Full bibliographic information is provided in the bibliography.

¢ Chapter 3} [Learning by Sorting: Self-supervised Learning with Group Ordering]

Nina Shvetsova, Felix Petersen, Anna Kukleva, Bernt Schiele, and Hilde Kuehne. In
ICCV 2023. [SPKT 23]

The work was conducted by Nina Shvetsova in collaboration with Felix Petersen and
Anna Kukleva under the supervision of Bernt Schiele and Hilde Kuehne. The initial
idea was conceived jointly by Nina Shvetsova, Felix Petersen, and Hilde Kuehne. As first
author, Nina Shvetsova was responsible for the study design, code implementation, and
evaluation procedure, and conducted all experiments and analyses and was the main
writer of [SPK'23]. All authors contributed to scientific discussions and to the text of the
final publication.

* Chapter [} [Everything at Once — Multi-modal Fusion Transformer for Video Retrieval]

Nina Shvetsova, Brian Chen, Andrew Rouditchenko, Samuel Thomas, Brian Kingsbury,
Rogerio S Feris, David Harwath, James Glass, and Hilde Kuehne. In CVPR 2022. [SCR" 22|

This work was conducted in collaboration with the MIT-IBM Watson Lab. Nina Shvetsova,
as first author, designed the proposed method, implemented it, conducted all experiments
and analyses, and was the main writer of [SCR™22]. All authors contributed to scientific
discussions and to the text of the final publication. Brian Chen and Andrew Rouditchenko
also assisted with setting up the initial codebase.

* Chapter [5} [Match, Expand and Improve: Unsupervised Finetuning for Zero-Shot]
|Action Recognition with Language Knowledge|

Wei Lin, Leonid Karlinsky, Nina Shvetsova, Horst Possegger, Mateusz Kozinski,
Rameswar, Panda, Rogerio Feris, Hilde Kuehne, and Horst Bischof. In ICCV 2023.
[LKS™ 23]

This work was done in collaboration with the MIT-IBM Watson Lab and Graz University
of Technology. Wei Lin was the lead author, responsible for the study design, code
implementation, and conducting all experiments, as well as being the main writer. Nina
Shvetsova and the other co-authors contributed to regular scientific discussions on the
project.

* Chapter [6} [In-Style: Bridging Text and Uncurated Videos with Style Transfer for]
[Mext-Video Retrievall

'In reference to IEEE copyrighted material which is used with permission in this thesis, the IEEE
does not endorse any of University of Tubingen’s products or services. Internal or personal use of this
material is permitted. If interested in reprinting/republishing IEEE copyrighted material for advertising
or promotional purposes or for creating new collective works for resale or redistribution, please go to
http:/ /www.ieee.org/publications_standards/publications/rights/rights_link.html to learn how to obtain a License
from RightsLink. If applicable, University Microfilms and/or ProQuest Library, or the Archives of Canada may
supply single copies of the dissertation.
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Nina Shvetsova*, Anna Kukleva*, Bernt Schiele, and Hilde Kuehne (*equal contribution).
In ICCV 2023. [SKSK23]

This project was co-led by Nina Shvetsova and Anna Kukleva as co-first authors, under
the supervision of Bernt Schiele and Hilde Kuehne. Nina Shvetsova and Anna Kukleva
contributed equally to all stages of the work, including the conception of the idea, method
design, implementation, experiments, and writing. All authors participated in scientific
discussions and contributed to the final manuscript.

* Chapter [z [HowToCaption: Prompting LLMs to Transform Video Annotations at Scale

Nina Shvetsova*, Anna Kukleva*, Xudong Hong, Christian Rupprecht, Bernt Schiele,
and Hilde Kuehne (*equal contribution). In ECCV 2024. [SKH™ 24]

This project is done by Nina Shvetsova, Anna Kukleva, and Xudong Hong under the
supervision of Christian Rupprecht, Bernt Schiele, and Hilde Kuehne. Nina Shvetsova
and Anna Kukleva are co-first authors of this work. The initial idea was conceived
by Nina Shvetsova, who was responsible for the study design, code implementation,
experiments, and was the main writer of [SKH™ 24]. Anna Kukleva contributed equally
as co-first author during the initial stages of the project, before transitioning to her
internship. Xudong Hong contributed to the NLP aspects and collected statistics of the
generated captions. All authors participated in scientific discussions and contributed to
the final manuscript.

¢ Chapter 8; [Unbiasing through Textual Descriptions: Mitigating Representation Bias in|
[Video Benchmarks!

Nina Shvetsova, Arsha Nagrani, Bernt Schiele, Hilde Kuehne, and Christian Rupprecht.
In CVPR 2025. [SNS™ 25

This work was conducted by Nina Shvetsova under the supervision of Arsha Nagrani,
Bernt Schiele, Hilde Kuehne, and Christian Rupprecht. As first author, Nina Shvetsova
designed the method, implemented it, conducted all experiments and analyses, and
was the main writer of the paper. All authors participated in scientific discussions and
contributed to the final manuscript.

* Chapter g} What, when, and where? Self-Supervised Spatio-Temporal Grounding in|
Uni [MulfAfion Vid ; N I ong
Brian Chen, Nina Shvetsova, Andrew Rouditchenko, Daniel Kondermann, Samuel
Thomas, Shih-Fu Chang, Rogerio Feris, James Glass, and Hilde Kuehne. In CVPR 2024.
[CSRT24]

This work was conducted in collaboration with Columbia University, the MIT-IBM
Watson Lab, and Quality Match GmbH. Brian Chen was the lead author of the paper.
Nina Shvetsova contributed to weekly scientific discussions, writing of the paper, and
creating the figures.

¢ Chapter 10} |[VideoGEM: Training-free Action Grounding in Videos|
Felix Vogel, Walid Bousselham, Anna Kukleva, Nina Shvetsova, and Hilde Kuehne. In
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CVPR 2025. [VBK™ 25|

This paper is based on the master thesis of Felix Vogel. Nina Shvetsova acted as Felix
Vogel’s supervisor during this project.

Publications not included in the thesis, as they are only loosely related to its topic:

M2SVid: End-to-end inpainting and refinement for monocular-to-stereo video conver-
sion.

Nina Shvetsova, Goutam Bhat, Prune Truong, Hilde Kuehne, and Federico Tombari.
Under review, 2025. [SBT T 25|

Preserving modality structure improves multi-modal learning.

Sirnam Swetha, Mamshad Nayeem Rizve, Nina Shvetsova, Hilde Kuehne, and Mubarak
Shah. In ICCV, 2023. [SRS™ 23]

C2KD: Cross-lingual cross-modal knowledge distillation for multilingual text-video
retrieval.

Andrew Rouditchenko, Yung-Sung Chuang, Nina Shvetsova, Samuel Thomas, Rogerio
Feris, Brian Kingsbury, Leonid Karlinsky, David Harwath, Hilde Kuehne, and James
Glass. In ICASSP, 2023. [RCS™ 23]

Augmentation learning for semi-supervised classification.

Tim Frommknecht, Pedro Alves Zipf, Quanfu Fan, Nina Shvetsova, and Hilde Kuehne.
In GCPR, 2022. [FZF"22]

Mood 2020: A public benchmark for out-of-distribution detection and localization on
medical images.

David Zimmerer, Peter M Full, Fabian Isensee, Paul Jager, Tim Adler, Jens Petersen,
Gregor Kohler, Tobias Ross, Annika Reinke, Antanas Kascenas, Bjorn Sand Jensen, Alison
Q. O'Neil, Jeremy Tan, Benjamin Hou, James Batten, Huaqi Qiu, Bernhard Kainz, Nina
Shvetsova, Irina Fedulova, Dmitry V. Dylov, Baolun Yu, Jianyang Zhai, Jingtao Hu,
Runxuan Si, Sihang Zhou, Sigi Wang, Xinyang Li, Xuerun Chen, Yang Zhao, Sergio Naval
Marimont, Giacomo Tarroni, Victor Saase, Lena Maier-Hein, and Klaus Maier-Hein. IEEE
Transactions on Medical Imaging, 2022. [ZFI " 22]

Anomaly detection in medical imaging with deep perceptual autoencoders.
Nina Shvetsova, Bart Bakker, Irina Fedulova, Heinrich Schulz, and Dmitry V Dylov. IEEE
Access, 2021. [SBF"21]
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This chapter reviews the literature relevant to the topic of this thesis and is organized
according to its four main parts. We present the most relevant and recent work in this field and
relate it to the contributions done in this thesis. However, the chapters of the four main parts
also include related work discussions more specific to the respective topics of these chapters.

2.1 PRETRAINING REPRESENTATIONS

In this section, we focus on pretraining robust visual representations without human supervi-
sion through self-supervised learning and multimodal pretraining, the two main paradigms for
label-free representation learning. We discuss related work in this area in detail, as pretrained
models without supervision on large-scale web data serves as the foundation for all parts of
this thesis. We also highlight connections to our contributions on pretraining representations,
presented in Part I, Pretraining Representations Without Human Supervision.

2.1.1 Self-supervised Learning

Self-supervised learning (SSL) is a fast-growing research field that exploit supervisory signals
directly available in the data itself. Instead of relying on human labels, self-supervised learning
leverages automatically generated objectives, ranging from early pretext tasks
to modern contrastive or masked modeling methods HCX*22], to learn discrimina-
tive and transferable representations. In this section, we focus on SSL methods for learning
vision representations. It is notable that representations pretrained with self-supervised learn-
ing HFW " 20b), IGSA ™ 20, (CMM ™ 20, CTM " 21, ZJM " 21, [BPL21, HCX" 22, ODM " 23]

significantly surpass those obtained with supervised pretraining on standard image benchmarks

13
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such as ImageNet [DDS™ o9, particularly in terms of transfer performance on downstream
tasks. SSL further enables learning more powerful and generalizable representations by scaling
up data and model capacity [SVS™25].

Earlier Pretext Tasks. Early self-supervised learning methods used surrogate objectives, namely
pretext tasks, such as colorization [ZIE16], inpainting [PKD™16], rotation prediction [GSK18],
and jigsaw puzzle solving [NF16, (CLJ21] to encourage models to learn semantic and spatial
structure. Puzzle-solving idea was also recently revived for self-supervised pretraining of
transformer architectures [WFW ™23, ZLL" 23, AAH" 25] by dropping positional encodings
and training the model to recover them. It was shown that such puzzle-based objectives
lead to stronger representations than masked-reconstruction objectives, e.g., MAE [HCX" 22|,
especially on dense tasks [WFW™23].

Clustering. Clustering-based methods [YPB16, XGF16, DSRB14, LSZU16] learn feature rep-
resentations by optimizing a clustering objective or by creating pseudo-labels from groups
of similar samples. However, the main challenge of such approaches is preventing collapse
into a trivial solution in which most images are assigned to one or a few clusters. DeepClus-
ter [CBJD18|] was one of the first approaches to scale clustering-based methods for training
deep representations on ImageNet-scale data. DeepCluste introduced mechanisms to prevent
cluster collapse and proposed to alternate between clustering features to obtain pseudo-labels
and training the network to predict these labels. This idea is further extended in Deeper-
Cluster [CBMJ19], which trained representations on uncurated long-tail data, and in Online
Deep Clustering [ZXL"20], which removed the need to alternate between clustering and rep-
resentation learning by updating cluster centroids and network parameters simultaneously.
SeLA [ARV20] further proposed to perform clustering and representation learning with a
single loss, and mitigated collapse by maximizing the mutual information between sample
indices and labels through an optimal transport formulation solved with the Sinkhorn-Knopp
algorithm [[Cut13]. SWAV [CMM20] combined online clustering with contrastive learning
ideas by using soft cluster assignments from the Sinkhorn-Knopp instead of augmented
views of the image in the training objective. DINO [CTMT21] adopted clustering ideas in
self-distillation objective, using with a student-teacher architecture, where the student learns
to match the teacher “class” predictions using centering and sharpening to prevent collapse.
iBOT [ZWW " 21] further extended this idea to patch-level self-distillation. Later methods, such
as MSN [ACM " 22], ENT[RSM ™22, DINOv2 [ODM 23], and DINOv3 [SVS™25] replaced or
complemented centering and sharpening with Sinkhorn-Knopp normalization similarly to
SwAV [CMM " 20].

Contrastive Learning. Early modern SSL success came from contrastive learning meth-
ods [TKI20] that pull together augmented views of the same image (positive pairs) while
repelling other images in the batch (negative pairs) in the embedding space, usually lever-
aging the InfoNCE [OLV18] objective for training. In this regard, MoCo [HFW ™ 20b] nar-
rowed the gap between the perfomance of self-supervised and supervised representation
learning by introducing a momentum encoder and a queue to maintain a large pool of nega-
tives, which turns out to be crucial for effective contrastive pretraining. SimCLR [CKNH20]]
simplified the recipe, emphasizing the usage of heavy augmentations and large batches.
These works established the efficiency of contrastive pretraining and led to many suc-
cessors that further improved the training recipe [CFGH20, (CXH21b], scaled up pretrain-
ing [CKS™ 20|, improved the utilization of positives [DAT 21, WWSY20, ZZL"21b] and nega-
tives [HKW 22, CHT 21, WWW ™21, YHH 22| ZZP" 22, [TAC18| [KSP" 20, [RCS]J20], explored
the temperature parameter [KAG22, KBS™ 23], and learned dense features [WZS™ 21, HKA ™ 21].
Beyond SSL, contrastive loss has been widely used in other fields, including multimodal
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learning [RKH™21a, IWW 21, RBH" 21, SCR™22], supervised learning [KTW'20], domain
adaptation [TL21, HGX"22], domain generalization [YBZ'22, KYP"21], or metric learn-
ing [MMRM17].

Information Maximization and Teacher-Student Methods. This family of methods also
relies on learning embeddings that are invariant to distortions of the input sample but, unlike
contrastive approaches, avoids representational collapse by using information-maximization
principles or teacher—student architectures without explicit negatives. In the line of information-
maximization work, Barlow Twins [Z]M " 21] and VICReg [BPL21] regularized cross-correlations
and variance/covariance of twin embeddings reducing redundancy, and Whitening [ESSS21]
constrained batch samples to lie on a spherical distribution. BYOL [GSA " 20] avoided collapse
using two networks, an online model (student) and an exponential moving average (EMA)
target model (teacher), an asymmetric predictor applied only to the online model, as well as
batch-normalization layers. SimSiam [CH21b|] went further, showing that collapse can be pre-
vented even without an EMA target model by using batch-normalization layers, an asymmetric
predictor, and a stop-gradient on one branch. DINO [CTM™21], that was already mentioned
in clustering-based approached, further utilized a teacher-student setup but similarly to a
knowledge-distillation idea [GYMT21]]: instead of matching raw embeddings, the student
matches the output soft distribution from the teacher. In practice, these methods reduce
reliance on the large batches and explicit negatives needed in contrastive learning and work
particularly well with ViT backbones [CTM"21]. However, they often require careful tuning of
additional regularization mechanisms to avoid collapse [LEP22].

Masked Modeling. Masked modeling methods train representations by masking a portion of
an input sample and learning to reconstruct the missing content. This approach is proven to
be effective in language modeling, for example with masked autoencoding in BERT [DCLT19]
and autoregressive modeling in GPT models [RWC T 19]. Earlier vision work includes denois-
ing autoencoders [VLBMo8] with various image corruptions [VLL™ 10|, including masking
pixels [VLL" 10, PKD™ 16, CRC"20]. However, unlike language, which provides information-
dense discrete signals (e.g., words), images lack a discrete vocabulary and contain redundant
information, which complicates training. Recent work addressed these issues in different ways.
BEiT [BDPW21] replaced raw pixel regression with discrete visual tokens from a tokenizer to
improve semantic supervision, and MaskFeat [WEX™ 22| predicted hand-crafted features such
as HOG [DTos] instead of pixels. MAE [HCX"22]] reconstructed pixels from highly masked
inputs using a lightweight decoder and an asymmetric encoder—decoder design that makes
pretraining efficient. SimMIM [XZC ™22 showed that a simple recipe that regresses pixels with
a small head is competitive at scale. These ideas were further extended in many follow-up
works [CDW 24, DBZ" 23|, BHX" 22, PDB"22, WBD 23, ADM"23]]. Related work such as
iBOT [ZWW ™ 21] linked masked modeling and self-distillation by predicting masked token
assignments in a teacher-student setup. In practice, masked image modeling provides strong
pretraining for ViT architectures [DBK™20] and transfers especially well to dense prediction,
although it often requires longer training than alternative objectives.

Generative Models. Recently, there has been growing interest in utilizing representations
learned by generative models, namely diffusion [HJA20,SME20] and flow matching [LCBH™ 22]
models, for various dense tasks. These models have shown significant advances in image
generation [HJA20, SME20, LCBH"22], and it has further been shown that their pretrained
backbones provide strong initialization for dense semantic tasks, including depth estima-
tion [GAZS™ 25, HGL " 25, KOH " 24} [FYH " 25|, surface normal estimation [GAZS™ 25, [FYH " 25],
semantic segmentation [KA24]], and object detection [CSSL23]. Recent works also explored
how the representations learned by diffusion models can be adapted for discriminative objec-
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tives [YW23]], and how their features can be used in a training-free regime for zero-shot image
classification [CJ23, LPD " 23], image segmentation [HMH " 25, [NSFK24|, BRLR22], and semantic
correspondence [TJW™23]. It has also been shown that features from generative models are
complementary to those obtained from other self-supervised methods [ZHH 23], such as
DINOv2 [ODM™23]. While this direction is very promising, training generative models is
computationally expensive, and many design choices for extracting features for discriminative
tasks remain open questions.

Video Representation Learning. Early video representation learning approaches leveraged
pretext tasks such as frame ordering [MZH16a, MZH16b, LHSY17, FBGG17, XXZ " 19], for-
ward /backward playback discrimination [WLZF18], or playback rate classification [BEL™20].
Sermanet et al. [SLCT18] introduced contrastive training with a triplet loss that enforces
a margin between positive and negative pairs, using frames from different viewpoints at
the same timestamp as positives and frames from different timestamps as negatives. Han
et al. [HXZ19, HXZ20] later leveraged the InfoNCE contrastive loss [OLV18] to predict fu-
ture spatio-temporal features, using spatial and temporal features from other positions
as negatives. Following the success of contrastive learning in images, it became the pop-
ular paradigm for video representation learning as well, where augmented clips of the
same video, spatially or temporally overlapping segments, or spatial-temporal crops from a
longer video were used as positive pairs, and clips from different videos were used as nega-
tives [QMG ™21, [FFX 21, PHM 21, DGRS22), [PSY " 21, WBTT22]. Further, MAE-ST [FLH"22],
VideoMAE [TSWW?22], VideoMAEv2 [WHZ" 23], and V-JEPA2 [ABF"25] demonstrated that
masked reconstruction of spatio-temporal patches is also highly effective for scalable video
pretraining. Some works [WWC™ 23, TLWB21] also combined masked modeling with con-
trastive learning objectives, enabling models to capture both fine-grained local structure and
coarse-grained semantic similarity in video representations.

2.1.2 Multimodal Pretraining

In contrast to self-supervised learning, multimodal pretraining leverages co-occurring signals
across modalities, such as images with captions or videos with synchronized audio, to learn ro-
bust representations. While earlier multimodal approaches relied on human-annotated datasets,
e.g., COCO [LMB™ 14] with image—caption pairs, later works [RKH™ 214} SBV 22, MZA " 19,
WLL™24] have significantly advanced the field by exploiting weakly aligned, web-scale su-
pervision, e.g., LAION-5B [SBV 22 with 5B image-alt-text pairs and HowTo1ooM [MZA " 19]
with instructional videos and ASR-extracted narrations. In the following, we consider different
approaches in multimodal pretraining.

Contrastive Pretraining. Contrastive learning has been especially influential in multi-
modal settings, aligning representations across paired modalities by bringing positive
examples (e.g., an image and its corresponding caption) closer in representation space
while discouraging similarity between negatives (e.g., an image and an unrelated cap-
tion), optimizing cross-modal retrieval. Earlier methods used canonical correlation anal-
ysis [HSSTo4, JAABL13] to maximize correlation between projected vectors of images and
text [RMVoy, [GKIL14, GWH ™ 14] or margin-based ranking losses that penalize negatives ranked
above the correct match [WBU11, [FCS™ 13|, [KSZ14]. These methods were further extended
by combining cross-modal learning with structure preservation within modality to stabilize
alignment [WLL16], pairing cross-modal learning with caption generation [PMY ™16, XXCCis]
or with matching objectives [WLHL18]], scaling to web-scale data with weak multimodal su-
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pervision, e.g., leveraging noisy web tags alongside human-annotated captions [MPPRC18],
extending to video—text learning [DLX" 19, MLS18, MLMRC18]], and enriching visual repre-
sentations using mixtures of experts that integrate complementary cues such as faces, mo-
tion, appearance, and audio [MLS18, MLMRC18]. Further, ConVIRT [Z]M"22] proposed
to utilize a transformer-based language encoder and train the model using InfoNCE con-
trastive objective [OLV18], showing excellent results for image-text pretraining in the med-
ical domain. However, the success of contrastive pretraining with the InfoNCE objective
was largely driven by scaling up training data using web sources, as demonstrated in
CLIP [RKHT™21b], which aligned images with their corresponding alt-text collected from
the internet. Similarly, in the video domain, noisy but web-scale datasets have proven ef-
fective, such as HowTo10oM [MZA ™ 19] with instructional videos and narrations obtained
via speech recognition, and WebVid-2M/10M [BNVZ21a] with videos and short descrip-
tions from stock content platforms, that have enabled large-scale training of video—language
models [MZA™ 19, MAS™ 20, BNVZ21al|, as well as joint video—audio-language representa-
tions [RBH" 21, AYQ™21]. Later works extended large-scale contrastive pretraining in various
directions, including CLIP adaptations to video-text models [L]JZ"22, MXS*22, XGH™"21],
architectural and loss changes [ZMKBz23|, ZWM™ 22, YHH 21, [LLZ" 21c], broader modality
alignment, e.g, ImageBind for six modalities [GENL" 23], as well as combination contrastive
objectives with other losses in hybrid approaches, which we discuss later in this section.
A large part of follow-up work also focused on scaling, cleaning, and open-sourcing pre-
training data and frameworks, including ALIGN [JYX"21a], LAION-5B [SBV™22], Open-
CLIP [IWW21], and DataComp [GIF" 23], InternVid [WHL 23], VAST [CLW "24], and EVA-
CLIP [SFW ™23}, SWY T 24].

Matching. Another widely used approach for multimodal pretraining is based on the
matching objective [AZ17, (OE18], which explicitly train a model to determine whether
a given input pair (e.g., an image and a caption, or a video and an audio clip) corre-
sponds to each other or not. The difference to contrastive pretraining lies in a mini-
batch aggregation: contrastive methods compare positive examples against all negatives
in a mini-batch, whereas matching treats each input pair independently and classifies it
as either positive or negative. This idea was popularized in early audio—visual correspon-
dence tasks [AZ17| IOE18], where models learned to determine if a video segment matches
an audio clip, providing a powerful self-supervised signal without annotations. Later,
pixel- or region-wise matching tasks [GFG18, [ZGR" 18, [GG19| ZGMT19, GHZ " 20] were pro-
posed for finer-grained alignment. A related concept was introduced in language model-
ing as “Next Sentence Prediction” objective in BERT [DCLT19], which classifies whether
two sentences follow each other in text. Inspired by this, Image-Text Matching (ITM),
also referred to as Visual-Text Matching (VIM), became a core pretraining objective for vi-
sion-language models such as LXMERT [IB1g], VisualBERT [LYY " 19], VILBERT [LBPL19],
UNITER [CLY " 20], BLIP [LLXH22b, [LLSH23|], FLAVA [SHG"22], mPLUG [LXT"22], and
others [KSK21 [LSG"21a, LDF 20, HZL " 20], where a binary classifier predicts whether an im-
age—caption pair is aligned. The objective was later extended to the video-language setting, e.g.,
in HERO [LCC"20], mPLUG-2 [XYY 23], UMT [LWL™ 23], and the video-audio-language set-
ting, e.g., in VAST [CLW "24]]. In most frameworks, ITM is combined with other objectives, such
as contrastive or masked prediction, where the contrastive loss also provides strong negatives
for ITM training [LSG™21b| [LLXH22b| [LXT" 22, XYY" 23, CLW " 24]. Unlike contrastive dual-
encoder architectures, ITM matching is used in early/late fusion architectures, where tokens
from different modalities attend to each other directly [LLXH22b| LXT"22, XYY" 23, CLW24].
A key strength of the matching objective compared to contrastive pretraining is its ability
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to capture fine-grained cross-modal correspondences (e.g., local alignments between objects
and words) that are not represented by global similarity scores, which is particularly use-
ful for reasoning-based tasks such as visual question answering [CLY"20]. For this reason,
ITM heads are also often used as re-ranking modules on top of contrastively trained dual
encoders [LLXH22b, LWL 23| LXT" 22, XYY" 23].

Masked Pretraining. Masked objectives extend unimodal masked modeling [DCLT19,
BDPW21] to the multimodal setting by predicting masked tokens or features in one modality
conditioned on context from the same and other modalities [TB19, (CLY "20]. Such masked
prediction encourages fine-grained modality alignment, making it particularly effective for
dense multimodal tasks such as visual question answering or referring expression com-
prehension [CLY"20]. However, in practice, similar to the matching objectives, masked
modeling is usually combined with contrastive or matching losses in multimodal pretrain-
ing [TB1g, LBPL19, [CLY 20, [LLXH22al]. Early vision-language models leveraged Masked Lan-
guage Modeling (MLM) together with Masked Region or Feature Modeling (MRM), e.g., regressing
or classifying masked visual regions while predicting masked words, typically using late-fusion
architectures [TB19, [LBPL19), ICLY 20, LYY " 19, HZL " 20, LDF" 20, [ZZI 214, [ZLH " 21a]. Later
models advanced this idea by jointly applying masked prediction to both image and text tokens,
e.g., FLAVA [SHGT 22|, which combines BEiT-style image masking and BERT-style language
masking into a Masked Multimodal Modeling objective. BEiT-3 [WBD™ 23| further unified masked
modeling for vision and language within a single transformer trained jointly across modalities.
In the video-language domain, joint masked modeling was introduced in VIOLET [FLG"21],
which reconstructs masked text and spatio-temporal visual tokens. UniVL [LJS™20b] combined
masked language modeling with masked frame modeling. However, later analysis [CWL™23]
showed that while masked video modeling provides modest performance gains, it substantially
increases computation. As a result, many recent video—text models, e.g., mPLUG-2 [XYY 23],
X2-VLM [ZZL" 23], All-in-one [WGY " 23], and InternVideo2 [WLL™ 24, rely only on masked
language modeling during pretraining. In the audio—visual domain, models such as AV-
HuBERT [SHLM22], MAViL [HSX" 23] and AV-MAE [GFI" 23], as well as CAV-MAE [GRL" 22]
and CAV-MAE-Sync [ARG " 25], perform joint masked modeling of both modalities, recon-
structing masked audio and video tokens to learn robust cross-modal representations.

Hybrid Methods. Since many modern models employ multiple objectives and multiple archi-
tectural pathways, this paragraph summarizes hybrid approaches that combine contrastive
alignment, matching, masked prediction, and sometimes generative losses, e.g., captioning, to
capture complementary strengths. A prevalent recipe couples a dual-encoder module trained with
contrastive loss for effective large-scale pretraining and high-level embeddings useful in re-
trieval and zero-shot transfer with a fusion module trained using matching, masked, or generative
objectives for fine-grained grounding and reasoning. Hybrid vision-language models include
ALBEF [LSGT21b|], BLIP/BLIP-2 [LLXH22b| LLSH23], FLAVA [SHG"22], X-VLM [ZZL21al,
and BEiT-3 [WBD" 23], among many others [CLY ™20, ZLH" 21a,[WGY "23|]. Hybrid models are
also popular in the video-text and video—audio—text domains, for example, HERO [LCC"20],
UniVL [LJS™ 20b], and VIOLET [FLG"21] combine contrastive or matching losses with masked
prediction and/or captioning. Recent video-text systems, e.g.,, UMT [LWLT23], mPLUG-
2 [XYY" 23], X2-VLM [ZZL7 23], All-in-one [WGY 23], and InternVideo2 [WLL" 24|, retain
contrastive pretraining for scalability while relying on ITM, MLM, or caption generation
to improve localization and reasoning. Audio-visual models, e.g., AV-HuUBERT [SHLM?22],
MAVIL [HSX" 23], AV-MAE [GFI" 23], and CAV-MAE [GRL"22, ARG 25|, analogously mix
masked reconstruction with matching and/or contrastive terms to enforce cross-stream con-
sistency. The video—audio-text model VAST [CLW " 24] likewise unifies contrastive alignment
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with matching and caption-generation objectives. In practice, modern pretraining strategies
optimize a cocktail of losses, which leads to higher computational cost and increased sensitivity
training curriculum and loss weighting, but the empirical gains have made hybrid training
popular for large-scale multimodal pretraining.

2.1.3 Connection to Our Work

In this thesis, we make contributions to contrastive learning methods for self-supervised and
multimodal pretraining.

In Chapter 3| we revisit the standard InfoNCE objective [OLV18] for contrastive training.
In contrast to previous SSL contrastive methods that focus on refining the training recipe/s-
cale [CFGH20), [CKS™20] or exploring positives/negatives [DAT" 21, RCSJ20] and temperature
parameter [KBS™ 23], we focus on the objective itself. We propose a new objective that shifts op-
timization from pairwise similarities (as in InfoNCE) to local neighborhood structure, showing
significant gains over InfoNCE in k-NN evaluations and linear probing, and competitive results
against contemporary non-contrastive methods [SPK™23]]. While masked and generative SSL
methods have recently gained popularity, contrastive objectives remain a core tool that extends
far beyond SSL [RKH ™ 21a, TL21, MMRM17]. The proposed contrastive objective complements
masked and generative SSL and can integrate into modern pretraining pipelines.

In Chapter |4, we focus on contrastive multimodal pretraining. Most contrastive approaches
align modalities into a joint embedding space with dual encoders [RKH " 21a, LHH22 AYQ ™ 21],
which works well for coarse-level tasks, e.g., retrieval, and leads to strong transfer performance,
but does not allow to obtain fused representation of multiple modalities. For modality fusion,
matching and masked objectives are commonly used, however, they enable learning token-level
representations suited to dense tasks, e.g., VQA [LSGT21b, SHG 22, [FLG"21]. In contrast,
we introduce a model that fuses information from arbitrary modality combinations into a
single joint embedding and train it with a combinatorial contrastive objective [SCR™22]. The
resulting representation improves retrieval and zero-shot action localization by leveraging fused
modalities (e.g., video—audio). Moreover, our pipeline remains fully contrastive, yielding a
fused coarse-grained representation, which is complementary to matching/masked pretraining.

2.2 ADAPTING REPRESENTATIONS TO DOWNSTREAM TASKS

Representations learned from large-scale unlabeled web data through self-supervised or multi-
modal pretraining have proven effective across a broad spectrum of downstream applications,
including image, video, and audio classification [CKNH20, TSWW22, RKH 214, LJZ" 22,
AYQ™" 21, ARG" 25], object detection and segmentation [CTM™ 21, HFW " 20al, temporal ac-
tion localization [RBH" 21, MZA " 19|, cross-modal retrieval [RKH" 21a, MZA " 19, LLXH22al,
VQA [SHG™" 22, [LLXH22al, captioning [SHG™ 22, LLXHz22al, and referring expression ground-
ing [CLY" 20, XYY" 23]. Beyond generic vision domains, these representations have also been
successfully applied in specialized settings, such as medical imaging [ZXQ ™24, KARX24] and
remote sensing [HCZ ™ 25].

Adapting these strong general representations to downstream tasks is typically achieved
through zero-shot transfer or finetuning (which can range from full model finetuning to
parameter-efficient or few-shot strategies). Zero-shot transfer includes zero-shot “out-of-
the-box” prediction, e.g., cross-modal reasoning tasks such as retrieval [RKH " 21a, MZA 19,
or zero-shot prompting, e.g., where handcrafted prompts (e.g., “an image of {class}”) map label
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text into the shared multimodal embedding space to enable zero-shot classification, segmenta-
tion, or other tasks [RKH21a, [ZLD22, BPFK24]. Full finetuning using annotated downstream
data generally achieves a great performance boost [LKS™ 23} [SKSK23] but usually harms gener-
alization [KRJ"22]. While parameter-efficient adaptation methods enable effective finetuning
of large models when only limited downstream data is available and also better preserving
generalization [HSW T 21a, HWC™ 24, JTC" 22, GGZ" 24]. Such methods include prompt tuning
methods, e.g., CoOp [ZYLL22b], CoCoOp [ZYLL22al], VPT [JTC"22], which learns textual or
visual prompts while freezing the backbone, and adapters, e.g., AdaptFormer [CGT"22] and
LoRA [HSW ' 21b], which insert small trainable modules that retain pretrained knowledge with
only a fraction of trainable parameters. Linear probing with frozen backbone is usually used
as a standard proxy to evaluate representation quality [CKNH20, HFW ' 20a]]. However, fine-
tuning strategies still require annotated datasets for downstream tasks and zero-shot strategies
generally underperform finetuning approaches.

Since Part Finetuning Multimodal Models Without Human Supervision, focuses on
adaptation strategies for action recognition and text—video retrieval, we discuss these tasks in
more detail.

2.2.1 Action Recognition

SSL-pretrained video backbones, e.g.,, MAE-ST [FLH" 22|, VideoMAE [TSWW22] or Video-
MAEv2 [WHZ™ 23], adapted for action recognition on benchmarks, e.g., Kinetics [KCST17,
CNB™ 18| [CNHZ19] and SomethingSomethingV2 [GEKM ™ 17a], through supervised finetuning,
have established strong baselines. Foundation image-language models, e.g., CLIP [RKH21a],
have further enabled zero-shot action recognition by leveraging middle-frame embeddings,
as demonstrated in CLIP [RKH'21a], or through temporal pooling of frame-level em-
beddings, as demonstrated by ViFi-CLIP [RKMT'22]. However, as shown in Action-
CLIP [WXL21], X-CLIP [NPC*22], ViFi-CLIP [RKM™22], and As [JHZ 22|, finetuning im-
age-language models on action recognition data, typically the Kinetics [KCST17] dataset,
and training temporal modeling modules remains crucial for achieving strong zero-shot
and few-shot performance. Multimodal pretraining on large-scale video—text datasets, e.g.,
HowTo100M [MZA ™ 19], also enables zero-shot action recognition, however, such models often
underperform image-based variants partially due to the smaller scale and lower diversity of
video—text data [MAS™20]. Recent works therefore combine both image— and video-text data
during pretraining [LWL 23, LWL 23, WHL" 23, WLL" 24] to close the gap with finetuned
action recognition. Nevertheless, even for large pretrained models, intermediate finetuning
on curated action datasets, e.g., Kinetics, has been shown to provide additional performance
gains [LWL" 23, LWH" 22].

2.2.2 Text-Video Retrieval

HowTo100M [MZA™19] introduced a large-scale narrated video dataset and demonstrated
that video—text contrastive pretraining can transfer to text-video retrieval benchmarks such
as MSR-VTT [XMYR16], YouCook2 [DXDC13], and LSMDC [RRTS15]. Using frozen visual
backbones and learning projections into a shared video-text embedding space, the model
already outperformed several methods trained directly on downstream datasets. However,
finetuning on target domains provided substantial additional gains, highlighting the im-
portance of domain-specific training. Follow-up work [MAS"20] advanced this by train-
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ing the video encoder end-to-end on HowTo1iooM, further improving transfer across re-
trieval benchmarks. Frozen-in-Time [BNVZ21a] showed that pretraining on smaller but
cleaner web video-text data leads to stronger retrieval performance compared to models
pretrained on the noisier HowTo1iooM [MZAT19]. Foundation image-text models, e.g.,
CLIP [RKH™"21al, have further boosted zero-shot text-video retrieval through strong vi-
sual-text alignment learned from large-scale and diverse web image-text data. To apply
CLIP to video retrieval, CLIP4CLIP [LJZ"22] encoded individual frames and aggregated
them temporally, achieving strong zero-shot transfer without explicit video pretraining, how-
ever, finetuning on noisy web video—text datasets, e.g., HowTo1ooM, led only to marginal
improvements. Nevertheless, finetuning these strong pretrained models on downstream re-
trieval datasets, e.g.,, MSR-VTT [XMYR16|], YouCook2 [DXDC13], or LSMDC [RRTS15], still
results in significant performance gains [MAS™ 20, BNVZ21a [LJZ"22]. More recent works
have pushed zero-shot retrieval performance further by improving web video-text dataset
construction and annotation [WHL™23, |CLW"24], combining image-text and video—text
data [LWL™ 23, WHL" 23, XYY" 23], distilling knowledge from image models [LWL" 23], and
utilizing fusion models for re-ranking coarse retrievals [XYY 23, [CLW " 24]. Nevertheless,
finetuning on downstream retrieval datasets continues to provide substantial performance
boosts [CLW "24, LWL " 23], emphasizing the importance of domain adaptation.

2.2.3 Connection to Our Work

In this thesis, we investigate finetuning strategies for adapting pretrained representations to
specific tasks or domains without relying on annotated domain data.

In Chapter [5, we study adaptation of image-language models for action recognition. In
contrast to prior work [WXL21, RKM ™22, JHZ 22|, which relies on supervised finetuning on
action recognition datasets such as Kinetics [KCS™17], we show that effective finetuning can
be achieved using unlabeled videos [LKS™23]. Moreover, by not restricting the textual space to
classification vocabularies, our approach not only significantly boosts performance compared
to zero-shot transfer but even surpasses some models trained in a fully supervised manner.
The proposed strategy builds on strong image—text foundations and can be applied to newer
image-text models such as EVA-CLIP-18B [SWY " 24] and MetaCLIP2 [CLW " 25].

In Chapter [6| we study the adaptation of vision-language models for text-video retrieval
tasks. We show that it is possible to bridge the gap to domain-specific finetuning by relying only
on domain-specific language, adapting the pretrained model to the text style of the target domain
without using any paired video-text data or even target-domain videos [SKSK23]. In contrast
to standard models that adapt through finetuning on curated video-text pairs [BNVZ21a)
LJZ " 22,|[CLW "24, LWL 23], our style-based transfer operates label-free and improves retrieval
in the target domain.

2.3 IMPROVING DATA QUALITY

While recent advances in pretraining and adaptation strategies have substantially improved
performance across various vision tasks [LLXH22a, LWL ™ 23], the quality of training and eval-
uation data remains a crucial factor for developing robust models [GIF23]. In this section, we
review related efforts in the construction of large-scale web datasets without manual annotation
and debiasing evaluation benchmarks to enable a more reliable performance assessment, as
well as highlight connections to our contributions presented in Part [[II, Improving Data Quality
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Without Human Supervision.

2.3.1 Improving Large-Scale Multimodal Datasets

Collecting large-scale web datasets inevitably introduces substantial noise, imbalance, and
redundancy, making quality control an essential step in the creation of datasets. All large-
scale dataset collection pipelines include steps to ensure data diversity and basic data quality.
For example, HowTo100M [MZA " 19] used WikiHow task descriptions [KW18] as search
queries to diversify topics in the dataset, while CLIP [RKH™21a] employed 500,000 text queries
and balanced the results by limiting the number of pairs per query. To ensure data quality,
HowTo100M applied duration- and upload-based filtering and discarded videos with poor
narration coverage, while CLIP filtered out non-English samples and removed corrupted
files. Recent works demonstrate that more advanced data cleaning and refinement strategies
are crucial for improving model performance [GIF" 23, SVS™ 25, WHL" 23], motivating new
strategies to enhance data curation practices.

Filtering and Deduplication. Early datasets, such as Conceptual Captions [SDGS18],
CC12M [CSDSz1], and YFCC1iooM [TSET16], implemented linguistic heuristics and con-
tent filtering to discard low-quality or offensive samples. Video-text datasets such as
YouTube-8M [AEHKLT16], YT-Temporal-18oM [ZLH"21a], HowTo100M [MZA™ 19], Web-
Vid [BNVZ21al, WTS-70M [SLS™20], and VidChapters-yM [YNL™24] also incorporated basic
quality control through duration, resolution, and language filtering, as well as duplicate removal
based on video IDs or URLs. LAION-5B [SBV " 22] applied CLIP-based similarity scoring and
aesthetic filtering to retain semantically consistent and visually high-quality image—text pairs.
BLIP [LLXH22a] used an image-text matching head finetuned on a clean, human-annotated
dataset to filter noisy image—text pairs based on alignment confidence. Subsequent works,
such as DataComp [GIF 23], MetaCLIP [XXT 23], DINOv2 [ODM " 23], and DINOv3 [SVS™ 25]
further improved a data curation pipeline, introducing large-scale deduplication techniques,
text-based filtering, and resolution and aspect-ratio constraints to remove uninformative or
low-quality samples and maintain data diversity.

Temporal Alignment. Instructional videos with textual narrations obtained from automatic
speech recognition (ASR) provide a rich source of long and densely annotated video—audio—text
data, including such datasets as HowTo10o0M [MZA™19], YT-Temporal-180M [ZLHT21al,
and HD-VILA-100M [XHZ™22]. However, the problem of noisy and temporally misaligned
ASR narrations in such datasets has been widely recognized and has been addressed in
several works [MAS™ 20, ABARB21]|. Since ASR segmentations often cut sentences mid-phrase,
adding noise to the temporal alignment, Zellers et al. [ZLH " 21a] improved transcripts by
restoring punctuation and, therefore, sentence boundaries, correcting transcription errors, and
segmenting long narrations, and then to improve temporal alignment of the new segmentation,
performed Dynamic Time Warping [Muloy] based on word-level similarity to the original
ASRs. Han et al. [HXZ22] further proposed alignment networks to automatically filter out
non-alignable narrations and refine temporal alignment for the others. Some works did not
correct temporal alignment directly but instead proposed loss functions to handle misaligned
supervision, e.g, MIL-NCE [MAS™20] and soft max-margin ranking loss [ABARB21].

Improving Textual Annotation. Since textual data collected from the web often contains sub-
stantial noise, such as grammatical errors, incomplete phrases, and irrelevant or poorly written
sentences, various works have focused on improving the quality of text supervision. Zellers et
al. [ZLH" 21a] improved textual narrations of instructional videos through lightweight correc-
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tions, such as punctuation restoration and transcription error fixes. Lin et al. [LPB™22] matched
noisy narrations to WikiHow step descriptions [KW18]. BLIP [LLXHz22a] trained a multimodal
model with multiple objectives, including image caption generation, on a diverse mixture of
datasets combining large-scale web and curated data, and then finetuned the captioning head
on curated data to generate new captions for web data, effectively improving textual super-
vision. Follow-up works such as Recap-DataComp-1B [LTH24] and DreamLIP [ZZW ™ 24]
further regenerated captions using pretrained vision-language models, while LaCLIP [FKI' 23]
rewrited captions using LLM. Recent video datasets, such as InternVid [WHL" 23] and Panda-
70M [CSM ™ 24], Video-ChatGPT [MRKK23], extended this idea to the video domain by gener-
ating large-scale textual narrations via per-frame captioning and LLM-based summarization,
while HowToStep [LCH™ 23] summarized ASR transcripts into procedural steps using LLMs.
Instead of relying solely on pretrained captioning models, VeC [LZZ" 24| aggregated informa-
tion from alt-text and generated captions, while VAST [CLW " 24] integrated ASR transcripts,
audio captions, and video descriptions to create textual descriptions of video clips.

2.3.2 Debiasing Evaluation Benchmarks

Most visual datasets are prone to various forms of bias, which have been systematically
analyzed in surveys [TE11, [FPNK22, MMS"21]. In this section, we focus specifically on
representation bias, where predictions may rely on correlated or contextually related cues
(e.g., scene background) instead of reasoning about the visual content genuinely required to
recognize the intended action or concept. In this regard, a unique effect in video understanding
is the strong impact of object and scene information on the overall performance. Different
strategies have so far been explored to mitigate this bias. He et al. [HSSK16] and HAT [CWR22]|
proposed to separate the performance of scene appearance from human motion by segmenting
human figures and placing them into black/gray background, or alternatively by cropping or
inpainting human figures and classifying videos based on background only. Weinzaepfel et
al. [WR21] proposed the Mimetics dataset by extending certain classes from the Kinetics dataset
[KCS™17] with videos of activities in unrelated background. Zhai et al. [ZLW 23] proposed
an approach for scene-debiased action recognition via adversarial scene reconstruction and
classification. Another line of work focused on capturing datasets with explicitly low object
and scene bias. SomethingSomethingv1 and later v2 dataset [GEKM ™ 17b] were proposed as
an almost scene-free dataset, focusing on simple manipulative actions only. Li et al. [LLV18]]
proposed a procedure for designing representation unbiased datasets and introduced Diving48
as an example. However, this specialization usually also implies that those cases are rather
suitable for specialized approaches but not for, e.g., zero-shot evaluation of generalist video
models. Other studies [BEG" 22, [LBB23] showed that for several benchmarks, using single
frames during training or inference can achieve performance comparable to models that
incorporate temporal information. However, recent efforts have mainly focused on developing
new benchmarks to assess temporal understanding in videos [BTS23], e.g., visual question-
answering benchmarks [MAM23| CTZ" 24], while temporal representation bias in standard
benchmarks has not been thoroughly investigated.

2.3.3 Connection to Our Work

In this thesis, we make contribution to improving both training data and debiasing evaluation
benchmarks, focusing on video understanding.
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In Chapter [7, we propose a method to improve textual annotations for instructional videos
by transforming noisy ASR transcripts into human-written-like captions using LLMs, while
also refining their temporal alignment and performing filtering [SKH™24]. In contrast to prior
works [WHL™ 23} CSM 24, MRKK23] that generate new video descriptions through image
captioning and summarization, namely transffering knowledge from image models to videos,
our approach leverages existing noisy ASR supervision to uncover new knowledge within
it. Unlike VAST method [CLW ™ 24], which merges ASR narration, image caption, and audio
caption into the final caption, we reason over long ASR context beyond single ASR segments
to improve coherence. The most related work, HowToStep [LCH 23], which was concurrent
to ours, focuses on generating procedural steps, while our method produces general-purpose
video captions.

In Chapter 8] we propose a method to analyze and debias video benchmarks with respect
to different types of undesired representation bias. In contrast to prior work [HSSK16, (CWR22|
LLV18, GEKM™17b, BEG" 22, [LBB23|], our approach enables a systematic analysis of such
biases in existing benchmarks across multiple dimensions, including various conceptual and
temporal bias. Furthermore, to the best of our knowledge, we are the first to propose mitigating
object representation bias in benchmarks by discarding object-biased samples, which allows us
to avoid adding artifacts to test videos, as done through cropping or inpainting in [HSSK16,
CWR22], and to keep the dataset domain unconstrained, unlike [GEKM™ 17b} [LLV18].

2.4 GROUNDING WITH MULTIMODAL MODELS

Visual grounding aims to find the specific region in an image or video that corresponds to a
given textual description, thus allowing not only to identify or classify a sample correctly, as in
retrieval or classification tasks, but also to localize the evidence within it. Video grounding
introduces additional challenges compared to image grounding, as it requires reasoning over
the temporal dimension and understanding events across time, while also having the higher
cost and complexity of collecting and annotating video data. As in Part[[V| Grounding with
Multimodal Models Without Human Supervision, we focus specifically on grounding in videos,
this section discusses related work on spatial, temporal, and spatio-temporal video grounding.

2.4.1 Spatial Video Grounding

Spatial video grounding aims to localize the region in a video frame corresponding to a given
natural language query. In contrast to temporal grounding, it is assumed that the referred
concept is visible in the frame. Most existing works focus on localizing objects in videos based
on a language query, a task known as Referring Video Object Segmentation (RVOS) [SLH20].
Gavrilyuk et al. [GGLS18] and Khoreva et al. [KRS18] were the first to move from localization
of predefined classes in frames to the localization of actors and objects described by natural
language sentences, introducing the A2D-Sentences, JHMDB-Sentences, and Ref-DAVIS17
datasets. Ref-YouTube-VOS [SLH20] and MeViS [DLH" 23] further extended RVOS to longer
and more diverse videos. However, RVOS methods, including earlier approaches [GGLS18)|
WDMY20, MDRS20,WDYT19, NXWT20, SLH20, LHH " 21], transformer-based models [BZB22,
WIS ™22, WWZ™23b|, [TZY23, [HD24], and recent open-vocabulary methods [LLT 25, KJL ™ 24],
typically rely on supervised training with annotated RVOS datasets to achieve object grounding.
Another line of work [WGX21) [ZLC18a)[SXGX19] considers weakly supervised object grounding
in video, training on curated video—text pairs and object proposals but without ground-truth
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bounding-box annotations. In contrast, Tan et al. [TPS™21] stand out as the first to focus not
on localizing individual objects or actors, but localizing interactions that may involve multiple
entities and actions and often lack clear spatial boundaries. To evaluate this setting, Tan et al.
introduced the YouCook2-Interactions dataset, which provides bounding-box annotations for
interactions described by natural language sentences. Moreover, Tan et al. proposed to train a
spatial grounding model using only web video-text data from HowTo100M [MZA T 19] without
any spatial annotations, introducing Contrastive Multilayer Multimodal Attention (CoMMA)
to learn cross-modal localization in a self-supervised manner via attention rollout.

2.4.2 Temporal Video Grounding

Temporal video grounding, also known as natural language moment retrieval [AHWS™ 17,
ZDW™19], or temporal sentence grounding in videos [ZS]Z23] aims to localize the tem-
poral segment in an untrimmed video that corresponds to a given language query. In
contrast to spatial grounding, which focuses on identifying regions within a frame, tem-
poral grounding determines when an event described in text occurs within the video.
Early works [AHWS™ 17, [GSYN17, LWN™18, ICCM™ 18| [ZPFL20), [ZSJZ20, MCH20|, LYBB20]
approached this task under full supervision, requiring manually annotated start-end times-
tamps for each query, e.g., leveraging such dataasets as DiDeMo [AHWS™17], Charades-
STA [GSYN17], TACoS [RRWT13], ActivityNet Captions [KHR"17], and TVR [LYBB20].
Later works [MPRC19| [LZZ" 20, [TXSP21, (GDSX19|] aimed to reduce annotation costs by ex-
ploring weakly supervised settings, where paired video-text data are available but with-
out precise temporal boundaries for each activity. Zhukov et al. [ZAC" 19b] further pro-
posed to use web supervision from narrations of instructional videos to temporally lo-
calize procedural steps, leveraging additional information about step order from Wiki-
How [KW18|] and releasing the CrossTask benchmark for evaluation. Later video—text mod-
els [MZA™ 19, MAS™ 20, XGH 21} ICRD" 21, [ZY20| |L]JS™ 20b, YMH " 22] demonstrated that large-
scale multimodal pretraining on web datasets such as HowTo10oM [MZA ™ 19] enables emer-
gent zero-shot temporal localization abilities. Transformer-based approaches, e.g., Moment-
DETR [LBB21], QD-DETR [MHP" 23], UniVTG [LZC™ 23], and LD-DETR [ZHZ " 25] further
showed that specialized architectures for moment retrieval benefit from large-scale web data,
either by leveraging strong pretrained embeddings (e.g., CLIP [RKH"21b]) or by pretraining
their own models on web video—-text corpora. Recent multimodal language models, such as
VideoChat-TPO [YLH " 25] and InternVideo-2.5 [WLY T 25], include temporal grounding as one
of many pretraining tasks based on supervised datasets, thereby enabling temporal grounding
abilities in large multimodal language models.

2.4.3 Spatio-Temporal Video Grounding

Spatio-temporal video grounding aims to localize where and when an event described in natu-
ral language occurs in an untrimmed video, combining the goals of both spatial and temporal
grounding. Early research on spatio-temporal localization focused purely on detecting fixed
number of categories of human actions with explicit bounding-box and timestamp supervi-
sion, as in AVA [GSR™ 18], DALY [WMS16], and UCF101-24 [SZS12]. The HC-STVG [TLL21]
and VidSTG [ZZZ"20] datasets marked a key step toward natural language-conditioned
spatio-temporal grounding, introducing benchmarks for jointly localizing spatio-temporal
tubes around objects and humans based on natural language queries in uncurated videos.
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Building on these datasets, several transformer- and graph-based models were proposed,
including STGRN [ZZZ" 20], STVGBert [SYX21], and STGVT [TLL" 21]. Later methods, such
as STCAT [JylYM22], TubeDETR [YMS™22], and VideoGrounding-DINO [WNK™ 24|, adopted
DETR-style [CMS™20] transformer architectures, significantly improving cross-modal reason-
ing and enabling end-to-end grounding. More recently, Ji et al. [JLST24] proposed a new
benchmark, DVD-ST, where none or several objects in a video may correspond to the query,
and introduced methods to adapt existing models to this more challenging setting. Similar
to spatial and temporal grounding, several works [CBK20, LWZ " 23| JM24|, KKR25]] explored
weakly-supervised spatio-temporal grounding, training models without dense spatial or tem-
poral annotations but relying on annotated video-text correspondences. Zhao et al. [ZYW T 24]
further applied visual prompting of the CLIP model [RNSS18] for spatio-temporal grounding,
training an additional interaction module to filter out irrelevant frames. However, all the dis-
cussed datasets and methods share several limitations. Temporal detection is usually restricted
to identifying only the start and end frames of a single action per video, while more complex
and realistic scenarios, where longer videos comprise multiple sequential actions, addressed
in some temporal localization datasets such as Cross-Task [ZAC™ 19b]], remain underexplored.
Moreover, existing datasets primarily focus on grounding objects and people, leaving activity
grounding largely unexplored.

2.4.4 Connection to Our Work

In this thesis, we further advance spatial and spatio-temporal video grounding.

In Chapter 9] we explore spatio-temporal activity grounding in untrimmed multi-action
videos [CSR"24]]. In contrast to prior works [TLL" 21, [ZZZ" 20, WNK™ 24} [M24] in spatio-
temporal grounding that focus on grounding objects or actors, we address action grounding,
aiming to find regions where actions occur, which often lack clear spatial boundaries and may
involve multiple objects or actors. Moreover, our setting considers grounding in multi-action
videos, unlike previous spatio-temporal grounding benchmarks [WMS16), [TLL ™21, [ZZZ™" 20,
JLS™24] that focus on single-action clips. To this end, we propose a new benchmark dataset,
GroundingYouTube, the first with dense spatio-temporal annotations centered around activities
in long, untrimmed instructional videos containing multiple actions. Furthermore, unlike prior
works [JylYM22| YMS™ 22, [M24] that rely on full or weak supervision, we propose a method
that enables grounding using only multimodal supervision from web-narrated instructional
videos, e.g., HowTo10o0M [MZA™ 19|, without any human annotations. The closest to our work
is the COMMA method [TPS™21], which also introduced the YouCookz2-Interactions dataset
with bounding boxes for interactions, however, COMMA focuses only on spatial grounding,
while we address spatio-temporal grounding.

In Chapter [10, we further explore spatial action grounding. We propose a method that
enables spatial grounding in pretrained multimodal models in a fully training-free man-
ner [VBK"25]. To achieve this, we extend the GEM framework [BPFK24], originally developed
for grounding objects and referring expressions in images, to the task of activity grounding
in videos. In contrast to prior works [WWZ ™ 23b} [TZY23, [HD24), LLT " 25, KJL"24] that rely on
full supervision, weakly supervised approaches [WGX21| ZL.C18a, [SXGX19], and the CoOMMA
method [TPS™21], which leverages web data but still requires training a specifically designed
architecture for action grounding, our approach requires no training at all, enabling spatial
grounding directly in contrastively pretrained video-language models.



PRETRAINING REPRESENTATIONS
WiTHOUT HUMAN SUPERVISION

In the first part of the thesis, we study learning generalizable
representations without human annotations through multimodal
and self-supervised pretraining. Our goal is to obtain robust
representations with strong transfer to downstream image and video
recognition tasks.

In Chapter we propose a group-ordering-based contrastive
loss that relaxes the standard contrastive objective commonly used in
self-supervised and multimodal learning. Using this objective, we
train image representations from raw images without labels and show
that it produces more coherent local neighborhoods in embedding
space and significantly improves downstream performance.

In Chapter |4, we explore learning from web multimodal video-
audio-text data and focus on representations that encode not only
single modalities (e.g., video-only or audio-only) but also fused
representations for any combination of modalities. To this end,
we propose a new architecture and loss function that learn to
fuse multimodal features, improving cross-modal retrieval action
localization using fused modalities.
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unlabeled data: models are trained to pull together positive samples (e.g., augmented
views of the same image) and push apart negative samples (e.g., different images) in
embedding space. It is effective not only for unimodal representation learning, e.g., image
representation learning from unlabeled images, but also as the backbone of multimodal
alignment across images, video, audio, and text (e.g., pulling together a video and its caption).
Despite this success, the standard contrastive objective has limitations. First, it reasons primarily
over pairwise relations (e.g., pairs of positives and pairs of negatives), overlooking the structure
of local neighborhoods. Second, it minimizes distances between all positives and maximizes
separation from all negatives, which can be suboptimal: positives that share a concept may
still differ (pose, viewpoint, context) and need not be collapsed, while far or easy negatives
contribute little yet still influence the loss. This chapter proposes a new approach towards
self-supervised contrastive learning based on Group Ordering Constraints (GroCo). The GroCo
loss leverages the idea of comparing groups of positive and negative samples instead of pairs
of samples. Building on the recent success of differentiable sorting algorithms, group ordering
constraints enforce that the distances of all positive samples (a positive group) are smaller than
the distances of all negative samples (a negative group); thus, enforcing positive samples to
gather around an anchor. This leads to a more holistic optimization of the local neighborhoods.
Using this approach, we train an image representation from unlabeled images and evaluate
it on a suite of competitive self-supervised learning benchmarks. We show that our method
is not only competitive to current methods in the case of linear probing but also leads to
higher consistency in local representations, as can be seen from a significantly improved k-NN
performance across all benchmarks.
This chapter is based on the ICCV 2023 paper [SPK"23]. As the first author, Nina
Shvetsova contributed to the idea, designed the study and evaluation protocol, implemented
the code, conducted all experiments and analyses, and contributed to the writing.

C ontrastive learning has become a prominent ingredient in learning representations from

29
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Figure 3.1: Pairwise contrastive loss compared to the proposed group ordering constraints loss:
While pairwise loss only considers pairwise distances, groupwise sorting allows us to enforce
that a group of positive samples is closer to the anchor than a group of negative ones and, thus,
to improve the representation of the local neighborhood.

3.1 INTRODUCTION

Self-supervised learning has become a topic of growing interest over the last years as it allows
models to learn representations from large-scale data without any need for annotation. Recently,
self-supervised contrastive methods [DAT" 21, [CKNH20, TSP 20, HFW " 20a, BHB19| YZYC19]
notably narrowed the gap to the supervised learning performance. These methods rely on the
concept of the pairwise contrastive loss, which is based on the idea that an image, serving as
anchor, and an augmentation of the same image, a so-called positive pair, should be close to
each other in a projection space, while a pair made up of an anchor image and a different image,
a so-called negative pair, should be far away from each other. This concept of bringing positive
pairs in embedding space closer together was further extended in various frameworks, such
as BYOL [GSA™20], SWAV [CMM™20], and many more [Z]JM " 21, BPL21 [ESSS21, CTM ™21,
CH21b].

In this work, we propose a novel approach to address those points by shifting away from the
concept of a pairwise contrastive loss and instead propose to train the network based on Group
Ordering Constraints (GroCo)—namely, the idea that the group of multiple positives should be
closer to an anchor image than any negative from the group of negatives. We illustrate this
idea and comparison with the pairwise contrastive loss in Figure With group constraints,
we do not treat positive and negative pairs individually, as in contrastive loss, but rather as
groups, and effectively constrain only those elements that are placed in the group overlap area
with respect to the distance to the anchor point.

To enforce the group ordering constraints in the projection space, we propose the idea
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of learning by sorting: we suggest sorting positives and negatives by distance to the anchor
image in a differentiable way and swapping them if they are in the wrong order. To create an
end-to-end training pipeline, we leverage recent advances in differentiable sorting [PBKD21)
GWZE19, [CTV19|, PBKD22]. Specifically, we utilize a differentiable sorting algorithm to obtain
a differentiable permutation matrix for sorting a list of distances to the positive and negative
images, as shown in Figure If we would know the full ground truth orderings among
positives and negatives, such as which positive sample should be closer to the anchor than
another positive sample, we could create a ground truth permutation matrix, and calculate how
much the predicted permutation matrix would deviate from the ground truth one [GWZE19,
CTV19, PBKD21) IPBKD22]]. Since this assumption is not given in practice and we do not know
the ground truth distance ordering within the positive or the negative groups, we propose the
GroCo loss, a relaxed formulation of the original sorting supervision that captures how many
negative elements appear in the positive positions and vice versa. Compared to the pairwise
contrastive loss, the resulting group ordering focuses on optimizing the local neighborhood around
an anchor image, rather than optimizing all data points at once. Moreover, without any
additional modifications, our group ordering loss directly focuses on the strongest positive and
negative examples.

To show the capabilities of the proposed approach, we evaluate it on a suite of competitive
self-supervised learning benchmarks, namely in the context of linear probing, k-NN classifica-
tion, as well as image retrieval. Our evaluation demonstrates that models trained via group
ordering constraints obtain competitive performance in linear evaluation compared to other
contrastive learning frameworks, some of them even trained with significantly larger batch
sizes and/or an additional teacher network. Further, we demonstrate the superior ability of
the proposed method in the context of shaping local neighborhoods by evaluating the nearest
neighbor classification capabilities by outperforming any other state-of-the-art method on this
task.

We summarize the contributions of this work as follows.

¢ We propose a new concept for self-supervised representation learning based on learning
by sorting.

¢ We leverage recently proposed differentiable sorting methods to derive the contrastive
group ordering constraints (GroCo) loss.

¢ We demonstrate that the proposed method achieves competitive performance in linear
separability of embeddings and is especially suitable to model the local neighborhoods
and outperforms current top-level state-of-the-art frameworks on a wide range of nearest-
neighbor tasks.

3.2 REeLATED WORK

3.2.1 Self-supervised Representation Learning

Self-supervised learning aims to learn a robust representation from data without human
annotation. Various learning objectives were developed for self-supervised learning from
images including image colorization [ZIE16], inpainting [PKD™16], puzzle solving [NF16], and
rotation prediction [GSK18].

Over the last years, methods [CKNH20, HFW " 20a} GSA ™20, CMM " 20, /CH21b] that enforce
the model to be robust to different image distortions achieved great performance improvements
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Figure 3.2: Overview of the proposed group ordering constraints loss: We first compute the
distance of groups of positive as well as negative samples with respect to an anchor. The
distances are sorted via a differentiable odd-even-sorting network in non-descending order,
computing the swapping probability for samples. The result is a differentiable permutation matrix,
in which the row values can be thought of as the probabilities of sorting the elements into
the corresponding positions. We can ignore swap operations within groups, and only need
to consider swapping operations between groups. We, therefore, sum over the positive and
negative columns of the permutation matrix and compute the BCE between the row-wise
entries and the expected ground truth.

in self-supervised learning. Such methods generally rely on sampling two augmented views
of the image—a positive pair—and minimize the distance between those in the embedding
space. Contrastive methods [CKNH2o0, HFW " 20a, ICKS™ 20|, [CFGH20] are a great example
of those approaches. To prevent the model from learning a trivial solution for any input,
contrastive methods also introduce the concept of a negative pair, i.e., two different image,
and contrast positive pairs against negative pairs. The InfoNCE loss, which is often referred
to as a contrastive loss, is the most prominent method in many self-supervised learning
scenarios [CKNH20, HFW "20a, RKH"21b, AYQ"21]. Earlier contrastive methods relied on
the triplet loss [SKP15|], which considers one positive and one negative example for the anchor
image. In contrastive learning, many components and extensions have been investigated: data
augmentation strategies [CKNH20, XWED20], projection head design [CKS™20], hard negative
sampling [RCSJ20], increasing the richness of positives with nearest neighbours [DAT"21], or
mitigating effect of false negatives [HKW22]. In this work, we propose a novel contrastive
method—Ilearning by sorting—which features properties not inherent to other contrastive
learning methods: we primarily consider those positives and negatives that are placed (sorted)
incorrectly in the embedding space, thereby implicitly considering the strongest positive and
negative examples.

There are also methods [CH21b, (GSA ™ 20] that do not rely on negatives and only maximize
agreement between positive views. Such methods prevent collapsing of the representation
space by using asymmetric architectures applied to different views [CH21b| GSA™20], an
additional teacher network [GSA™ 20, CTM™21], stop gradient [CH21b, GSA™ 20, CTM"21],
feature whitening [ESSS21]], or information maximization [Z]JM 21, BPL21]. Another set of
methods [CMM™ 20, [CBJD18| [ARV20] utilizes clustering of the latent embeddings. However,
so far, methods mostly rely on similarity maximization between only two sampled views.
SwAV [CMM™20] also considered sampling more augmentations in a multi-crop setting,
where two full-size augmented images are sampled together with several smaller crops, and
Whitening [ESSS21] utilized more full-resolution samples. However, even in these cases, the
loss was still computed by considering pairs of views independently. In contrast, we propose
optimizing the embedding space based on group ordering constraints.
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3.2.2 Differentiable Sorting and Ranking

Differentiable sorting and ranking methods provide a pipeline that allows training neural
networks with ordering supervision in an end-to-end fashion with gradient descent [GWZE19,
BTBD20o| PE20, |CTV1g, PBKD21, PBKD22]. The sorting operator can be seen as a function
returning a permutation matrix that indicates the permutation necessary to sort the sequence
of values (the matrix that multiplied with a input vector returns a sorted output vector.) In this
context, differentiable sorting refers to relaxing the (hard) permutation matrix to a differentiable
permutation matrix via continuous relaxations. The differentiable permutation matrix for a
given sequence of values, which could, e.g., be scores predicted by a neural network, can then
be used to compute the loss by comparison to a ground truth permutation matrix. Recently,
multiple methods for relaxing the permutation matrix have been proposed, including an
argsort approximation by unimodal row-stochastic matrices [GWZE1g, [PE20], a formulation
of entropy-regularized optimal transport [CTV19], as well as networks of differentiable swap
operations (differentiable sorting networks) [PBKD21| PBKD22|]. The latter method composes
the full permutation matrix as a product of permutation matrices that arise from comparing
only two elements at a time (usually neighbors) and either swapping them or not swapping
them. Inspired by the idea of swapping the neighboring elements in the sequence, our approach
learns representations by comparing neighboring elements in the embedding space.

In terms of applications, differentiable sorting has been leveraged in various contexts,
including recommender systems [LCJ " 21], image patch selection [CMD™21], selection experts
in multi-task learning [HZC"21]], and attention mechanisms [ZYW'21]. To the best of our
knowledge, the proposed method is the first work to leverage ordering supervision for self-
supervised learning of visual representations.

3.3 METHOD

Given a dataset of images {x;}, C X, our goal is to learn an encoder g : X — R that extracts
image representations that later might be used for downstream tasks.

3.3.1 Training Pipeline

Similar to other contrastive methods, our approach considers several augmented views of the
same image as positive examples, which should be close together in an embedding space,
and different images as negative examples, which should be apart in an embedding space.
Our model starts from sampling mini-batches of B images and generates m > 2 randomly
augmented views per each image, resulting in m - B data points. If m = 2 we are close to the
original pairwise contrastive learning setup [HKW ™22, [CKNH20,/CH21b, BPL21,|[ZIM " 21]]. The
augmented views are processed with the encoder network g(-), that extracts data representation
vectors from views. Then, an MLP projection head /() maps representations to the latent space
where distances between views are calculated. For each data point serving as an anchor x*,
we have m — 1 positive examples {x/}" ! (which results in 1 positive example in the classical

)

setup of m = 2) and m - (B — 1) negative examples {x?}?igB*l . We use the cosine distance to
T
measure the distance between data points: d(x,y) = —m.
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3.3.2 Group Ordering Constraints (GroCo)

In order to consider not only pairs of views but instead groups of multiple positives at once,
we extend the contrastive loss to the idea that the group of positives should be closer to the
anchor image than the group of negatives in the embedding space. This idea directly results in
group ordering constraints (GroCo). To simplify the notation, we denote the distance between
data point x* and its positive x! and negative examples x” as d! = d(x*,x!) and d = d(x?, x1).
If we assume that K positives x’f ) een xIp< are ordered with respect to their distances to the anchor
x"as d] <..<d} and N negatives x7, ..., x}; as d? < ... < d¥,, then we define the group ordering
constraints as

di < .. <dp < df <..<df. (3.1)

As can be seen in Equation all elements in the groups are considered in the constraints;
however, for training, the relevant constraint is the (bold) < in the center. This constraint
differs from pairwise contrastive loss constraints, which 1) consider positives individually and
2) consider all negatives even if they are far away from the anchor and are thus less relevant.
Our constraints also differ from the triplet loss, which considers only one positive and one
negative example, while we are working with groups.

3.3.3 Learning by Sorting

Inspired by recent advances in differentiable sorting [PBKD21 PBKD22], we design a loss that
tulfills our group ordering constraints based on differentiable sorting. Our training procedure
can be seen as sorting positives and negatives in the embedding space with respect to an anchor
image and swapping them if they are in the incorrect order; therefore, we call the approach
learning by sorting.

3.3.3.1  Differentiable Sorting Networks

In the following, we review the differentiable sorting algorithm called differentiable sorting
networks [PBKD21]] as it is a core element of our loss function. We note that “networks” in
“sorting networks” is not related to the term “neural networks” and that a differentiable
sorting network is a function with no trainable parameters. Sorting networks are a family of
sorting algorithms from classic computer science literature [Knug8]. An example of this is
the odd-even sorting network. By relaxing the conditional swap operator to a differentiable
conditional swap, sorting networks can be made differentiable by relaxation to differentiable
sorting networks [PBKD21].

We consider differentiable sorting networks based on the odd-even sorting network to sort
an input sequence of K + N elements in non-descending order as shown in Figure The
differentiable sorting network is defined as a composition of functions, where each function
refers to one step of sorting, and where pairs of elements of the input sequence are compared
and swapped if they are in the wrong order via a conditional swap operation. For the odd-even
sorting network network, the algorithm compares neighbored elements on odd and even
indices alternatingly in each step, and requires K + N steps to sort a given input sequence of
length K + N.

The conditional swap operation for elements (d;, d;) where i < j can be defined as d; =
min(d;, d;), d;- = max(d;,d;), and the differentiable relaxation [PBKD22] of this operation is
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Figure 3.3: Overview of a differentiable sorting network with the odd-even sorting algorithm.
The network compares neighboring elements that start from odd and even indices alternatively
in each step and apply a differentiable swap operation if elements are in the wrong order. The
conditional swap operations on each step s also define a differentiable permutation matrix
P;. The network output is a complete differentiable permutation matrix P, defined as the
multiplication of matrices of each step.

defined as:

d; = SOftmil’l(d,‘, dj) = dif(dj — di) + djf(di — dj) (3.2)
2
d, = softmax(d;, ;) = dif (d; — d;) + d;f (d; — d;) 3

where f(x) = Larctan(Bx) + 0.5 [PBKD22]. The hyperparameter B > 0 denotes an inverse
temperature, and when B — co the relaxation converges to the discrete swap operation.
The differentiable conditional swap operation for the elements (d;, d;) can be defined as

a permutation matrix Pswup(d,-,dj) € RKFN)IX(K+N) i an identity matrix except for entries
Py, Pjj, P;j, Pj;, which are defined as:

(3-3)

P = f(d; —di),
Pji = f(d; — d;).

The permutation matrix Ps for step s is the product of matrices corresponding to parallel (and
thus independent) swap operations in this step Ps = [licr Pswap(d, d;,,)- where R is the set of
odd indices if s is odd and the set of even indices if s is even. The complete permutation matrix
P is defined as P = Pxin - ... Py.

In the discrete case, each row of a permutation matrix has exactly one entry of 1, which
indicate the position where the element that corresponds to this row should be placed. In

P;;
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the relaxed version, row values can be seen as a distribution over possible positions of
the element [PKBD22]. For training with sorting supervision, where the correct order of
input values is known, we can create a ground truth matrix Q and define the loss as L =

W Y, BCE(Pjj, Qij) where BCE refers to binary cross-entropy.

3.3.3.2 GroCo Loss

If we would know the ground truth order of positives and negatives, we could create a ground
truth permutation matrix and calculate a loss. However, as we rely on random augmentations,
we do not know the ground truth order among positives and among negatives. Thus, we
propose a solution to obtain a loss to fulfil our group ordering constraints.

Let us again assume that positives are ordered with respect to their distances to the anchor
image as d’f <. < dlp< and negatives as d} < ... < d¥;. As shown in Figure we concatenate
positive and negative distances in a list:

[dl, ..., dk,d}, ..., dy). (3-4)

Even though we have ordered elements in the positive and negative sub-list, we still don’t
know if the constraint df < d;l is fulfilled forany 1 <i < Kand 1 <j < N.

Here, we apply a differentiable sorting network to the list and obtain a differentiable
permutation matrix for sorting the list in non-descending order. Values in a permutation matrix
row can be seen as probabilities to sort the corresponding element to the different positions,
e.g., P11 would be the probability for assigning the first element in the list (d}) to position 1,
Py to position 2, etc. Therefore, a sum of the first K elements in a row can be considered as
a probability being sorted inside the first K elements. Thus, for a permutation matrix of size
(K4 N) x (K4 N) the sum of the first K columns results in probabilities of being sorted in
positive places and the later columns (from K + 1 to K + N) in negative places. We define a loss
that enforces positives to be sorted in the positive places and negatives in the negatives places,
as

1 K+N K
KN (3:5)
+BCE ()| Pik,an))
k=K+1

where 1 is an indicator function.

As illustrated in Figure our loss is a relaxation of the sorting supervision that considers
only two types of swap operations: swap operations within the group of positive and negative
samples, which should not contribute to the loss, and swap operations between the groups,
which violate the positive-negative ordering assumption and which we want to use as the
optimization criterion.

Role of Pre-ordering. Practically, we pre-order positives and negatives inside the groups in a
non-differentiable way before inputting them into the differentiable sorting network. Though
even without it, the loss will still contrast positives to negatives, we believe that pre-ordering
tulfills the idea behind GroCO. When we input pre-ordered elements, the sorting network
performs comparisons of neighboring elements swapping them if they are in the wrong order,
or if everything is sorted correctly, comparing the strongest positive with the strongest negative.
In this way, elements are considered as a group, and borders of the groups or their overlapping
parts are used in the loss.
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Number of Negatives. Since the only strongest negatives (that are sorted incorrectly) mostly
participate in the computation of the loss function, we may use only top-N strongest negatives
almost without losing any learning signal. We will show in the ablation study that N = 10 is
enough.

Role of B. The inverse temperature B in differentiable swap operation corresponds to the
degree of relaxation of the swap operation that converges to a discrete case when p — o
(Figure[3.3). Therefore with lower f the swap operation is more “soft”, which means that the
variance in gradients is smaller, which is beneficial for optimization, but a relaxation error
accumulated by steps is larger, and vice versa in the case of larger p. With higher 8 even a
small difference between values results in a high probability for a swap or not swap operation,
resulting in a smaller margin between the positive and negatives group. With lower g we push
positive and negative groups further apart.

3.4 EXPERIMENTAL EVALUATION

3.4.1 Implementation Details

Unless stated otherwise, we use the following setup for all of our experiments:

Augmentation. To create m augmented views per image (considering m = 2,3,4), we follow
the DINO augmentation setup [CIM™21]. Since computational cost grows linearly with an
increasing number of augmentations, we additionally considered the multi-crop augmentation
strategy proposed in SWAV [CMM™20]. The idea is to sample low-resolution local views along
with the standard 224 x 224 ones. We use 2 x 224 + 6 x 96 scheme, where with two global
224 x 224 augmented views, we also sampled six local 96 x 96 views, giving eight views per
image. In this case, we follow “local-to-global” correspondence idea [CMM ™20, CTM"21] and
use only global views as positives for both local and global anchor images.

Model. To be consistent with previous works [CKNH20), (GSA " 20, CMM " 20, [(CH21b] we use
Resnetso [HZRS16] as the encoder g(+) and an MLP block consisting of three fully connected
layers with a size of 2048 and followed by a batch normalization layer [IS15|] as the projection
head h(-). All batch normalization layers except the last one are followed by a ReLU activation.
The dimensionality of the representation space and the latent space are both 2048 as in [CH21b].
We also adopt the stop gradient operation, which is widely used in different self-supervised
learning methods [CKNH20| CTM ™21} (GSA™20]; specifically, we perform stop gradient during
distance computation d(x?, x;) = d(x?, stop_grad(x;)). While we found that it is not strictly
necessary for a successful training of our model, we observed that stop gradient makes the
training process more stable and allows training the model with a much larger variation of
hyperparameters while maintaining stable performance.

Training. Following previous works [CKNH20| GSA™ 20, CMM™ 20, (CH21b], we use the train
set of the ImageNet ILSVRC-2012 dataset [RDS™ 15] for self-supervised training without any
human annotation. We train our model with the SGD optimizer [YGG17] with a learning
rate of 24.0 x (batch size/1024) x (100/#epochs) and weight decay of 107. By default, we
use the top N = 10 strongest negative examples and an inverse temperature of § = 1. Due
to resource constraints, we train our model with a batch size of 1024 with mixed precision.
We use a 10 epoch linear warm-up and a cosine schedule without restarts [LH16|]. Using an
8-GPU (NVIDIA A6o00o GPUs) server, training for 100 epochs with m = 2 views per image
takes approximately 22 hours.
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Method Ba_tch Views Linear Probing (Top-1)
Size 100 €p 200 €ep 400 ep

Max-Margin [SSCC22] 256 2X224 63.8 - -

MoCo vat [CEGH20] 256 2X224 67.4 69.9 71.0
SimSiam [CH21b| 256 2X224 68.1 70.0 70.8
VICReg [BPL21] 2048 2X224 68.6 - -

Barlow Twins [ZJM™21] 2048 2X224 68.7 - -

SimCLRt [CKNH20] 4096 2X224 66.5 68.3 69.8
SwAVt [CMM ™ 20] 4096 2X224 66.5 69.1 70.7
BYOLt [GSA™20] 4096 2X224 66.5 70.6 73.2
Whitening [ESSS21] 4096 4X224 69.4 - 72.6
GroCo (ours) 1024 2X224 69.2 70.4 71.0
GroCo (ours) 1024 4X224 69.6 70.4 71.4
SwAV [CMM 20| 4096  2X224 + 6X96 | 72.1 73.9 74.6
GroCo (ours) 1024 2X224 +6%X96 | 71.6 73.0 73.7

Table 3.1: Comparison with state-of-the-art in linear probing on ImageNet. We report
results for training for 100, 200, and 400 epochs. Backbone=Resnet50. tdenotes results from
SimSiam [CH21b] improved reproductions.

3.4.2 Evaluation Procedure

Linear Probing. First, we follow the standard protocol and evaluated the learned embedding
space by linear evaluation [CKNH20, (GSA ™20, CMM ™20, (CH21b||, which captures the linear
separability of classes in the representation space. For this, we train a linear classifier on frozen
representations in a fully-supervised way using the ImageNet train set. We follow the standard
protocol [CH21b] to train the linear classifier.

k-NN Evaluation. To analyze local properties of the learned representation, namely how
often neighbored data points correspond to the same semantic class, we further evaluate our
method by nearest neighbor classification, predicting the object class by a simple weighted k
nearest neighbor classifier (k-NN) with k = {1,10,20} based on cosine distance as in [CTM ™21,
CMM™20]. We again use the ImageNet train set for supervision and test on the ImageNet val
set.

3.4.3 Comparison to State-of-the-Art

We start with a comparison of the proposed method to state-of-the-art self-supervised learning
methods in linear probing and k-NN evaluation on the ImageNet [RDS™15] and for image
retrieval on the revised Oxford and Paris dataset [RIT"18].

Linear Probing. In the case of linear probing (Table [3.1), we observe that our method outper-
forms almost all baselines in classical (not multi-crop) settings. Our method demonstrates
state-of-the-art performance in 100 epochs training, outperforming contrastive baselines Sim-
CLR [CKNH20] and MoCo v2 [CEGH20] by +2% and information maximization methods
Barlow Twins and VICReg by +1% in 100 epochs setup. Moreover, our method outperforms
SImCLR and clustering-based SWAV [CMM™20] in all other settings as well. Also, we even
observe competitive performance compared to BYOL [GSA™20] and Whitening [ESSS21] meth-
ods that use x4 larger batch size and/or an additional teacher network. We also observe
performance improvement by utilizing multiple positive examples during training. In the
multi-crop 2 x 224 + 6 x 224 settings, our method is on par with clustering-based SwAV, which
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Method Be}tch Views k-NN (weighted, k=20)
Size 100 €p 200 €p 400 ep

MoCo vz [CEGH20] 256 2X224 - 55.6 -
SimSiam [CH21b] 256 2X224 57.4 - -
SimCLR [CKNH20] 4096 2X224 53.8 57.2 59.2
SwAV [CMM*20] 4096 2X224 - - 61.3
GroCo (ours) 1024 2X224 60.5 62.7 63.6
GroCo (ours) 1024 4X224 61.8 63.6 65.0
SwAV [CMM™ 20| 4096 2X224 +6X96 | 61.7 63.7 64.9
GroCo (ours) 1024 2X224 + 6X96 | 62.2 64.4 65.2

Table 3.2: Comparison with state-of-the-art in k-NN performance on ImageNet. We evaluate
k-NN performance (Top-1) on officially released weights of baseline models trained for 100,

200, and 400 epochs. We used a simple weighted k-NN with k=20. Backbone=Resnet5o.

Batch .. Oxford Paris
Method Epochs Size Views M H M H
SimSiam [CH21b] 100 256 2x224 | 26.89 7.04 46.92 19.31
MoCo v2 [CEGH20] 200 256 2x224 | 23.28 507 428 17.33
SimCLR [CKNH20] 400 4096 2X224 | 23.27 4.56 46.93 20.19
SwAV [CMM " 20] 400 4096 2x224 | 28.01 835 46.23 174
GroCo (ours) 400 1024 2X224 | 31.77 9.08 54.79 25.77

Table 3.3: Comparison with state-of-the-art in image retrieval. We evaluate image retrieval per-
formance on Medium (M) and Hard (H) splits of revisited Oxford and Paris datasets [RIT"18].
We evaluate nearest neighbor retrieval performance with ImageNet-trained encoders and report
Mean Average Precision.

utilizes x4 larger batch size.

k-NN Evaluation. We further evaluate the k-NN performance of our methods compared to
multiple state-of-the-art methods with officially released weights in Table We observe that
the proposed method excels in all settings, outperforming all methods by more than 4% in
the no multi-crop scenario. The method further greatly improves performance by leveraging
multiple positive examples. Finally, by utilizing local-to-global correspondences our method
outperforms the SwAV method that uses x4 larger batch size.

Image Retrieval. To further demonstrate the potential of the proposed methods in nearest
neighbors-based tasks, we additionally evaluate ImageNet-trained self-supervised learning
methods in image retrieval on the revisited Oxford and Paris datasets [RIT 18] in Table
We report the Mean Average Precision for the Medium (M) and Hard (H) splits of the datasets
as in [CTM"21]. We observe that our method outperforms all other methods in this task,
confirming its good local properties of learned representations.

3.4.4 Comparison to the Pairwise Contrastive Loss

To evaluate the properties of the proposed method in a direct comparison with the pairwise
contrastive loss formulation, we compared our method to the classical contrastive learning
method SimCLR [CKNH20|], which uses the most popular InfoNCE loss [OLV18] in training.
Since SImCLR originally uses only two augmentations per image, we extend it to a group
of positives scenario by applying contrastive loss between all possible positive pairs (see Ap-
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k-NN Evaluation Linear Eval.

Method Views k=1 k=10 k=20 | Top-1 Top-5
SimCLR 2X224 ‘ - - - ‘ 64.3 -

SiImCLR*t 2X224 46.0 515 519 | 657  86.7
SiImCLR*t 3X224 44.7 50.0 50.6 | 658  86.8
SimCLR*t 4X224 46.3 521 526 | 66.5 87.1

SimCLRt 2X224+6X96 | 46.6 514 520 | 672 877

GroCo (ours
GroCo (ours
GroCo (ours
GroCo (ours

2X224 55.3 60.3 60.5 | 69.2 88.4
3X224 55.8 61.2 61.6 | 69.5 88.8
4X224 56.4 61.5 61.8 | 69.6 88,9
2X224+6X96 | 57.0 619 62.2 | 71.6 90.4

~— — — —

Table 3.4: Comparison with SimCLR as a contrastive baseline on ImageNet. Results are
reported for k-NN and linear probing. The best results are bolded. Backbone=Resnetso,
#epochs=100, batch size=1024. tdenotes our reproduction.

Method Evaluation ‘Aircraft Caltech1o1 Cars Cifario Cifarioo DTD Flowers Food Pets SUN397 VOC2007‘Average
SimCLRt  k-NN (weighted, k=20)

19.5 75.8 15.2 85.1 63.3 70.9 73.1 47.9 60.6 463 70.0 57.06

GroCo (ours) k-NN (weighted, k=20)| 23.7 79.3 17.5 85.4 63.6 69.3 77.7 528 75.9 50.1 73.7 60.81
SimCLR*t Linear transfer 42.51 85.10 43.19 90.86 74.54 75.11 91.59 68.2077.92 58.43 78.74 71.47
GroCo (ours) Linear transfer 45.90 86.44 42.63 89.26 70.72 7277 88.41 66.7284.29 58.51 81.34 71.55

Table 3.5: Comparison with SimCLR as a contrastive baseline in transfer performance on 11
classification datasets. Models are pretrained on Imagenet. Backbone=Resnet50, #epochs=100,
batch size=1024, views=2x224. tdenotes our reproduction.

pendix |A.5). For a fair comparison, we reproduced SimCLR with the 3-layers MLP projection
head (as in our method) [CKS™20].

Representation Learning Performance. First, we evaluated the learned representations based
on the numbers of positive samples in Table We consider four scenarios. First, in the
2 x 224 scenario, we sample only two augmentations per image, and therefore we have only
one positive example per data point. In this case, our loss works similarly to SimCLR in a way
that it is minimizing the distance between the positive example and the anchor, however, our
loss still considers negatives as a group and utilizes only the nearest negative elements that
are sorted incorrectly, therefore focusing on local properties of representation space. While
outperforming SimCLR baseline by +3% (Top-1) in linear probing, our method also advances
in k-NN evaluation by more than +10% (k=20), demonstrating that our loss helps to learn
better representation not only in terms of linear separability but also in terms of local structure.
We further consider settings with 3 x 224, 4 x 224, and 2x224 + 6x9 views. We observe that
SimCLR shows mixed results from utilizing more views: while it benefits in linear evaluation,
performance is not stable in k-NN, for 3 x 224 performance is lower and for 2x224 + 6 x9 is the
same. However, our method clearly profits from utilizing more positives in both evaluations,
resulting in +1.7% in k-NN +2.4% in linear evaluation for 2x224 + 6 x9 setup.

Transfer Performance. We further evaluated how well performance transfers on other
datasets. In Table [3.5| we compare Imagenet pretrained models in k-NN evaluation and linear
transfer and on 11 many-shot classification datasets, including FGVC Aircraft [MRK ™13,
Caltech-101 [FFFPo4], Stanford Cars [KDSFF13]], CIFAR10 [KH"09], CIFAR-100 [KH" 09|,
DTD [CMK ™ 14]], Oxford 102 Flowers [NZo8], Food-101 [BGG14], Oxford-IIIT Pets [PVZ]12],
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k-NN Evaluation  Linear Probing
k=1 k=10 k=20 ‘ Top-1  Top-5

Triplet Loss (margin=0.8) | 46.8 5255 528 | 63.9 85.4
Triplet Loss (margin=1.6) | 47.9 53.4 537 | 64.2 85.3
Triplet Loss (margin=+0) | 47.9 53.3 53.8 | 64.3 85.3
GroCo (Ours) 54.7 59.5 60.0 | 68.5 88.2

(a) Ordering supervision.

k-NN Evaluation Linear Probing
k=1 k=10 k=20 | Top-1 Top-5

Randomly ordered | 54.1 59.2 59.4 | 684 88.2
Pre-ordered (Ours) | 54.7 59.5 60.0 | 68.5 88.2

(b) Pre-ordering in the groups.

Inverse temp. Number of negatives N
B 5 10 20
k-NN Lin.p. | &-NN Lin.p. | &-NN Lin.p.
0.25 58.9 67.9 - - - -
0.5 59.1 67.5 59.8 68.5 - -
1 58.8 67.7 60.0 68.5 54.4 65.2
2 - - 60.0 68.3 56.2 65.7
4 - - - - 592 67.7
8 - - - - 58.6 67.7

(c) An inverse temperature 5, a number of negatives N.

. k-NN Evaluation Linear Probing

Batch Size k=1 k=10 k=20 | Top-1 Top-5
256 522 56.8 56.8 | 67.2 87.7
512 53.1 57.9 581 | 67.7 87.8
1024 54.7 59.5 60.0 | 68.5 88.2

(d) Batch size.

Table 3.6: Ablation Experiments. For (c), we report k-NN performance with k=20, and linear
probing performance (Top-1), denoted as Lin.p. The best results are bolded. Options used to
obtain the main results are highlighted. Backbone=Resnet50, Views=2x224, #epochs=100,
Weight Decay=o0.5e-6.

SUN397 [XHE™ 10] and Pascal VOC2007 [EVGW ™ 10]. For linear transfer evaluation, we follow
the experimental protocol provided in [EGH21] without any modification. We observe that the
proposed method is on par with SimCLR in linear evaluation. In zero-shot k-NN evaluation,
our method excels in 10 out of 11 datasets, in particular improving performance on the Pets
dataset by +15%, and on the Aircraft and Food datasets by +4%. This shows that the improved
k-NN performance transfers to downstream tasks as well.

3.4.5 Ablation Study

Finally, we analyze the design choices of our method.

Ordering Supervision. First, we compare the group ordering supervision via differentiable
sorting with a triplet loss formulation L = max (d} — d}“ +1,0), where r is a margin. For a
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fair comparison, we consider all positive and the 10 strongest negative samples and evaluate
different margin parameters in Table Here, sorting is superior to a triplet loss with hard
margin selection.

Pre-ordering in Groups. We analyze the impact of pre-ordering elements within the negative
and positive groups before forwarding them to the sorting network in Table We observe
that our methods achieve competitive performance even without pre-ordering; however, pre-
ordering strengthens our method further.

Inverse Temperature, Number of Negatives. In Table we examine the influence of the
number of nearest neighbor negatives N used in the loss, as well as the value of the inverse
temperature parameter  (Equation [3.2). We observe that usage of too many negatives may
not be beneficial for the model. Since our loss focuses on negatives that are sorted incorrectly,
increasing the number of negatives at some point does not bring any new learning signal
(because more distant is unlikely to be sorted incorrectly). However, a larger N results in
more steps of the sorting network, increasing the degree of relaxation. Using a larger inverse
temperature B (leading to a lower degree of relaxation in the swap operation) we can gain
some performance; however, the variance of the gradients is larger with a larger , which is not
beneficial for optimization. We found that N = 10 and B = 1 is the most efficient configuration.

Batch Size. The large batch size might be an important factor in obtaining good performance
for many self-supervised learning methods. We find that our method is quite robust for
training with smaller batch sizes (Table [3.6d).

Training Time. We also consider the training time of our model compared to SImCLR baseline.
To eliminate the influence of distributed training, we measure the average time of training
iteration on one GPU. We find that the iteration time of both models is comparable, 514ms for
SimCLR vs 526ms for the proposed methods for a batch size of 128.

3.5 CONCLUSION

In this chapter, we proposed an alternative approach to the common pairwise contrastive
learning formulation commonly used in self-supervised learning and multimodal learning.
Namely, we proposed the group ordering constraints, that consider positives and negatives
as groups and enforce the group of positives to be closer to the anchor image than the
negative group. To enforce these constraints, we leveraged recent progress in the context of
differentiable sorting approaches and formulated a group ordering loss based on the given
sorting supervision. We evaluated our new loss function for image representation learning from
unlabeled images, and our results showed that the proposed framework not only competes with
current contrastive loss baselines but also outperforms standard contrastive learning across
all k-NN-based metrics. In Chapter 4} we continue to explore pretraining with unsupervised
data, this time focusing not on unimodal but on multimodal representations that can combine
multiple input modalities into a single fused representation to enhance visual recognition with
complementary information.
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able to fuse multiple complementary modalities, such as video, audio, and text, into

a joint embedding, training solely on freely available instructional videos without
relying on human-annotated data. Multi-modal learning from video data has recently received
increased attention, as it enables training semantically meaningful embeddings without manual
annotation, supporting tasks such as zero-shot retrieval and action localization. In this work,
we present a multi-modal, modality-agnostic fusion transformer that learns to exchange
information between multiple modalities and integrate them into a fused representation within
a shared multi-modal embedding space, thereby yielding representations that can exploit
complementary information for video understanding. We propose training the system with a
combinatorial loss on *everything at once* — any combination of input modalities, including
single modalities as well as modality pairs, while explicitly leaving out add-ons such as position
or modality encodings. At test time, the resulting model can process and fuse any number of
input modalities. Moreover, the implicit properties of the transformer allow it to handle inputs
of different lengths. To evaluate the proposed approach, we train the model on the large-scale
HowTo100M dataset of instructional videos collected from the internet and assess the resulting
embedding space on four challenging benchmark datasets, achieving state-of-the-art results in
zero-shot video retrieval and zero-shot action localization.

This chapter is based on the CVPR 2022 paper [SCR"22]. Nina Shvetsova, as the first
author, contributed to the design of the proposed method, implemented it, conducted all
experiments and analyses, and was the main writer of [SCR™22]. This work has been cited more
than 180 times and has been used as a foundation for developing further methods [CSR™ 24,
SRS 23, SKH ™24, SKSK23].

THis chapter explores learning strong representations for video understanding that are

43
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4.1 INTRODUCTION

Humans capture their world in various ways, combining different sensory input modalities
such as vision, sound, touch, and more, to make sense of their environment. Video data
approximates this type of input by combining visual and audio information as two coherent
and complementary signals that can be further enhanced with a text description. Recent
research has therefore started to explore how the information of those different modalities can
be leveraged to learn meaningful representations from this kind of content. Such systems can
be used for representation learning, for example, to learn multi-modal embedding spaces on
video data [ARS 20, AYQ™ 21|, where the input of one modality such as text, can be matched to
one or more other modalities such as video and audio, enabling tasks such as nearest-neighbor
based zero-shot classification or video retrieval [MZA " 19, [GSAS20, RBH"21]. Our work in
this chapter focuses on the later problem, namely the learning of meaningful multi-modal
embedding spaces. Current approaches in this area usually learn encodings for different
modalities by projecting inputs to a common space and applying contrastive loss to bring
embeddings from co-occurred modalities together. Such approaches can be based on classical
neural network elements to learn those encodings [MZA™ 19, RBH"21, (CRD 21, MAS™ 20,
ABARB20], i.e. convolutional neural networks backbones and non-linear projections [MZA™ 19],
multiple instance learning [MAS™ 20|, or clustering [CRD™21]. More recently transformer based
methods have also been proposed [GSAS20, BNVZ21a), AYQ" 21, L]JZ" 21]. To generate the final
embedding space, they use multiple independent single-modality self-attention transformer
blocks [BNVZ21a) LJZ " 21,[GRHD22], or a single transformer model for all modalities [GSAS20],
or a single modality-agnostic transformer [AYQ™21]. In the last approach, modalities are still
processed independently and one-by-one forwarded to achieve a single-modality embedding.
But so far, none of these transformers allow for adaption to any given number of input
modalities. Although modality-agnostic transformers that handle multiple input modalities
such as PerceiverlO [JBAT21] have been proposed, they have been constructed for learning a
latent space that can cover multiple tasks in different domains. Compared to our work, the
latent space in such cases mainly serves the purpose of compressing multiple inputs and tasks
in one model.

In this work, we propose an approach that leverages self-attention for multi-modal learning
which jointly processes any number of modalities and allows modalities to attend to each
other. A high level overview our architecture is shown in Figure Input tokens from one or
more modalities are passed through a fusion transformer that attends features relevant for a
combined input, followed by a projection to a joint multi-modal embedding space. We design
and train the fusion transformer to cover three aspects of multi-modal video learning: first, it
should allow modalities to attend to each other and learn multi-modal correlations; second, it
should be modality-agnostic and handle any possible modality input combination; and third,
as different modalities and samples can vary in length, it should be able to process input of
any length. To enable the fusion transformer to address all those tasks, we follow the idea of a
universal self-attention in the transformer block and share key, query, and value weights to all
tokens, agnostic of their input modality. In this way, self-attentions learns which input tokens
to attend from single modalities as well as from any combination of modalities in a general
way.

To train the model, we propose a combinatorial loss function which considers contrastive
loss between all possible and available input combinations. For example, in the case of vision,
text, and audio, the loss is based on each modality embedding alone as well as based on
pairwise vision-text, audio-text, and text-audio combinations as shown in Figure The
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Figure 4.1: Overview of the proposed approach for self-supervised learning of multi-modal
embedding space. The fusion transformer is able to process any combination of input modali-
ties. Internally, the transformer allows each modality to attend to each other. The proposed
architecture is trained with a combinatorial contrastive loss considering each possible combina-
tion of input modalities.

resulting model is thus able to fuse any number of input modalities at test time. Compared
to other universal self-attention methods, we omit any meta information encoding such as
position or modality embedding. This further allows us to process any input of different
lengths, as we are no longer bound to a maximum input size defined at training time. Note
that while we refer to this transformer as a fusion transformer, we are not proposing a new
transformer architecture, but rather refer to it as a transformer that is trained in a way that
enables fusion without any need for changes to the self-attention mechanism. As a result, the
final modal can be used for any type of input, single modalities or combinations of multiple
ones, as well as for any input length.

We evaluate the proposed approach by training the model on the HowTo1ooM dataset
[MZA™19] and testing its zero-shot text-to-video retrieval and step action localization on four
downstream datasets, namely YouCook2 [ZXC18], MSR-VTT [XMYR16], CrossTask [ZAC T 19b]
and Mining YouTube [KIRG19]. Our results show that the proposed combination of a fusion
transformer together with a combinatorial loss function improves performance and leads to
new state-of-the-art results. We summarize the contributions of this work as follows:

¢ We propose a multi-modal fusion transformer that processes input of any combination
of modalities and any length and attends relevant features with respect to cross-modal
information.

* We propose a combinatorial contrastive loss that considers all possible combinations of
input modalities at training time.

¢ We show that using such a multi-modal fusion transformer as an intermediate processing
step can significantly improve performance for multi-modal embedding space learning.
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4.2 RELATED WORK

4.2.1  Multi-modal learning

The idea of learning from more than one modality can be seen as an integral part of machine
learning research, comprising areas such as vision-language learning [RKH"21¢, ZLH" 21b],
vision-audio learning [CXVZ2o0a, XLG™ 21, TKM20, [AZ18, [AZ17, [AVT16, HRS" 18], zero-shot
learning [HE20, MNXA21], cross-modal generation [ZWF™ 18, MMS19| RAY " 16], as well as
multi-modal multi-task learning [KGS'17]. Video naturally combines multiple modalities,
while at the same time allowing to learn from large-scale data that would not be annotatable in
a reasonable time. In this context, Miech et al. [MZA™ 19] proposed the HowTo10oM dataset
of narrated videos and presented a system showing the potential of multi-modal learning for
learning a video-text embedding space via contrastive loss. The dataset contains YouTube
instructional videos that come with audio and respective subtitles as a textual description
obtained by Automatic Speech Recognition (ASR). As this data can be considered more noisy
than curated vision-text datasets, Amrani et al. [ABARB20] proposed a noise estimation for
multi-modal data via multi-modal density estimation. Miech et al. [MAS™20] proposed MIL-
NCE, combining the idea of noise-contrastive estimation with a multiple instance learning
formulation. Alwassel et al. [AMKT"20] used the audio and video information only and
proposed to leverage unsupervised clustering as a supervisory signal across modalities. While
those works [MZA ™19, [ABARB20, MAS™ 20, AMK™20] only use two modalities to train their
models, others have focused on the problem of learning from vision, audio, and text at
once [AVT17, ARS 20, DCS™21, RBH 21, (CRD™21]. As perhaps one of the first, Aytar et al.
[AVT17] proposed an architecture trained on image-text and image-audio pairs that allows to
connect text and audio modalities. Later Alayrac et al. [ARS™20] followed the idea of different
embedding spaces for different modality combinations and proposed Multi-Modal Versatile
Networks. A shared embedding space was proposed by Rouditchenko et al. [RBHT21]
mapping all three modalities in one joint space. This idea has recently been extended by
additional clustering and reconstruction loss by Chen et al. [CRD ™ 21].

4.2.2 Multi-modal learning with transformers

Architectures based on self-attention and transformers have been explored to learn from
multi-modal video data. Cheng et al. [CWP"20] proposed a co-attention module to learn
correspondences between audio and video samples. Luo et al. [LJS"20a] pick up on that
idea but proposed, similar to Uniter [CLY "20] for vision-language tasks, a joint cross-modal
encoding for video-text pairs. Compared to that, Bain et al. [BNVZ21a] focused on the problem
of how to attend to temporal as well as spatial information in the video backbone. They
therefore processed both modalities, video and text, in two separate transformer backbones
and only added a linear mapping layer on top of the backbones. In this context, recently,
Nagrani et al. [NYA™21] proposed a multi-modal bottleneck transformer for effective audio-
visual fusion trained in the supervised setting. A transformer-based approach that actually
uses all three modalities, and can therefore be considered closest to our proposed work, has
been proposed by Akbari et al. [AYQ™ 21]. Here, a single backbone transformer is applied to
any of the modalities separately, but with shared attention. For training, the model follows
the idea of [ARS™ 20] and computes the matching of video-audio first, followed by video-text
matching. It thus fuses those modalities in a pairwise way, which can be compared to a
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subset of our proposed loss function. Other approaches also leverage temporal aspects in
context of multi-modal transformer learning. Gabeur et al. [GSAS20] used a combination
of expert and temporal embeddings to train a multi-modal transformer while Wang et al.
[WZY21a|] proposed a local-global temporal alignment based on multi-modal experts to guide
the training. The idea of simply using a pretrained vision-language transformer model has
also been explored by Lou et al. [L]JZ" 21], using the pretrained CLIP model [RKH"21¢] as a
backbone with a transformer-based similarity encoder on top of a vision and text backbone and
achieving good results on tasks such as video retrieval. As most transformer-based method
use various and sometimes not-publicly available datasets for backbone pretraining or have a
need for resources that make it hard to repeat experiments, it is difficult to directly compare
performance across different architectures and pretraining set. We therefore decided to follow
the setup used in majority of works here and rely on pre-extracted features that are then
processed by the proposed architecture to allow a direct comparison with previous works.

4.3 METHOD

Our goal is to learn a projection function of single modalities or a set of modalities into a joint
embedding space in a way that semantically similar inputs would be close to each other, e.g.
the projection of the text description of a video scene should be close to the projection of the
video-audio representation of this scene. In the following, we consider three modalities, video,
audio, and text (corresponding ASR caption or linguistic narration); but the proposed method
can be extended to more modalities.

4.3.1 Problem Statement

Given a set of text-video-audio triplets {(t;, v;, a;) }I\; € (T x V x A)N of N video clips obtained
from the data distribution, we are learning a projection f(-, -, -) that can take up to three inputs:
text t, video v, and audio a and produce d—dimensional embedding representation of the input.
For the simplicity of the notation, we will omit missing modalities, so that f(t, v) will stand for
projection 7 x V — IR and represent the joint embedding of text  and video v. Our goal is
to maximize the dot-product similarities between semantically related inputs f(t), f(v), f(a),
f(t,a), f(t,0), f(v,a) (such as when ¢, v, and a are from the same video clip) and minimize
otherwise.

4.3.2 Model Architecture

4.3.2.1  Token Creation

As illustrated in Figure our architecture starts from features extracted from modality-
specific backbones. We transform sets of extracted feature vectors into token space by learnable
modality-specific projections and modality-specific normalization layers [BKH16]. As a result,
for the (t;, v;, a;) input triplet, we obtain three sets of tokens: [1;,, ..., T;, | from text t;, [v;, ..., Vi, ]
from video v;, [a;,, ..., a;,] from audio a;. As the number of tokens may vary, e.g. depending
on the length of the video clip, we normalize the length of inputs per batch to allow batch
processing by padding and using attention masks [VSPT17]. Practically, for comparability,
we follow the protocol of [MZA ™19, RBH21] and train the model on fixed-length video
clips. Technically, the model can handle clips of variable length, also with respect to different
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Figure 4.2: Schematic visualization the proposed method. While tokens from different modali-
ties are processed in all possible combinations, we exemplary consider the video-audio pair
marked with green rectangles here. The input tokens are forwarded together through the fusion
transformer layer and attended by the respective weights, which are based on the combinations
of keys and queries of input tokens in various modalities. The resulting outputs of multiple
heads are then concatenated and projected to the final token space, which is then used to
project each modality separately into the joint embedding space. During training, we apply
the model six times to obtain six embeddings corresponding to text, video, audio, text-video,
text-audio, and video-audio modalities to compute the combinatorial loss.

modalities, at training and at test time if needed.

4.3.2.2  No Positional Embeddings

Unlike other transformer-based methods [CLY ™20, BNVZ21a, |AYQ " 21, LLZ " 21a| TLB21], we
omit adding any positional or type embedding information to the tokens. The reason for this is
three-fold. With respect to type embedding, it can be assumed that tokens already encode this
information based on the fact that they are generated by different backbones, and hence each
come with their own “fingerprints.” Positional information has been shown to be beneficial in
the context of consistently structured data such as sentences. But in the case of multi-modal
video learning, clips are sampled randomly from a larger video sequence at training time,
usually without considering shot boundaries or speech pauses. We therefore do not expect
a consistent temporal pattern in the sense that a clip always starts at the beginning of an
action. Thus leaving out positional embedding might prevent adding noise during training. At
inference time, avoiding the positional embedding allows us to process sequences longer than
used in the training.

4.3.2.3  Multi-modal Fusion Transformer

As our goal is to learn the representations of any number and combination of input modalities,
we want the projection f to learn how to fuse information from multiple modalities to enhance
the joint embedding representation. For this purpose, we propose a multi-modal, modality
agnostic transformer, where the keys, queries, and values of the input tokens and all further
transformations are computed independently from the modality. To create our multi-modal
fusion transformer, we adopt regular transformer blocks [VSP*17]. Each transformer block
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consist of a multiheaded self-attention and a multilayer perceptron (MLP) with two LayerNorm
(LN) transforms before them along with two residual connections, as illustrated in Figure
Note that the difference compared to other methods is not in the architecture itself, but in
the way it is trained and the fact that the resulting fusion can actually be learned by a vanilla
transformer block, if it is specifically trained for this task. Fusion transformer thus refers to the
way a transformer block can be used rather than to a new architecture.

We train the system with a combinatorial input. Namely, we apply it to joint sets of input
tokens from all possible combinations of modalities: singles - t, v, a and pairs - (t,v), (v,a),
(t,a), allowing tokens from one modality to attend to tokens of other modalities. In this way,
we can obtain a fused representation from multiple modalities: the combination (¢, v) will result
in a fused representation of text and video modalities denoted as tv, resp. for va - video and
audio, and ta - text and audio. Note that e.g. in case of four modalities, we would consider all
combinations up to a triplet (¢,v,a) during training. As more modalities would be added, the
number of combinations would grow to the point where it might be infeasible to consider all
configurations. In this case random modality dropout could be used during training as done
in AVSlowfast [XLG™21] or Perceiver [JBAT21].

Since we want the fusion transformer to be modality agnostic, in each training iteration,
we apply it six times to obtain six representations for each sample i: t;, v;, a;, t;v;, v;a;, ta;. To
obtain each representation, we create a joint list of tokens, e.g. for v;a;: [vi], e Vip s Qi oeny (xiﬂ].
We apply the transformer to this input and obtain output tokens as e.g. [171?]”, e 171?”:&2“, ey ﬁcfn‘l]
for v;a; (with superscript va denoting that tokens were attended to both v and a modalities),
where each token was attended with information from another tokens. Note that, unlike the
ViT model [DBK™20], we do not prepend a learnable [cls] token, which usually serves as a
joint representation of all tokens. In our ablation studies we show that this is beneficial for the

model (Section [4.4.4).

4.3.2.4  Projection to Shared Embedding Space

With the resulting output tokens, we create the final embeddings for each modality. For

each training sample, we get six output sets of tokens and thus embeddings. As an exam-

ple, we consider the case of creating the representation for v;a;. We divide output tokens
yoa

oa N0a 4004 ~A00 1 1 . Noa A0d ~0a0
[vil e DERRDT, “'""in] into groups based on modality: [vil S vim] and ["‘il S ocin] and then

average them: 97" = } i, 172“, & =Y &g”. As a result, we obtain a vector representation for
each modality included in this computation. But since modalities, even when enhanced with
other modalities, are still very different, we project them into the shared embedding space by
the learnable modality-specific projections g, g, or g, for projections for ¢, v, a respectively,

normalize them, and then combine into a final embedding vector:
f(vi,a;) = norm(norm(g,(9;")) + norm(g,(&7"))). (4.1)

The normalization (“norm”) is used to align the magnitude of vectors. When computing dot
product similarity, we take into account only the angle between vectors.

4.3.3 Combinatorial Loss

Contrastive loss can be used to learn representations such that semantically similar inputs
are mapped close to each other. Unlike other methods [CRD™ 21, AYQ™" 21, IARS" 20, RBH" 21]
that learn how to bring modalities together by training with three pairwise single-modality
contrastive losses, L , between (t,v), L; , between (t,a), and L, , between (v,a), we force
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tokens to exchange information between modalities while enabling additional contrastive
losses: L; ,, between (t,va), Ly 1, between (v,ta), and L, ¢, between (a,tv), and introduce our
combinatorial loss:

L :/\tJJLtiv + Av?a Lv?a + )\tfaLtfu + /\Lvu Lt?va + /\vftaija + Aa?tv La?tv/ (42)

where A,  denotes a weighting coefficient of (m, 1i1).
Our combinatorial loss considers all possible and available modality combinations and can
be generalized to any set of modalities M = {my, ..., my} as follows:

L= Y. Ax yLx y, (4-3)
X,YCMAXNY=2

where Ly y is a contrastive loss between the fused representations of subsets X and YV, Ay y
is a weighting coefficient.

To compute the contrastive losses for all combinations, we utilize Noise Contrastive Estima-
tion [OLV18|] with temperature T and batch size B:

: exp(x; yi/T) ) 1¢ ( exp(x; yi/T) )
1 i I 1 L . .
z; o8 (Zf—l exp(xi'y;j/T)) B 1; o Y exp(x;Tyi/T) 4

S| -

LX_J} - —

By combining both aspects, the processing of all possible modality combinations and the
training of the system with the proposed combinatorial loss, we obtain a multi-modal fusion
transformer that learns how to attend tokens from one modality to the tokens from all other
modalities.

4.4 EXPERIMENTAL EVALUATION

4.4.1 Experimental Setup

If not stated otherwise, we use the following experimental setup in all our experiments and
ablation studies.

Backbones. To ensure comparability, we follow the setup of previous works [MZA™ 19,
RBH 21, [CRD " 21, /ABARB20] which is as follows: as visual backbone, we use a combination
of ResNet-152 [HZRS16], pretrained on Imagenet [DDS ™ 09] and compute one 2D-feature (2048-
dimensional vector) per second, as well as ResNeXt-101 [HKS18] pretrained on Kinetics [CZ17]
to get 1.5 3D-feature (2048 dim.) per second. We temporally upsample 2D-features with
nearest neighbors to have the same number of features as 3D-features and concatenate them
to obtain 4096-dimensional vectors. As a text backbone, GoogleNews pretrained Word2vec
model [MCCD13] is used with 300-dimensional embedding per word. These backbones are
fixed and not finetuned during training. Following [RBH™ 21, (CRD"21], we use a trainable
CNN with residual layers as an audio backbone and adapt the last two residual blocks to
extract 1.5 4096-dimensional features per second (see Appendix B.3).

Data Sampling. We use a batch of 224 videos and randomly sample ten 8-second clips per
video. If the sampled clip contains narration (95% of all clips), we use ASR time stamps to
select clip borders. To disentangle the very high text-audio correlation in HowTo1o0M, and
to avoid text being learned just as an audio narration, we shift the audio clip randomly by 4
seconds with respect to the video and text boundaries.
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Projections. Following [RBH ™21, [CRD"21,[MZA ™ 19]], we use a gated linear projection [MLS17]
to project features into common token space, as well as to project resulting tokens into shared
embedding space. We set the dimension of the common token space to 4096 and of the shared
embedding space to 6144.

Transformer architecture. As a multi-modal fusion transformer, we use one transformer block
with a hidden size of 4096, 64 heads, and an MLP size of 4096.

Loss computation. We use a temperature of 0.05 in NCE and normalize vectors prior to
computing dot products. Since not every video clip has all three modalities, we computed
NCE only over non-empty embeddings. Following [ARST20], we set a larger weight for a
text-visual loss in Equation since it was beneficial for training on HowTo1ooM: A; , =1,
/\v_u = /\t_a = )\t_va = )\v_ta = )\a_tv =0.1.

Optimization. We train all models for 15 epochs using an Adam optimizer [KB1sa] with a
learning rate of 5e-5 and exponential decay of 0.9.

4.4.2 Datasets, Tasks, and Metrics

Pretraining Dataset. We train our model on the HowTo100M dataset [MZA™ 19]], which contains
over 1 million instructional videos with automatically generated text narrations. The text
narrations can be assumed to be noisy and to not always describe the video scene [MZA™ 19].

Zero-shot Text-to-video Retrieval. We use MSR-VTT [XMYR16] and YouCook2 [ZXC18]
datasets to evaluate the zero-shot text-to-video retrieval capability of our model. The YouCook2
dataset contains instructional cooking videos from YouTube with human-annotated clips
(~ 2 — 200 seconds). For evaluation we use at maximum first 48 seconds of video clip, since
most video clips are shorter than that. The MSR-VTT dataset contains human-annotated
video clips (~ 10 — 30 seconds) on various topics and provides captions with natural language
sentences. Following [MZA 19, RBH 21, (CRD™ 21, MAS™ 20|, to evaluate our model on MSR-
VTT, we use the 1k set of test clips [YKK18], and for YouCook2, we use 3,350 validation
clips [MZA™19]. To perform retrieval, we compute similarities by dot product between a text
query t and all videos in the dataset using a fused va representation for each video. We report
standard recall metrics R@1, R@5, R@10 and the median rank (MedR).

Text-to-video Retrieval after finetuning. We additionally evaluate the retrieval performance of
the models finetuned on downstream tasks. Following [RBH™21], we used 9,586 training clips
to finetune the model on the YouCook2 dataset, and 6,783 training clips that contain the audio
(out of 7,000 proposed by [MZA™ 19]) to finetune model on the MSR-VTT.

Zero-shot Step Action Localization. We further evaluate our model on zero-shot step action
localization tasks on two datasets: CrossTask [ZAC ™ 19b] and Mining YouTube [KIRG19]. The
CrossTask dataset consist of 2.7k instructional videos over 18 different tasks. The Mining
YouTube dataset provides 250 testing cooking video equipped with an ordered list of action
steps. To perform step localization, we use a sliding window and compute the similarity
between the current video segment and all step names of the task. Following the inference
procedure in [ZACT19b], we obtain the final labeling by running dynamic programming to
find the best labeling with respect to the given order of steps based on similarities. We report
average recall over all tasks as defined in [ZACT19b]]. For both datasets, we use a 3-second
sliding window with 1-second step and predict the action for the central time-stamp using a
fused va representation.
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Method Train.| Retrieval Train. Visual Trainable BB YouCook2 MSR-VTT
Mod. Dataset BB t o a ‘R@IT R@s571 R@101 MedRHR@lT R@s5T R@101 MedR|
ActBERT [ZY20] tv t—o HT100M ReszD+Faster R-CNN 9.6 267 38.0 19 8.6 234 331 36
Support Set [PHA™ 21] to t—o HT100M R152 + R(2+1)D-34 |V - - - - 87 230 311 31
HT100M [MZA " 19 tv t—o HT100M Ri152 + RX101 6.1 173 248 46 7.5 212 20.6 38
NoiseEstim. [ABARB2o] | tv t—o HT100M Ri52 + RX101 - - - - 8.4 220 304 36
Ours tv t—o HT100M R152 + RX101 11.2 285 39.7 19 9.6 261 36.1 23
Ours tva | t— v HT100M Ri52 + RX101 v 107 27.9 389 19 103 246 353 25
MMT |GSAS20] toa | t — va HT100M 7 experts v - - - - - 14.4 - 66
AVLNet [RBH"21] toa |t —v+a HT100M R152+RX101 v 19.9 36.1 44.3 16 83 192 274 47
MCN[CRD" 21} tva |t - v+a HT100M R152+RX101 v 18.1 35.5 45.2 - 105 252 33.8 -
Ours toa | t — va HT100M R152+RX101 v 20.0 40.7 513 10 89 238 318 30
Models with a stronger visual backbone:

MMV [ARS 20| tva | t— v |HT100M+AudioSet TSM-50x2 v v 11.7 33.4 454 13 9.3 23.0 3IL.I1 38
VATT |[CRD " 21] tva | t—v AudioSet Transformer v/ - - 45.5 13 - - 29.7 49
MIL-NCE [MAS™ 20| tv t—o HT100M S3D v 15.1 38.0 51.2 10 9.9 240 324 29.5
Ours tva t—o HT100M S3Dt v 19.8 42.9 55.1 8 9.9 24.0 32.6 28
Ours ‘ tva ‘ t — va ‘ HT100M ‘ S3Dt ‘ v ‘ 24.6 48.3 604 6 9.3 229 312 35
FrozenInTime[BNVZ21a]| tv t—v | CC+WV+COCO Transformer v - - - - 24.7 46.9 57.2 7
CLIP4Clip [ABARB20] tv t—o WiT + HT100M CLIP s - - - - 32.0 570 669 4

Table 4.1: Zero-shot text-to-video retrieval results on YouCook2/MSR-VTT. In “Retrieval”
column: v + a stands for averaging video and audio embeddings for a video representation, va
- our joint video-audio embedding where modalities attend to each other during embedding
computation, ¢t and v are single-modality embeddings. S3Dt is the S3D pretrained by MIL-
NCE [MAS™20]. We include CLIP4CLIP and FrozenInTime for completeness, but do directly
compare because of different pretraining setups. Train Mod.=Training Modalities, BB=Backbone,
CC=Conceptual Captions [SDGS18|], WV=WedVid-2M [BNVZ21a].

4.4.3 Comparison to State-of-the-Art

Zero-shot Text-to-video Retrieval. First, we assess the performance of the learned multi-modal
representation in context of zero-shot text-to-video retrieval task on YouCook2 and MSR-VTT
datasets as shown in Table In case of the YouCook2 dataset, our method achieves state-of-
the-art results over all baselines, including methods with trainable visual and text backbones
or a stronger visual backbone as well as methods that do not train the visual backbone.
Particularly, our approach improves the AVLnet [RBH"21] and MCN [CRD™21] baselines
that use the same visual, text, and audio backbone and also train with three modalities by
increasing R@10 from 45.2% to 51.3%. For MSR-VTT however, it shows that a fusion of video
and audio modalities is not so beneficial and best performance is reached when considering
only text to video retrieval and leaving out audio information. We attribute this behaviour to
the domain shift between HowTo100M and MSR-VTT datasets as audio of the HowTo1ooM
dataset mainly contains speech and text as a transcription of speech, while in MSR-VTT, audio
can be much less related to the textual description. This assumption is supported by the fact
that best-performing methods on MSR-VTT do not use HowTo1ooM for training at all, such
as FrozenInTime [BNVZ21a]] or CLIP4CLIP [L]Z"21]. Notably, we can further strengthen our
model on YouCookz2 by leveraging a stronger backbone such as S3D [XSHT 18], pretrained on
HowTo100M by MIL-NCE [MAS™20], reaching R@10 over 60%. Again, these results show that
this better adaptation to HowTo100M does not necessarily translate to better results on MSR-
VTT. In Appendix we additionally include experiments with a stronger CLIP [RKH " 21¢]
backbone.

Text-to-video Retrieval after Finetuning. We further evaluated the retrieval performance after
finetuning on downstream tasks in Table Note that, since several experimental splits were
proposed for the MSR-VTT dataset, we report only baselines that used the same training split
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Method Train. Retrieval Pretrain. ‘ Visual Trainable BB YouCook2 MSR-VTT
Mod. Dataset BB t v a |R@7TR@5t R@10t MedR||[R@11 R@51 R@107 MedR |

ActBERT [ZY20] tv t—v HT100M Res3zD+Faster R-CNN - - - - 16.3 428 56.9 10
HT100M [MZA " 19| tv t—o HT100M Ri152 + RX101 82 245 353 24 14.9 40.2 528 9
NoiseEstim. [ABARB20o] tv t—v HT100M R152 + RX101 - - - - 17.4 41.6 53.6 8
Ours to t—v HT100M Ri152 + RX101 13.7 353 484 12 [ 21.0 49.3 60.1 5
Ours tva t—o HT100M Ri152 + RX101 v 127 339 458 13 20.4 47.7 593 6
AVLNet [RBH" 21| toa |t —v+a HT100M Ri152 + RX101 v’ |302 555 66.5 4 22,5 50.5 64.1 5
MCN [CRD™ 21 toa |t +v+a HT100M R152 + RX101 v | 282 530 637 5 - - - -
Ours tva | t —va HT100M Ri152 + RX101 V' |321 591 709 3 23.7 521  63.7 4

Table 4.2: Text-to-video retrieval on YouCook2/MSR-VTT in the finetune setting. In “Retrieval”
column: v 4 a stands for averaging video and audio embeddings for a video representation,
va - our joint video-audio embedding where modalities attend each other during embedding
computation, t and v are single-modality embeddings. Train Mod.=Training Modalities,
BB=Backbone.

Tr. | Tr. BB Visual Recallt
Method Mod. v Backbone CrossTask MYT
CrossTask [ZACT19b] | tv Ri52 + I3D 31.6 -
HT100M [MZA " 19| tv R152 + RX101 33.6 15.0
MIL-NCE [MAS™20] tv v I3D 36.4 -
MCN [CRD"21] tva R152 + RX101 35.1 18.1
Ours tva R152 + RX101 39.3 19.4
Models with a stronger visual backbone:
MIL-NCE [MAS™" 20] tv v S3D 40.5 -
ActBERT [ZY20] tv Res3D+Faster R-CNN 41.4 -
UniVL [LJST20a]| tv v S3Dt 42.0 -
Ours ‘ tva ‘ ‘ S3D+t ‘ 41.1 19.7

Table 4.3: Zero-shot action localization performance on CrossTask/MiningYouTube(MYT).
S3Dt is the S3D pretrained by MIL-NCE [MAS™20]. Tr Mod=Training Modalities, Tr. BB v=
Trainable Backbone for video modality.

as us for a fair comparison. Results demonstrate that the proposed method clearly outperforms
prior works on both datasets. Moreover, after finetuning on the MSR-VTT, the model greatly
improves performance by utilizing an audio channel.

Zero-shot Step Action Localization. We further evaluate our methods on zero-shot step action
localization on the CrossTask and the MiningYouTube (MYT) datasets in Table As video
representations we again use the fused video and audio modalities. These results show that
the proposed approach clearly outperforms the directly comparable MCN approach on both
datasets, as well as a fully supervised baseline CrossTask [ZAC"19b], HT100M [MZA™" 19]
and MIL-NCE [MAS™20] with a trainable 13D visual backbone [MAS'20]. Moreover, with a
stronger 53D backbone our model also gains improvement over MIL-NCE and is comparable
to UniVL (with a trainable backbone) and ActBERT (with additional region-based features
from Faster-R-CNN).

4.4.4 Ablation Study

Impact of fusion components. We first address the question of how the proposed components:
transformer layer, transformer fusion, and combinatorial loss, impact the overall performance of
our system. To this end, in Table[4.4|we considered the following architectures: 1) no transformers:
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Configuration Retrieval YouCook2 MSR-VIT
R@5t R@iof R@s51 R@iot

1) no transformers t—=v+4+a 327 41.4 24.1 33.7
2) single-mod. transformer per mod. t—v+a 399 50.7 25.3 33.9
3) fusion transformer t—v+a 395 50.2 23.8 32.7
4) fusion transformer t—va 36.6 47.0 22.6 32.1
5) fusion transf. + comb. loss t—v+a 382 49.2 23.3 33.2
6) fusion transf. + comb. loss (ours) t—va 40.7 51.3 23.8 31.8

Table 4.4: Evaluation of the contribution of the proposed fusion transformer and the combina-
torial loss. In “Retrieval” column: v 4 a stands for independently extracting video and audio
embeddings and summing up both outputs, while va for forwarding both modalities together
allowing them to attend to each other.

Configuration YouCook2 MSR-VTT
i R@57 R@iof R@51 R@iof

ours 40.7 51.3 23.8 31.8

ours + shared final proj. 37.2 487 23.1 20.4

ours + [cls] token + shared final proj.  35.9 46.9 21.4 28.8

Table 4.5: Evaluation of different design choices for fusion transformer (with/without [cls]
token) and final projection (shared /modality specific) into multi-modal embedding space.

our architecture without transformer and with three pairwise contrastive losses; 2) single
modality transformer: using three separate modality-specific transformer layers to learn three
projection functions; 3) fusion transformer: using the proposed modality agnostic transformer
but trained with three pairwise contrastive losses without fused modality components; 4) fusion
transformer + comb. loss: using the proposed modality agnostic transformer with combinatorial
input, trained with combinatorial loss to obtain the proposed method. Schematic visualization
of these four setups is included in Appendix We further consider two ways to forward
two modalities, first by forwarding them separately and summing up both outputs (v + a)
and, second, by forwarding them together (va). Overall we observe that adding a simple
transformer to process each modality separately already significantly improves performance
compared to the baseline, especially for the YouCook2 dataset. We further observe that the
overall performance depends on the combination of model, loss function and fusion strategy at
test time. While token fusion with transformers is overall beneficial, the best performance is
achieved in the fusion transformer + comb. loss setup. When using fusion transformer alone, the
performance drops a bit compared to the single modality transformer. However, utilizing shared
transformer with combinatorial loss to fuse tokens from different modalities outperforms
modality summing in the single modality transformer setup.

Token Aggregation and Projection. We further evaluate the impact of separate processing of
output tokens compared to aggregating information in the [cls] token. To this end, we compare
our model architecture to a setup with a shared final projection, as well as a setup with an
additional [cIs] input token (similarly to BERT [DCLT18]). In the last scenario, we use the
output [cIs] of the multi-modal fusion transformer as an aggregated representation of input
tokens and apply the final shared projection to map it into the shared embedding space. At
shown in Table our modality-specific projections with no [cls] token benefit over others
options on both datasets.

Positional Embedding and Testing on Longer Clips. Finally, we address the question how
the option of having random length inputs impacts the overall performance of the model



4.4. EXPERIMENTAL EVALUATION 55

Confieuration YouCook2 MSR-VIT
& R@s? R@iol R@s7 R@1ot

positional emb. + uniform sampling 32.7 43-4 21.8 29.1
positional emb. + max polling 33.2 43.9 21.6 30.5
positional emb. + averaging over clips 35.6 46.9 23.0 29.2
no positional emb. + uniform sampling 34.5 45.1 22.1 30.2
no positional emb. + max polling 34.8 45.2 23.0 31.8
no positional emb. + averaging over clips  36.9 47.9 22.7 31.3
no positional emb. + video at once 40.7 51.3 23.8 31.8

Table 4.6: Evaluation of different strategies to process long videos (longer than clips used in
the training), as well as impact of positional embeddings to encode positional information.
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Figure 4.3: Attention Analysis. Left: Average attentions of 30 heads over 128 video clips
for queries and keys from different modalities. Right: average attention for random 4 heads
presented in 3x3 matrix.

at test time. We consider four different scenarios for testing on longer clips as shown in
Table 1) uniform sampling - after obtaining initial local features from backbones, features
are uniformly sampled to fit the maximum number of tokens; 2) max-pooling - local features
are merged via adaptive max-pooling; 3) averaging over clips comprises slicing a longer clip
into train-time-length clips and averaging obtained representations; 4) video at once considers
processing all features at once as proposed. We further compare the first three settings in a
scenario with positional embedding to no positional embedding. As positional embedding, we
used vanilla trainable embeddings [DCLT18|] that are summed up to the input tokens before
being input to the transformer. It shows that setups with positional embedding perform almost
consistently below the setups without positional embedding on both datasets. Looking at
results of different processing strategies, we find that our model benefits from leveraging
local temporal dependencies in data via slicing a video clip into shorter clips or video at once
compared to max-pooling, uniform sampling. Moreover, utilizing all input data at video at once
further significantly boosts performance.

Attention Analysis. Finally, we qualitatively analyze the fusion capability of our multi-modal
transformer. In Figure |4.3| we show the average attention for query-key pairs of tokens from
different modalities. We observe that some heads have a strong attention for single-modality
fusion, mostly for t and v modalities, and in between, some heads are responsible for cross-
modal attention.
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4.5 CONCLUSION

In this chapter, we propose a multi-modal, modality agnostic fusion transformer approach that
learns to exchange information between multiple modalities, such as video, audio, and text,
and to integrate them into a joined multi-modal representation, while training solely on freely
available instructional videos without relying on human-annotated data. We show that training
the system with a combinatorial loss on any possible combinations of modalities allows the
fusion transformer to learn a strong multi-modal embedding space leaving out any add-ons
such as position encoding.

A clear limitation of the system becomes evident when comparing performance on two
downstream datasets, YouCook2 and MSR-VTT: while stronger fusion improves results on some
benchmarks, it can reduce generalizability to multi-modal data collected in different ways. This
effect arises from the strong correlation between audio and text in instructional videos used in
training, where text is typically obtained from audio using automatic speech recognition. As a
result, the learned representation tends to reflect this shortcut, focusing primarily on spoken
words whenever audio is present, for example, in video—audio embeddings. Later in Chapter
we address this issue by improving the quality of text annotations in instructional videos in an
unsupervised way, showing that this leads to a significant performance boost of our fusion
transformer. And in Chapter [, we show how our fusion transformer can be further finetuned
on downstream domains (e.g., YouCook2 and MSR-VTT) by relying only on the language used
in those domains, thereby bridging the language gap between instructional videos and target
datasets. Additionally, in Chapter |5} instead of relying on multimodal training with video data
to learn strong video representations, we explore how to adapt image-language models for
video understanding without the need for supervised finetuning.

In this part of the thesis, Part|l, we explore learning strong, generalizable representations
from annotation-free data that can either enable zero-shot capabilities for diverse downstream
tasks or serve as a strong basis for transfer. In particular, in Chapter |3} we investigate training
image representations from unlabeled image data for image understanding, and in Chapter [4}
we study learning fused video—audio—text representations for video understanding. In the next
part, Part [, we then turn to the problem of adapting our strong, generalizable representations
to particular tasks or domains — again without relying on human annotations.



FINETUNING MULTIMODAL MODELS
WitTHOUT HUMAN SUPERVISION

While in the previous chapter we explored methods for pretraining
generalized representations from unlabeled data, in this chapter
we focus on finetuning them for specific tasks or domains without
relying on annotated data in that domain.

In Chapter |5, we demonstrate how to finetune image-language
foundation models, which are typically biased toward object
recognition, for video understanding, namely action recognition,
with an emphasis on activities, using only unlabeled videos and
action dictionaries, without requiring any paired human annotations.

In Chapter [7, we take another step by exploring how to fine-
tune vision-language representations for a particular video domain
(e.g., cooking), focusing on text-to-video retrieval task, not only
without any paired annotations but even without target-domain
video data, relying solely on target-domain language.
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sentations between visual and textual modalities. Compared to video-language models,

current image-language models are trained on significantly larger amounts of data,
resulting in stronger generalization ability and broader vocabulary coverage. This enables
remarkable progress in zero-shot recognition, image generation & editing, and many other
exciting tasks, including video applications, such as action recognition. However, image-
language models tend to over-represent objects while paying much less attention to verbs, and
require additional tuning on video data for best zero-shot action recognition performance.
While previous work relied on large-scale, fully-annotated data to finetune an image-language
model for action recognition, in this work, we propose an unsupervised approach. We adapt
an image-language model for zero-shot and few-shot action recognition using a collection
of unlabeled videos and an unpaired action dictionary. Based on that, we leverage Large
Language Models and image-language models to build a text bag for each unlabeled video via
matching, text expansion and captioning. We use those bags in a Multiple Instance Learning
setup to adapt an image-text backbone to video data. Although finetuned on unlabeled video
data, our resulting models demonstrate high transferability to numerous unseen zero-shot
downstream tasks, improving the base image-language model performance by up to 14%, and
even comparing favorably to fully-supervised baselines in both zero-shot and few-shot video
recognition transfer.

LArge-scale image-language models have shown tremendous success in aligning repre-

This chapter is based on the ICCV 2023 paper [LKS23]. Nina Shvetsova contributed to
the project through regular scientific discussions.
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5.1 INTRODUCTION

Image-language models, often referred to as vision-language (VL) models [RKH™21a,
LLXH22a| JYX T 21b] have met unprecedented success in unlocking many vision applications
[RKH"21a] to work with potentially unlimited open vocabularies, through the promise of zero-
shot transfer [ZFZ 22, [ZYLL22a, [ZYLL22b, (GLKC22, RMK ™22, ZG] ™22, LWB™ 22, RZC"22].
This is empowered by the alignment between visual and language representation spaces, which
is effectively attained by VL models leveraging huge amounts of paired image and text data. In-
corporating a VL model as a source (base) model or as an architectural component has allowed
scaling finetuning on relatively small datasets (e.g. limited in terms of the number of observed
objects or other visual concepts compared to the vast VL pretraining) towards zero-shot transfer
at inference time. Such zero-shot transfer includes recognizing [ZFZ" 22, [ZYLL22a), [ZYLL22b],
detecting [GLKC22, RMK™ 22, ZGJ 22|, segmenting [LWB™ 22, RZC"22], and even generating
[RLJ " 22] objects unseen during the finetuning stage and only encountered for the first time at
the inference stage.

However, despite the progress in zero-shot image tasks, VL models have been observed to
underperform when applied to zero-shot action recognition on video data without any finetun-
ing [WXL21, NPC™ 22, JHZ " 22, WSO23, [CH22| RKM"22]. A possible reason, as extensively
studied in several works [T]B" 22, [ZZZ" 22, [YBK™ 23a, [HN21], is that VL. models have a ten-
dency to mostly represent objects (nouns) and not actions (verbs or verb phrases). Therefore, to
deal with these shortcomings of VL models w.r.t. zero-shot action recognition, previous works
[WXTL21, NPC" 22| JHZ " 22, WSO23|, [CH22, RKM™22] have used datasets with full annotation
(e.g. K400 [KCST17]) to finetune VL models (e.g. the most popular CLIP [RKH ™ 21a]) towards
improved video zero-shot recognition performance. The potential downsides of this approach
are: (i) reliance on full annotation of large-scale action datasets that is time-consuming and
cost-intensive, and (ii) the exposure of the model to only the limited action vocabulary during
the supervised finetuning (e.g. 400 actions of K400 vs. over 8K possible single verb actions
and much more possible general actions in English language) limiting the performance of
zero-shot transfer to unseen action categories. In this context, we propose ‘MAtch, eXpand and
Improve” (MAXI) - to allow finetuning on completely unlabeled video data (e.g. unlabeled K400
[KCST17]) and a set of language sources, such as unpaired action dictionaries, Large Language
Models (LLM) (e.g. GPT-3 [BMR"20]), and VL models for matching (e.g. CLIP [RKH"21al)
and captioning (e.g. BLIP [LLXH22al). To this end, MAXI relies on individual bags of potential
texts, collected and refined based on the different language sources, that correspond to each
video in the unlabeled set. It then applies Multiple Instance Learning (MIL) for finetuning the
VL model using those bags as illustrated in Figure We extensively evaluate MAXI on seven
downstream zero-shot and few-shot transfer action recognition benchmarks completely unseen
during training. We show that MAXI is effective in leveraging unlabeled video data, not only
significantly (up to 14%) improving the source VL model performance on all of those tasks, but
also favorably competing with state-of-the-art supervised methods trained on fully supervised
counterparts of the same finetuning data, and even improving upon them in some zero-shot
and few-shot action recognition transfer tasks.

We summarize the contributions of this work as follows.

¢ We propose MAXI, an approach that leverages an unlabeled video collection and a set of
language sources to improve downstream zero-shot action recognition.

¢ We propose to match each unlabeled video with text bags of knowledge mined from the
language sources, and employ Multiple Instance Learning for finetuning a VL model
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Figure 5.1: While previous work relied on full annotation of action datasets which is time-
consuming and cost-intensive to collect, our approach MAXI finetunes the VL model with
unlabeled video data. Specifically, we leverage a set of language sources (action dictionary, VL
model and LLM) to construct a text bag for each unlabeled video, and employ the Multiple
Instance Learning (MIL) objective for finetuning. MAXI demonstrates outstanding improvement
of zero-shot and few-shot transfer on downstream novel action datasets.

using these text bags.

* We extensively evaluate our approach on seven unseen action recognition benchmarks,
and demonstrate up to 14% absolute zero-shot performance improvements over the
source VL model, and even outperform baseline models trained in a fully supervised
manner on the same data.

5.2 RELATED WORK

5.2.1 Vision-language Models

Vision-language (VL) Models revolution started with CLIP [RKH*21a] and ALIGN
which demonstrated that very large scale (in hundreds of millions) pretraining, on a dataset
with massive amount of noisy image-text pairs collected from the web, leads to significant
advances in many diverse downstream zero-shot tasks. VL models optimize for image-text
alignment via contrastive learning objectives. Earlier methods, such as CLY 20, ILYL"20],
relied on pretrained object detectors to extract region features. To relax this limitation, cross-
attention layers with self-supervised learning objectives, image-text matching, and masked/au-
toregressive language modeling were proposed in [KSKz1 JYX"21b| [YDT 22, [LLXH22al.
BLIP [LLXHz22a] combined several techniques for multi-task VL pretraining, achieving strong
results in several downstream VL tasks, such as image retrieval, visual question answer-
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ing (VQA), image captioning, and reasoning tasks. Finer-level text-image alignment was at-
tempted in [GBB™ 22, YHH 21} [FRT " 21, [LLZ"21d, (GLX" 22], employing additional losses and
logic on top of the base contrastive loss of CLIP. FILIP focuses on fine-grained contrastive learn-
ing, maximizing the token-wise similarity between image and text tokens. CyClip [GBB™22]
employs geometrical consistency between the image and text embeddings. DeCLIP [LLZ ™ 21d]
retrieves nearest neighbors for expanding the set of positive contrastive matches. While these
methods have strong zero-shot results on many image benchmarks, such as ImageNet [RDS™ 15]
and MS-COCO [LMB™ 14], recent studies such as VL-CheckList [ZZZ" 22|, the Winoground
Challenge [TJB"22] and ARO [YBK™23a], show that these models cannot well distinguish
fine-grained language details or understand more structured concepts such as actions that
commonly require understanding temporal concepts, movement, and relations between objects.
In this work, we show how VL models can be adapted to better understand actions given
unlabeled video data.

5.2.2  Zero-Shot Action Recognition

Zero-shot action recognition is the task of recognizing actions that have not been seen during
training. This requires the bridging between visual features and semantic representations.
Previous works use manually defined attributes [LKS11,ZC17], and word embeddings of action
names [BTZ" 20, MND 19, QLS™ 17, [SQL20] or action descriptions [CHz21a, [QYLH22| WC17]
as the semantic representation. ER-ZSAR [CH21a] and JigsawNet [QYLH22] leverage crawled
descriptions of action classes with manual correction, which require efforts of human annotators
for modifying the descriptions. The class descriptions are assigned to the videos based on
ground truth labels. On the contrary, our text bag construction requires neither manual
correction efforts nor ground truth annotation of videos.

Recent work contributes to adapting large-scale VL model for video understanding, includ-
ing zero-shot action recognition tasks [WXLz21, NPC ™22, JHZ" 22, [WSO23, [(CH22, RKM " 22].
ActionCLIP [WXL21], Ju et al. [JHZ"22] and XCLIP [NPC"22] adapt CLIP for video data
with additional components for spatio-temporal modeling, and demonstrate performance
improvements on video tasks. The most recent ViFi-CLIP [RKM™22] shows that frame-level
processing with feature pooling achieves better visual-language alignment, and outperforms
sophisticated related approaches with additional learnable spatio-temporal components. In
this work, we follow the architecture and finetuning paradigm of ViFi-CLIP.

Despite the various contributions in architecture design and optimization, the related
approaches still rely on ground truth annotations in finetuning CLIP for zero-shot action
recognition tasks. Furthermore, no additional language source other than simple action names
is explored during finetuning. MAXI overcomes these two limitations by finetuning CLIP (1)
without any ground truth labels, and (2) expanding action names by LLM text expansion and
visual captioning.

5.3 METHOD

In this work, we propose an approach that effectively leverages a collection of unlabeled videos
and a predefined action dictionary (a potentially noisy collection of possible action text labels)
to finetune the CLIP model without any ground truth annotations. The purpose of finetuning
is to adapt CLIP to video data and to facilitate subsequent Zero-Shot (ZS) transfer to video
recognition tasks on novel video categories which are not seen during training. We denote the
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Figure 5.2: Pipeline of MAXI. Given an unlabeled video collection and a predefined action
dictionary, we construct a text bag for each video. We finetune CLIP by passing the video
and text bag through the adapted CLIP video encoder (Section and CLIP text encoder,
and optimizing with the Multiple-Instance Learning objective (Section [5.3.3). The text bag
construction (Section for an unlabeled video consists of (1) CLIP matching (2) GPT-3 text
expansion and (3) BLIP captioning for video to text expansion.

predefined action dictionary as D, and the unlabeled video collection as V = {x;|j € I}, with
an index set I = {1,..., Ny }.

Our pipeline is illustrated in Figure We first adapt the CLIP image encoder to a
video encoder for deployment on video data (Section [5.3.1). Second, given the unlabeled
video collection V and a predefined action dictionary D, we use different language sources
to construct a text bag for each video (Section [5.3.2). The text bag is a (noisy) collection of
texts that potentially correspond to the video contents. Third, we perform Multiple Instance
Learning (MIL) to learn from the unlabeled videos and noisy text bags (Section [5.3.3), which
allows to robustly finetune CLIP in an unsupervised manner.

5.3.1 CLIP on Video Data

CLIP [RKH21a] consists of a visual encoder ¢,(-;6,) and a text encoder ¢(+;6;). We aim to
adapt the CLIP image encoder for processing videos. It is demonstrated in that
frame-level processing on CLIP image encoder with feature pooling helps in implicitly modeling
the temporal cues. This also leads to improved performance over related approaches that addi-
tionally incorporate learnable spatio-temporal components. Therefore, following [RKM*22],
given a video x, we pass M frames into the visual encoder and compute the average of frame
features as the video representation, i.e. z, = ), (/77,(x51 ;0,)/ M. An advantage of this paradigm
is that the network can be initialized directly from a large-scale pretrained VL model (e.g.
CLIP pretrained on 400M web image-text pairs ) without adding any randomly
initialized parameters. This provides a good starting point with reasonable initial performance
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before finetuning. We also explore extending a non-randomly-initialized-parameters paradigm
to include, e.g., a parameter-free temporal-aware module (see Appendix [C.3.4), confirming
[RKM™22] that a sophisticated temporal module does not lead to better video adaptation from
CLIP.

During inference, given a set of class prompts C = {f i\l:cl}, the text feature is com-
puted as z;, = ¢¢(t;0;). For simplicity, we denote the L2-normalized video feature and
text feature as z, = ¢,(x) and z; = ¢:(t). The zero-shot classification is performed by
selecting the class prompt with the maximum similarity to the video representation, i.e.,

¢ = argmax, g, (x) " Pr(tc).

5.3.2 Text Bag Construction

Given an unlabeled video collection V and a predefined action dictionary D (where each item
is a short sentence or a verb phrase describing an action, see Figure [5.2), we construct a text bag
T; for each video x; € V, i.e. a noisy collection of text prompts describing the video contents.

Predefined action dictionary. In a practical scenario, we usually expect to have coarse prior
knowledge of the potential action types in an unannotated video collection. The prior knowl-
edge defines the action dictionary. To have a reasonable action dictionary, we include category
names of the action dataset we use for finetuning CLIP. However, the prior knowledge we
could obtain in a practical case might not be completely accurate. Therefore, we also explore
two cases of noisy action dictionary: a) an under-specified dictionary comprised of only part of
possible actions in the set, and b) an over-specified dictionary - adding noisy verbs and verb
phrases randomly collected from another text corpus. An evaluation of these settings is given
in Section

CLIP matching. For a video x; € V, we use the original CLIP to match x; with texts in D w.r.t
the cosine similarity. We denote the Top-1 matched text as

t; = argmaxsim(¢o (x;), pe(t)) (5.1)
teD
where sim(u,v) = uTv/(||u||||v]|) is the cosine similarity. We include #; in the text bag T;.

The CLIP matching is a means of distilling knowledge from the original CLIP as the
teacher. Common choices of unlabeled video collection V are usually of much smaller scale
than the original CLIP domain and might be prone to overfitting. Using knowledge from
the original CLIP prevents the model from overfitting to the smaller domain V, preserving
the generalizability learned in the pretraining stage of CLIP. This hypothesis is supported by
experiments in Section and Section where we show that compared to all supervised
finetuning baselines, the proposed unsupervised pretraining significantly improves zero-shot
transfer as well as few-shot adaptation to other novel datasets.

GPT-3 text expansion. We expand the text bag by leveraging the large-scale language model
(LLM) GPT-3 [BMR™20]. We build upon the fact that GPT-3 has high performance on language
instruction tasks [BMR20]. By providing the best-matched text #; in the instruction for
LLM requiring it to describe this text using its language (world) knowledge (see instruction
example in Figure [5.2), we obtain a collection of expanded alternative descriptions of the
action. The descriptions contain details hallucinated by the LLM leveraging its collective world
knowledge. We collect the verbs and verb phrases extracted from the generated expanded
action descriptions. Furthermore, we perform text augmentation by including both the lemma
and gerund (present participle) forms of the verbs. We add the collection of words to the text
bag T;.
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BLIP captioning for video to text expansion. We employ the vision-language model
BLIP [LLXH22a|] for generating captions of individual frames on a video. Note that this
image captioning model is not pretrained on any video domain. The frame captions provide
instance-level descriptions that are dependent on the visual content of frames of the unlabeled
videos. Similar to the case of GPT-3 text expansion, we collect verbs and verb phrases from
these descriptions, and perform text augmentation (as stated above), adding the resulting texts
to the text bag T;.

Filtering text bags. To improve the quality of the text bags, we set a threshold J, on the
similarity score from CLIP matching. We determine ¢, such that p x 100% of videos (or text
bags) remain after thresholding. For video x; € V, we keep the corresponding text bag T; if
the best matched text f; has a similarity above the threshold, i.e. sim(¢o(x;), ¢:(f;)) > 6. The
filtering results in a sampled index set I, = {i | sim(¢o(x;), ¢:(;)) > 6, Vi € I} and video set
Vp = {xi]i € Ip}.

5.3.3 Multiple Instance Learning

We employ Multiple Instance Learning (MIL) to learn from the unlabeled videos and noisy text
bags collected above. The MIL-NCE loss proposed in [MAS™20] combines Multiple Instance
Learning and Noise Contrastive Estimation. Following MIL-NCE, instead of enforcing the
match of one specific positive text to each video, we softly associate a text bag T; with each
video x; € V, in which one or multiple texts could be a positive match to the video. As
different videos have varying numbers of texts in bag, we randomly sample Ny, texts from
the original bag in each training iteration. We refine the definition of the sampled text bag T;
as T; = {ti,n\nNiaf , where Ny, is the constant bag size.

The original MIL-NCE loss encourages the instance-level match between each video and its
corresponding text bag. In this work, we further propose to encourage the videos and text bags,
which have the same best matched text, to be close to each other. Noting that each video x; has
a best matched text f; in the dictionary from CLIP matching step, than our proposed loss is

1 Y X exp(Po(xi) " Pr(tjn) /o) - L(E = F))
L=—— 1 ] _ ] 4 ]
| I3] ; °8 M exp(‘l’v(xi)Tq’t(tk,n)/U)

(5.2)

where i,j,k € Igand n € {1, ..., Nbag}. I C I, is a sampled batch of indices. ¢;, € Tj is text in
a text bag, and ¢ is a temperature parameter for contrastive learning. 1(f; = f;) is an indicator
that x; and x; have the same best matched text.

5.4 EXPERIMENTAL EVALUATION

5.4.1 Datasets

We perform the self-supervised finetuning on Kinetics 400 (K400) [KCS™ 17] without any ground
truth labels. K400 is the most popular benchmark for action recognition tasks, containing
around 240K training videos for 400 classes. We evaluate action recognition zero-shot transfer
and few-shot transfer on several benchmark datasets: UCF101 [SZS12], HMDBs51 [K]G " 11]],
MiniSSv2 [CPR"21] (subset of SSv2 [GEKM™17a]), Kineticsboo (K6oo) [CNBH' 18], Cha-
rades [SVW'16|], UAV Human (UAV) [LLZ"21b], and Moments-in-Time (MiT) [MAZ " 19].
UCF, HMDB and K600 are collections of online user videos, which are closer in terms of style
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Method GT Language Vis.encoder Frames UCF1o1 HMDB51 K6oo Top1 K6oo Tops
ER-ZSAR [CH21a] yes Manual description TSM 16 51.8 2.9 35.3 & 4.6 42.1 + 1.4 73.1 £ 0.3
JigsawNet [QYLH22| yes Manual description R(2+1)D 16 56.0 & 3.1 38.7 £3.7 - -

ActionCLIP [WXL21] yes K400 dict. ViT-B/16 32 583+ 3440854 667+ 1.1 91.6 £0.3
XCLIP [NPC™22] yes K400 dict. ViT-B/16 32 72,0+ 23 44.6 £52 652+ 04 86.1£0.8
As [JHZ™22] yes K400 dict. ViT-B/16 32 69.3 % 4.2 443+t 22 558 07 81.4£03
ViFi-CLIP [RKM"22]* yes K400 dict. ViT-B/16 16 749 0.6 50.9 £ 0.7 67.7 £ 1.1 90.8 £+ 0.3
ViFi-CLIP [RKM"22] yes K400 dict. ViT-B/16 32 768 +t0.751.3+06 71.2+ 1.0 92.2 £ 0.3
Text4Vis [WS5023] yes K400 dict. ViT-L/14 16 - - 68.9 &+ 1.0 -

CLIP [RKH™ 21a] no - ViT-B/16 16 69.9 + 1.3 38.0 £ 1.7 63.5 £ 0.4 86.8 0.4
MAXI no K400 dict. ViT-B/16 16 76.6 = 0.9 50.5 £ 0.9 70.4 £ 0.8 91.5 &+ 0.3
MAXI no K400 dict, GPT3 verbs ViT-B/16 16 778 £0.3 51.6 0.9 71.6 & 1.0 92.3 £ 0.3
MAXI no K400 dict, GPT3 verbs ViT-B/16 16/32 77.8 & 0.5 51.9 + 1.1 71.6 & 1.0 92.4 * 0.3
MAXI no Kyoo0 dict, GPT3 verbs, BLIP verbs ViT-B/16 16 78.2+ 0.8 5224 0.6 71.4 £ 0.9 92.5 + 0.3
MAXI no K4o0 dict, GPT3 verbs, BLIP verbs ViT-B/16 16/32 78.2 & 0.8 52.3 + 0.7 71.5 &+ 0.8 92.5 & 0.4

Table 5.1: Zero-shot action recognition on UCF101, HMDB51 and K60o. We report mean and
standard deviation of results on three official validation splits. All models (except for the
original CLIP) are trained on K400. We set the text bag filtering ratio p to 90%. We train with 16
frames per video and report single-view inference results with 16 and 32 frames here. *denotes
our re-evaluation.

to K400. The remaining datasets cover larger domain shifts to K400, varying from egocentric
motions (MiniSSv2), human and animal videos (MiT), drone videos with small subject in frame
(UAV) and 30-second long-term home videos (Charades). More details about datasets are given
in Appendix

We follow the evaluation protocol of zero-shot and few-shot action recognition
from [RKM™22, NPC"22]. We report mAP for multi-label classification on Charades and
Top1/Tops accuracy for single-label classification on the remaining datasets.

5.4.2 Implementation Details

We employ CLIP with the ViT-B/16 [DBK™21a] visual encoder. We follow the full-finetuning
configuration of [RKM™22] to finetune both the visual and text encoder. We consistently set
the temperature ¢ to 0.02. For zero-shot setting, we finetune on K400 without any ground truth
labels. We use the AdamW optimizer [LH1g] with an initial learning rate of 5 x 107° and a
cosine decay scheduler. We sample 16 frames from each video and train with a batch size of 256
for 10 epochs. For few-shot learning, we sample 32 frames per video. We set the learning rate
to 2 x 107%, and train with a batch size of 64 for 50 epochs. During inference, we sample 1 view
from each video. Inspired by [WIK™ 22, IWGT22], we perform linear weight-space ensembling
between the original CLIP (with ratio of 0.2) and the finetuned model. In the main results, we
set the text bag filtering ratio p to 90% and bag size to 16.

5.4.3 Zero-Shot Action Recognition

We finetune CLIP on the large-scale K400 dataset stripped of the original ground truth labels.
We perform zero-shot action recognition on seven different datasets to verify that cross-dataset
model generalizability transfer after the finetuning. In zero-shot setting, the model is evaluated
directly on downstream datasets with unseen classes, without being trained on any samples of
these datasets.
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Method GT Language Charades MiT MiniSSv2 UAV
ViFi-CLIP [RKM™22]  yes K400 dict. 25.77 21.68 / 44.19 5.98 / 19.04  4.67 / 15.18
CLIP [RKH™21a] no - 19.80 20.11 / 4081  3.96 / 14.42  1.79 / 7.05
MAXI no K400 dict. 23.47 21.94 / 45.68 519/ 1771 242/ 839
MAXI no K400 dict., GPT3 verbs 23.74 22.11 / 45.79  5.60/ 16.73  2.77 / 9.07
MAXI no  Kyoo dict.,, GPT3 verbs, BLIP verb 23.79 22.91 / 46.38 6.37 /18.73 272 / 9.00

Table 5.2: Zero-shot action recognition on Charades, MiT, MiniSSv2 and UAV. All models
(except for CLIP) are trained on K400. We report the mAP of multi-label classification on
Charades and Top-1/Top-5 single-label classification accuracy for MiT, MiniSSv2 and UAV. We
set the text bag filtering ratio p to 90%.

In Table we first compare to other state-of-the-art methods, all of which use K400
to adapt CLIP models for zero-shot recognition tasks on UCF, HMDB and Ké6oo. Follow-
ing [RKM™22, NPC"22| [CH21a], we report the mean and standard deviation of results on
three official validation sets. ER-ZSAR [CH21al| and JigsawNet [QYLH22] are zero-shot action
recognition approaches that train with K400 ground truth annotations. They leverage crawled
descriptions of action classes with manual correction, which requires efforts from human
annotators. Afterwards, the class descriptions are assigned to videos based on ground truth an-
notations. We see that the original CLIP has good direct zero-shot performance across the three
datasets, which performs better or on par with ER-ZSAR [CH21al] and JigsawNet [QYLH22].
The rest of the compared approaches all adapt CLIP models on video-text pairs with the
K400 ground truth class labels as texts. Among them, the most recent ViFi-CLIP [RKM™22]
achieves the best result, outperforming all the other approaches, without adding any learnable
spatio-temporal modules (as done by other approaches such as [WXLz21| JHZ" 22, NPC™22]).

In a similar full finetuning paradigm to ViFi-CLIP, MAXI achieves favorable results without
using any ground truth annotation. We report the performance of MAXI with different
combinations of language sources. Simply with the original K400 action dictionary, we already
outperform most of the related work across the three datasets. With the additional GPT-3 verbs
and BLIP verbs in the text bag, we further boost the performance, achieving the state-of-the-art
among the three datasets.

For a thorough analysis of the model generalizibility, we further report the performance
of MAXI on four datasets (Charades, MiT, MiniSSv2 and UAV) with larger domain shift to
K400 in Table In comparison to the original CLIP, our finetuned model has improved
zero-shot transfer on all datasets. With the additional language sources of GPT-3 and BLIP, we
even outperform ViFi-CLIP trained with ground truth of K400, on the challenging MiT and
MiniSSv2 datasets.

5.4.4 Few-Shot Action Recognition

We perform few-shot all-way action recognition to evaluate the model learning capacity
in a low data regime. In this setting, we specifically verify whether our self-supervised
finetuning on K400 provides a proper initialization for few-shot learning. We follow the few-
shot configuration of ViFi-CLIP [RKM"22] and XCLIP [NPC™22], and use the same training
samples in 2, 4, 8 and 16-shot experiments without additional language source for a fair
comparison. We train with 32 frames per video. We use the best backbone of self-supervised
finetuning (from Section as the model initialization for few-shot training. In Table
we report few-shot results of MAXI on three datasets, and also the zero-shot performance of
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Dataset Pretrain on K400 Sett. HMDBs51 UCF101 SSva2
Shots 2 4 8 16 2 4 8 16 2 4 8 16
CLIP [RKH™ 21a] no ZS 419 419 419 419 636 636 636 636 27 27 27 27
ActionCLIP [WXL21] no FS 475 579 573 591 706 715 730 914 41 58 84 111
XCLIP [NPC*22] no FS 530 573 628 640 485 756 837 914 39 45 68 100
As [JHZ " 22] no FS 397 507 560 624 714 799 857 899 44 51 61 97
ViFi-CLIP [RKM"22] no FS 572 627 645 668 807 851 900 927 6.2 74 85 124
MAXI yes w/o gt ZS 492 49.2 492 492 778 778 778 778 48 48 48 48
ViFi-CLIP [RKM™22] yes gt FS 558 605 643 654 840 865 903 928 66 68 86 110
MAXI yes w/o gt FS 580 601 650 665 868 893 924 935 7.1 84 93 124

Table 5.3: Few-shot action recognition on HMDB, UCF and SSv2. We report few-shot learning
results with and without pretraining on K4o0o0.

Matching  Ratio p Matching acc. on K400 UCF101 HMDB51 K600 MiniSSv2 Charades UAV Human Moments-in-time

CLIP [RKH™21a] (w/o finetune) Zero-Shot  69.93 38.02 6348 3.96 19.80 1.79 20.11
gt 100% 100% 82.39 52.68 73.39 5.61 25.31 4.47 23.79

CLIP matching 100% 59.7% 77.88 51.09 71.24  5.46 23.52 2.53 22.44
CLIP matching 90% 64.3% 78.17 52.24 71.43 6.37 23.79 2.72 22.91
CLIP matching 50% 80.9% 78.18 50.35 70.78 574 23.89 3.06 22.41
CLIP matching 30% 89.5% 76.71 47.73 70.57  4.92 23.14 2.89 21.96

Table 5.4: Text bag filtering with different filtering ratio p. We report the CLIP matching
accuracy (after filtering) on K400, and the zero-shot transfer performance of models finetuned
with the filtered K400 videos and text bags.

our initialization as a reference. We compare with related approaches that directly perform
few-shot learning on CLIP. For a fair comparison, we include the result of few-shot training
with a CLIP model that is pretrained with ground truth labels in the ViFi-CLIP paradigm.

We see that few-shot learning using a MAXI-pretrained backbone leads to best performance
in most settings, even outperforming the fully-supervised pretrained backbone of ViFi-CLIP.
The performance gap is significant in the more challenging extremely limited data scenarios
(e.g. 2-shot on HMDB and UCF). Pretraining with full supervision as an initialization might
lead to degraded performance in the following few-shot learning (e.g. 8-shot on HMDB, 4-
shot on UCF), while our self-supervised finetuned model mitigates this problem, indicating
improved generalizability.

5.4.5 Ablation Study

5.4.5.1  Text bag filtering

To improve the quality of text bags used in training, we set a threshold J,, on the similarity score
from CLIP matching, such that p x 100% of videos with highest similarity scores remain after
the thresholding (see Section|5.3.2). We perform CLIP matching between unlabeled K400 videos
and the K400 action dictionary, and use the filtered videos and text bags for finetuning CLIP. In
Table we report the matching accuracy (after filtering), and zero-shot transfer performance
of models finetuned with the filtered K400 videos and text bags. As a reference, we also report
CLIP zero-shot performance, and the case of finetuning on 100% accurate video-textbag pairs
using ground truth annotation, which leads to the best zero-shot transfer on most datasets.
In Table we notice that the CLIP matching accuracy increases continuously with
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Action dictionary Dictionary size UCF101 HMDB51 K600 MiniSSv2 Charades UAV Human Moments-in-time
CLIP [RKHT 21a] (w/o finetune) Zero-Shot 69.93 / 92.7 38.02 / 66.34 63.48 / 86.80 3.96 / 14.42 19.80 1.79 / 7.05 20.11 / 40.81
K400 400 78.18 / 96.03 50.35 / 77.10 70.78 / 92.17 5.74 / 17.70  23.89 3.06 / 9.46 22.41 / 45.83
MiniKinetics 200 75.10 / 95.82 48.34 / 76.95 69.23 / 90.92 6.50 / 18.76  22.70 2.40 / 8.04 22.50 / 46.01
K400+WebVid2.5M 800 75.99 / 96.00 45.97 / 73.94 69.14 / 91.13 4.81 / 15.79  22.67 2.11 / 8.00 20.92 / 43.99

Table 5.5: Robustness of finetuning with noisy action dictionaries. We report the zero-shot
transfer performance (mAP on Charades and Top1/Tops accuracy on other datasets). We set
the text bag filtering ratio p = 50% for improved text bag quality.

decreasing filtering ratio p. Setting p = 90% leads to consistent improvement of zero-shot
transfer, in comparison to the case of p = 100% due to improved quality of matched texts.
Setting p = 50% leads to partial improvement compared to p = 100%. Further reducing p to
50% leads to performance degradation due to the limited amount of data. This indicates that
selecting text bags that CLIP is confident about ensures improved finetuning for more effective
zero-shot transfer. However, there is a trade-off between the quality of the filtered data and the
amount of data used for training.

5.4.5.2  Robustness against noisy action dictionary

In a practical scenario, we have coarse prior knowledge of the potential action types in an
unannotated video collection, which defines an action dictionary. However, such knowledge
might be noisy. We explore the robustness of our finetuning pipeline against such a noisy action
dictionary. We consider two cases of noisy action dictionaries: (1) an under-specified dictionary
consisting of only half of the words of the original K400 action dictionary. Specifically, we
use the 200 action names from MiniKinetics [CPR™21] (a 200-class subset of K400). (2) An
over-specified dictionary by adding noisy verbs and verb phrases into the original K400
action dictionary. We parse verbs from the captions in the validation set of the WebVid2.5M
dataset [BNVZz21al, and randomly sample 400 verbs to add to the dictionary, resulting in a
dictionary of 8oo verbs or verb phrases.

In Table we report the zero-shot transfer performance of models finetuned with these
noisy dictionaries. Here we set the text bag filtering p = 50% for improved text bag quality.
We also report the results with the original K400 action dictionary as a reference. Apparently,
using the clean original K400 action dictionary leads to the best zero-shot transfer on most of
the downstream datasets. However, using noisy action dictionaries still leads to significant
performance boost compared to the CLIP zero-shot results without finetuning. This indicates
the robustness of our pipeline with different cases of noisy predefined dictionaries.

5.4.5.3 What words to include in the text bag?

In Table we investigate different combinations of words to include in the text bag. Besides
the original K400 action dictionary (K400 dict.), we explore: (1) BLIP verbs: verbs parsed from
BLIP captions; (2) BLIP object nouns: nouns of objects parsed from BLIP captions; (3) GPT3
verbs: verbs and verb phrases from GPT3 text expansion. For a thorough ablation, we set the
text bag filtering ratio p = 100% to keep the full noisy text bag property.

In Table we notice that additional language source upon the original K400 action
dictionary leads to further improvement in zero-shot transfer. Interestingly, using BLIP verbs
has slightly better results than the case of BLIP object nouns. We assume this is because
CLIP has a high object bias and is less sensitive to the language of verbs. Finetuning CLIP
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Text bag UCF101 HMDBs1  Ké6oo

K400 dict. 76.45 47.43 69.98

K400 dict. + BLIP object nouns 76.23 50.15 71.13
K400 dict. + BLIP verbs 76.94 50.92 71.25

K400 dict. + GPT3 verbs 76.98 50.46 71.24

K400 dict. + GPT3 verbs + BLIP verbs 77.88 51.09 71.24

Table 5.6: Combinations of words in text bags. We report the zero-shot transfer performance
on UCE, HMDB and K6oo. For a thorough ablation, we set the text bag filtering ratio p = 100%
to keep the full noisy text bag property.

Objective UCF101 HMDBs1  K6oo

Cross entropy 74.48 48.69 65.09

NCE 77.26 49.85 70.08

MIL-Max ﬁ 49.85 70.71
MIL-NCE only instance-level 76.96 50.48 70.14
MIL-NCE 77.88 51.09 71.24

Table 5.7: Different strategies of learning from text bags. We report the zero-shot transfer
performance on UCF, HMDB and Ké6oo. For a thorough ablation, we set the text bag filtering
ratio p = 100% to keep the full noisy text bag property.

by injecting verbs leads to better zero-shot performance in action recognition. Consequently,
combining BLIP verbs and GPT3 verbs in the text bag leads to the best zero-shot transfer.

5.4.5.4 How to learn from words in text bags?

In Table we explore different strategies of learning from words in a text bag: (1) Cross
entropy: classification in a fixed class space. (2) NCE: contrastive learning to encourage instance-
level match between a pair of video and text. In this case, we randomly sample one text from
the text bag in each iteration. (3) MIL-Max: in each iteration, among words in a text bag, we
choose the word with the maximum similarity to the video, and pass the similarity in the
contrastive loss. (4) MIL-NCE: as explained in Section we softly associate a bag of texts
with the video, and sum up the similarities of texts in a bag (5) MIL-NCE only instance-level: the
MIL-NCE on instance-level match between video and text bag, without encouraging videos
and text bags with the same best matched text to be close to each other (see Section [5.3.3).
In Table we see that cross entropy of classification in a fixed class space leads to the
most inferior result, while our MIL-NCE achieves the best improvement. Encouraging videos
and text bags with the same best matched text to be close to each other also leads to some
performance boost in contrast to only instance-level matching.

5.4.5.5 Bag size

We perform an ablation on the bag size in Table A bag size of 1 is the same as NCE loss
with random word sampling in Table Increasing the bag size from lower numbers to 8 leads
to consistent performance improvements. Using bag size 16 has further slight performance
boost. We report our main results with a bag size of 16.



5.5. CONCLUSION 71

Bag size UCFio1 HMDBs1 Ké6oo

1 77.26 49.85 70.08
4 77-24 4984 70.71
8 77.70 50.61 71.35
16 77.88 51.09 71.24

Table 5.8: Effect of bag size. We report the zero-shot transfer performance on UCF, HMDB and
K6o0o. For a thorough ablation, we set the text bag filtering ratio p = 100% to keep the full
noisy text bag property.

5.5 CONCLUSION

In this chapter, we consider the task of finetuning strong pretrained image-language models
for video understanding, specifically action recognition, in an unsupervised way by leveraging
unlabeled video collections together with a set of language sources. To the best of our
knowledge, our approach, MAtch, eXpand, and Improve (MAXI), is the first to address this
problem. Specifically, we leverage a set of language sources (unpaired action dictionaries, Large
Language Models and image-language models) to construct a text bag for each unlabeled
video. Then we use the unlabeled videos and text bags to finetune the image-language model
with the objective of Multiple Instance Learning. Our extensive evaluation for zero-shot and
few-shot action recognition across several unseen action benchmarks demonstrates significant
performance improvement over the source image-language model, as well as improvement
over baselines trained in a fully supervised manner. In the next chapter, Chapter |6} we also
examine the problem of finetuning models without human supervision, focusing on finetuning
for the specific text-to-video retrieval task, where the style of the text query plays an important
role in downstream performance, moreover, we explore even more challenging scenario where
no video collections from the target task are available for finetuning.
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and video-text models for downstream video tasks without human annotations, focusing

in particular on text-to-video retrieval where the style of the text query plays an important
role in performance. Large-scale noisy web image-text and video-text datasets have been proven
to be efficient for learning foundational vision-language models. However, when transferring
them to the task of video retrieval, models still need to be finetuned on hand-curated paired
text-video data to adapt to the diverse styles of video descriptions. To address this problem
without relying on hand-annotated pairs, we propose a new setting: text-video retrieval
with uncurated and unpaired data. In this setup, training utilizes only text queries from the
target task, while we assume that uncurated freely-accessible web videos without any paired
text-video annotations are also available. To solve this task, we propose an approach, In-Style,
that learns the style of the text queries and transfers it to uncurated web videos. Moreover, to
improve generalization, we show that one model can be trained with multiple text styles. To this
end, we introduce a multi-style contrastive training procedure that improves the generalizability
over several datasets simultaneously. We evaluate our model on retrieval performance over
multiple datasets to demonstrate the advantages of our style transfer framework on the new
task of uncurated & unpaired text-video retrieval and improve state-of-the-art performance on
zero-shot text-video retrieval.

This chapter is based on the ICCV 2023 paper [SKSK23]. As the co-first author, Nina
Shvetsova led the project jointly with Anna Kukleva, sharing responsibilities equally across all
stages, including idea conception, method design, implementation, experiments, and writing.

IN this chapter, we again address the problem of finetuning strong generalizable image—text
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Figure 6.1: Training data for supervised and our uncurated & unpaired settings for text-video
retrieval. Left: standard supervised text-video retrieval. Aligned and paired data is given for training
with the same distribution as the target test set. Right: our uncurated & unpaired text-video retrieval.
No paired data is available during training, only text queries, whereas to support training, we use
uncurated web videos.

6.1 INTRODUCTION

Text—video retrieval refers to the task of retrieving a video from a large pool given a textual
description of its content. The field of vision-language retrieval has made remarkable progress,
largely driven by models trained on large-scale web collections [RKH™ 21b, LLXHz22b, SCR " 22].
However, while advances in video retrieval often build on pretrained vision-language models
to enable better task transfer, most systems still require finetuning on downstream data to
adapt the representations to the specific downstream domain. This requires hand-annotated
text-video pairs, namely trimmed segments of larger videos that are precisely described by the
corresponding texts, for the training and testing of each target downstream dataset. Collecting
such aligned pairs of text and videos can be time- and cost-intensive, and particularly gathering
videos that comply with national regulations and copyright can be a challenge. Also, in the
case of relying on free web content, some videos can become unavailable over time while the
respective curated annotations stay available for download but do not have matching videos.

To address this problem, we propose a new setup, text-video retrieval with uncurated &
unpaired data, assuming the availability of text queries only and without related videos during
training (Figure [6.1). The setting is motivated by the fact that it can be considered easier to
collect or generate text data, e.g., by producing topic-specific text queries rather than providing
a video to match a specific context. To allow the training of a text-video retrieval system based
on the given text, we assume to have access to an uncurated video collection as the only source
of available videos.

As different domains and datasets contain diverse styles of textual descriptions of videos,
we propose a novel method, In-Style, to transfer the caption style of given text queries to
uncurated web videos, which can be from a deviating distribution compared to the given
text queries. To transfer the style of the text queries, we leverage large image-language
models [LLXHz22b, RKHT21b] by creating pseudo pairs that correspond to the given text
queries and videos from the uncurated collection by matching them in the shared embedding
space [RKH'21b]. Thus, we identify a subset of videos that have more similarity to the text
queries than the rest of the videos. We then adopt an image-to-text captioning model (a
captioner) to mimic the style of our text queries by training with these pseudo pairs. The
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stylized captioner is now capable of producing relevant video descriptions in the desired style;
therefore, we re-annotate the web videos with the captioner to obtain aligned paired data;
we call them generated pairs. Finally, we show that generated pairs help to adapt models
pretrained on large-scale web data [LLXH22b| SCR™22] to the desired single or multiple styles
of given text queries.

We evaluate our model on text-video retrieval over 5 benchmark datasets. Specifically, we
demonstrate the advantages of the In-Style method on the new task of uncurated & unpaired
text-video retrieval with image-language [LLXH22b] and video-language [SCR™22] pretrained
backbones. We show the generalization of the proposed approach by training a single model for
multiple datasets at once leading to an improved state-of-the-art zero-shot text-video retrieval
performance.

We summarize our contributions in the following.

¢ We introduce a new task of text-video retrieval with uncurated & unpaired data where during
training, only text queries are available, whereas for the standard text-video retrieval task,
paired text-video data is used.

* We propose a novel method, In-Style, to transfer the style of text queries in an unsuper-
vised way, showing that style is an important component for language-based retrieval
tasks; therefore, we repurpose large pretrained image-language models to generate
pseudo-captions of the same style for uncurated web videos.

¢ We demonstrate the advantages of our In-Style method for the new task over 5 different
datasets with individual models for each dataset as well as one generalized model and
we achieve state-of-the-art performance on zero-shot text-video retrieval.

6.2 RELATED WORK

6.2.1 Text-Video Retrieval

Text-video retrieval methods usually focus on learning modules that are able to capture rela-
tions between features from text and video modalities [YKK18, [LANZ19, (GSAS20| [CZ]JW20,
CBL" 21, DKKP21, WZY21b]. Currently, many approaches leverage pretraining on large-scale
video-text [BNVZ21a, MZA ™19, MAS™20] or image-text [LLZ " 21a, LLXH22b] datasets with a
further adaptation of the backbone to individually downstream datasets. In this context, Clip-
BERT [LLZ"21a] proposed sparse sampling instead of using dense full-length videos that allow
lightweight training. However, foundation models [BHA™21] such as CLIP [RKH21b], com-
bine the success of transformer architectures [DBK™21b] using a contrastive objective [OLV18]
and being trained on large collections of text-image pairs from the web, providing a strong
zero-shot [LJZ" 22, POOBTMz21] baseline on downstream tasks that outperforms many pre-
vious methods. Therefore, more recent approaches focus on adapting text-image CLIP pre-
trained models for text-video retrieval [GVM ™22, BCJ ™22, FXXC21, GLC 21, LXX"22]. X-
pool [GVM™22] introduces cross-modal attention to reason between text and frames of a
video, TS2-Net [LXX"22] proposes dynamic adjustments over temporal and spatial token
dimensions, which allows finetuning spatial model on video data without architecture changes.
Another way to leverage foundation models is to enhance training data [WLF " 23, ZMKG22].
Cap4Video [WLF 23] generates auxiliary captions for available curated training videos by
using ZeroCap [TSSW22] that optimizes GPT-2 [RWC™ 19] text generation using a CLIP-based
loss [RKH'21b]. LaViLa [ZMKG22] proposes to generate additional narrations for a dense
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coverage of long videos from the Ego4D dataset [C™, GWB™22] by finetuning a pretrained
large language model [RWC™19] on existing annotated text-video paired data. In contrast, we
propose to exclude pre-annotated text-video paired data from the training and, relying on text
descriptions only, generate text-video pairs leveraging uncurated web videos while transferring
the style of original captions.

6.2.2 Large-scale Multimodal Pretraining

Representation learning [RKHT21b, [LLXH22b, [(CXHz1a, HCX"22, ZMKG22, ICTM™21,
YWV 22] aims to obtain general representations that improve performance on downstream
tasks such as retrieval [L]JZ" 22, POOBTMz21, YWV ™22, [LLXH22b], classification [CXHz1al
ZMKG22| CTM™21], segmentation [CTM " 21], question-answering [LLXH22b, YWV 22 and
captioning [LLXH22b, YWV 22]. While some methods rely only on one modality such as
images [CTM™ 21, HCX"22] or text [RWC ™ 19], there is also increasing interest in multi-modal
representations [RKH " 21b, LDF " 20,'SZC ™20, [LCC ™20, [LJS™ 20b} SCR ™ 22] which require multi-
modal aligned pairs. However, the acquisition of human-annotated paired data is expensive;
therefore, noisy web data [RKH"21b, MZA " 19] allows for significant scaling of such datasets.
Many methods successfully utilize web image-text pairs [RKH'21b, JYX21c, YWV 22],
whereas uncurated video-text pairs are not only harder to collect but are also more prone
to misalignments. Therefore, efforts are made to align ASR (automatic speech recognition)
with video frames via contrastive learning [MZA™ 19, MAS™ 20, XGH" 21, ZLH" 21a] or in an
unsupervised way [HXZ22]]. To overcome those issues, we propose to generate synthetic video
descriptions with the desired caption style and train models on those captions instead of raw
ASR text.

For contrastive-based vision-language representation learning methods, the dual-encoder
architecture is a common choice as it features two parallel branches for two modalities,
which are contrasted against each other to learn a joint embedding space [RKH™21b, SZC™ 20,
LCC™ 20, |LJST20b]]. Recently, BLIP [LLXH22b] and CoCa [YWV™22] propose a unified multi-
task contrastive-generative framework that combines contrastive and captioning objectives.
These methods rely on both curated image-text and uncurated web image datasets, with BLIP
additionally iteratively applying the generation and filtering of synthetic captions. Compared to
those works, we adopt pretrained image-language models for uncurated & unpaired text-video
retrieval by transferring the caption style directly on uncurated videos without any aligned
data during training.
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Figure 6.2: The proposed In-Style method. First, in the pseudo matching step, pseudo pairs Py,
which consist of text queries and the most related web videos from the support set, are created. Style
Transfer: the captioner is tuned with the obtained pseudo pairs Pps to adapt to the style of the given
text queries. Next, new stylized captions are generated for all videos in the support set and then filtered
to avoid noisy captions; the resulting set of the generated pairs Pge;, contains web videos and aligned
captions of the desired style. To complete the retrieval task, we adapt the dual video-text encoder model
with the generated pairs P, and evaluate it on the curated paired test set.

6.3 Task: UNCURATED & UNPAIRED TEXT-VIDEO RETRIEVAL

In this section, we introduce the proposed uncurated & unpaired text-video retrieval training
setup. Typically, models for text-video retrieval are trained on paired text-video data. Given a set
of pairs of captions t; and corresponding videos v;: {(t;,v;)} € D, where D is a data distribution,
the goal is to learn a similarity function s(t;, v;) that calculates the similarity between the caption
t; and the video v;. The training can be done from scratch, but typically pretrained image-
language [RKH " 21b, LLXH22b] or video-language models [LJS™20b, MZA™ 19] are finetuned
on the target paired text-video data and then evaluated on the test set from the same distribution
D [LXXT 22, EXXC21]. If the evaluation is performed on multiple datasets, the model is usually
finetuned for each dataset individually.

In contrast, we propose a text-video retrieval with uncurated & unpaired data, where only target
text queries are available during training without any videos. More precisely, given a set of
text descriptions {t;} from data distribution D, we aim to learn useful information about the
similarity s(t;, v;) in D relying only on the textual descriptions. We further assume that a
large set of freely accessible web videos V' = {v;} € D’ without any paired text is available to
support the training (such as videos of the HowTo100M dataset [MZA ™ 19]). We note that the
data distribution D’ in the support video dataset can deviate from the distribution D.

Finally, to avoid training different models individually for each target dataset, we further
consider learning a generalized model that maintains the performance of individual models

over a set of K datasets of different caption styles and coming from different data distributions
Dy, ..., Dk.

6.4 METHOD

To address the task of uncurated & unpaired text-video retrieval, we aim to transfer the style
of the text queries (the only available curated information) to an uncurated web video dataset.
To this end, we rely on web-scale pretrained image-language models as a supervisory signal
and leverage them as a matching module and pretrained captioning model that we adapt
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throughout the training process. The steps of the proposed In-Style method are shown in
Figure The first step is Pseudo Matching, described in Section which matches the given
text queries to the most relevant videos from the set of all uncurated web videos. The following
Style Transfer step (Section adapts the pretrained captioning model (the captioner) to
the target text style by training it on the previously obtained pseudo pairs. The captioner is
then used to generate new style-adapted captions for all available web videos, which are then
filtered to avoid too noisy pairs; we refer to the resulting filtered web videos with style-adapted
video descriptions as generated pairs. Finally, we adapt a pretrained vision-language model for
the task of text-video retrieval on the generated pairs (Section [6.4.3). Moreover, in Section [6.4.3}
we propose the training of a generalized model on multiple styles of text queries at the same
time and introduce a new contrastive objective, In-Style, that improves training on more than
one text style at once.

6.4.1 Pseudo Matching

First, we obtain pseudo video-text pairs, with each pair containing one of the available text
queries and the most relevant uncurated video from the web collection. For pseudo matching,
we leverage image-language models such as CLIP [RKH"21b] or BLIP [LLXH22b] that excel
in zero-shot retrieval performance [LJZ722]. Such models usually follow a dual-encoder
architecture: encoders f; and f, projects text t and image x into a common multimodal
embedding space. The similarity of text and image is computed as a cosine similarity in this

common space: sim(t,x) = % We use this metric to match the available text queries
to the closest video.

Since available videos can vary in overall duration (for example, five or more minutes) and
cover a lot of different actions, we divide all videos into non-overlapping clips of s-seconds. We
denote V' = {v} as a set of all such video clips. Then, we calculate a multimodal representation
for each video clip v;- as an average representation of m uniformly sampled frames of a video
(see Appendix|D.2). Using precomputed embeddings, we connect every caption t; with a video
v’ with maximum similarity from available set of videos V', such as:

vf = arg max sim(t;, U;) (6.1)
?);-GV/

To increase the diversity of matched videos, we do not allow multiple captions to match the
same video clip; therefore, when video clip vf is matched, we exclude it from V’. Thus, we
obtain a set of pseudo text-video pairs Pys = {(t;, v!)}. In Section we show that this step
allows us to introduce a weak supervision that may not find the exact match but provides a
basis for further style transfer.

6.4.2 Style Transfer

We aim to transfer the style of the given text queries to other unrelated web videos by generating
new captions with the desired style. Inspired by the ability of language models conditioned
on visual input [LLXH22b] to generate plausible descriptions for diverse visual inputs, we
propose to adapt the pretrained image captioner g using the obtained set of noisy pseudo
text-video pairs Pys. By doing this, we adapt the captioner to both the style of the captions as
well as the style of the web videos. This allows us to generate new stylized captions P, for
the full support set of videos V' using this captioner.
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Captioner. More specifically, we follow the BLIP [LLXH22b] captioner architecture, which we
extend for video captioning by conditioning the model not only on a single image but on a
number of video frames. To this end, we apply the image encoder on each frame individually
and inject a joint set of visual tokens into the text decoder model, which produces text in an
autoregressive manner. We provide further details in Appendix To train the captioner g
on the pseudo text-video pairs Pys, we utilize the common language model loss that optimizes
cross-entropy loss between ground truth and predicted probabilities of the next token given a
correct set of previous tokens in the sentence. Following BLIP, we also use label smoothing
with parameter 0.1 while calculating cross-entropy.

Stylization of Captions. For each video v/ € V’, we generate a caption t{ = g(v}) with a
captioner g trained on pseudo pairs by using a nucleus sampling [HBD " 20]. Nucleus sampling
was shown to generate more diverse and detailed captions than a beam search [VCS™16,
LLXH22b].

Filtering. As the captioner g is adapted on pseudo pairs and shifts the model closer to a
vocabulary of given text queries D, some of the generated captions #; might be noisy and not
descriptive for the web videos. Therefore, we further filter the generated pairs based on a
similarity score s(#,v!) utilizing the large pretrained image-language dual encoders the same
way as it was used for creating pseudo text-video pairs (Section [6.4.1). Leaving only pairs with
similarity higher a threshold s(tf.’ , v;) > th, we obtain a paired set of web videos and stylized

. o g . . .
rel.ate'd captions Py, = {(t]. , v].).}. In Section we shpw that even a noisy set of pseudo
pairs is enough to adapt a captioner for generating captions in a desired text style and that
stylized captions combined with the following filtering provide a strong learning signal to
boost the performance of retrieval in target distribution D.

6.4.3 Training and Retrieval

Single-Style Training. To allow for text-video retrieval based on the stylized captions and the
paired video data, we train a dual-encoder architecture [LLXH22b|] on the set of generated pairs
Pgen with the contrastive loss [OLV18]. We show that P, provides better supervision than
Pys or even a combination P, + Ppys. Practically, we consider several pretrained models: the
image-text model BLIP [LLXH22b], which we adapted for video as described in Section [6.4.1}
as well as video-text model EAO [SCR™22], which is pretrained on the HowTo100M dataset
with ASR-video pairs, which serve as noisy supervision. Following previous works, we use
symmetric contrastive loss, which brings together text £ and video v; from a text-video pair

(£3,0;) € Pyen (a positive pair) in shared video-text embedding space, and contrasting them on
video and text from different pairs (negatives), that are pushed apart:

s(18,0)) (v, 15)
exp(—7) exp (=)
s(£8,0) * log s(vl’.,tjg) )

B ; B
X exp(—=+) X exp(—+)
j=1 j=1

1 B
o5 2 (log
2B =

1

L=-—

where T denotes a temperature parameter and B is a number of pairs.

For the finetuning of the BLIP model, we follow the original setup and utilize the extension
of contrastive training with a momentum encoder and a queue that keeps more negatives
as well as soft labels. To finetune the EAO model, we follow the respective setup without a
momentum encoder or soft labels.

Multi-Style Training. Finally, we consider training a generalized model on multiple sources
of text queries coming from different data distributions Dy, ..., Dk. Let’s denote Pglm, .y ngin set
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Standard

Figure 6.3: Multi-dataset training. Left: Standard contrastive training with multiple datasets. Right:
Our In-Style training procedure. Each batch consists of text queries that belong only to the same
style. Note that we use only web videos from the support set; therefore, all videos are from the same
distribution.

of generated pairs for the captions from D;, ..., Dy respectively. Here, different sources can
have various styles that might highlight different aspects of videos in their captions (Table [6.3).
As an example, captions in the YouCook2 dataset [ZXC18] are more “action”-oriented, e.g.,
“combine macaroni sauce and cheese” or “stir in crushed tomatos”, while captions of the
LSMDC dataset [RRS15] are third-person descriptions, e.g., “Someone gazes at the beautiful
animal” or “Someone chews the sweet’. In standard training [LLXH22b], all different styles
with their matching videos would be present in contrastive loss together, which can lead to a
mixture of different visual topics and text styles, which are easy to separate and which might
include only a few hard negatives per sample. To avoid this possibly noisy setting, we propose
to modify the training procedure and select video-caption pairs with captions from the same
data source for contrastive loss. Formally, during training, we iterate over generated sets of
pair Pgm, s Pé\e]n sampling a minibatch {(#{,7/)}2 , from a single set Py, € {Pglen, s ng,\gn} and
calculating loss L({(#{,v!)}2,) performing one optimization step with a minibatch (Figure .
We note that for BLIP training, we keep separate queues for each set Pg;,.

We show in Section that this setting can be beneficial for learning a generalized model.
Our intuition is that text queries with the same style provide stronger negatives for the model,
allowing the model to concentrate on the content of the captions rather than a style.

6.5 EXPERIMENTAL EVALUATION

We evaluate the proposed uncurated & unpaired text-video retrieval approach on five
popular benchmark datasets: MSR-VTT [XMYR16], YouCookz2 [ZXC18], MSVD [CD11],
LSMDC [RRS15], and DiDeMo [AHWS™17]. All datasets cover different styles of captions and
videos, which include YouTube and Flickr videos on various topics and video clips from movies.
As a source of support videos, we use the large-scale web dataset HowTo10o0M [MZA™ 19].
We additionally test our model with text queries from the VATEX dataset [WWC™ 19] as well
as with third-party text queries (not video captions), specifically with the recipe steps from
Food.com dataset [MLNM1g9] and task descriptions from WikiHow dataset [KW18].
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Pretrained Method Supervision MSR-VTT YouCook2 DiDeMo MSVD LSMDC Mean

Model etho UPEIVISION R1 Rs Rio MR/ R1 Rs Rio MR| R Rs Rio MR|R1 Rs Rio MR/ Ri Rs Rio MR| R1  Rs5 Rio MR
Zero-shot none 34.1 60.2 70.6 3 | 6.0 16.2 23.1 70 |28.2 52.0 62.7 5 |38.8 64.8 74.0 2 [14.5 29.3 36.4 32.5‘ 24.3 44.5 53.4 225

BLIP |[LLXH22b] In-Style (ours) only text |36.2 61.8 71.9 3 | 8.6 21.6 30.0 37|32.1 61.9 71.2 3 |44.8 72.5 81.2 2 |16.1 33.6 39.7 25 27.6 50.3 588 14
GT finetuning T-V pairs |42.9 69.7 78.9 2 |12.6 32.0 43.6 15|40.2 70.6 79.3 2 |48.1 76.6 85.0 2 |23.8 41.1 50.9 10 | 33.5 58.0 67.5 6.2
Zero-shot none 9.9 24.0 32.6 28|19.8 42.9 55.1 8 | 6.6 19.0 26.8 42 |18.0 40.4 52.3 9 | 3.6 8.5 13.0 177‘ 11.6 27.0 36.0 528

EAO [SCR722] In-Style (ours) only text |16.4 35.8 48.9 10| 20.3 46.4 58.8 7 |13.2 31.6 44 15|23.4 50 624 5 | 4.9 12.3 16.7 94 15.64 35.22 46.16 26.2
GT finetuning T-V pairs |22.8 47.8 60.3 6 |26.7 55.9 68.6 4 |19.2 43.1 54.4 8 |25.1 53.6 65.7 5 | 8.9 21.2 29.4 40 | 20.5 44.3 55.7 12.6

Table 6.1: Text-video retrieval with style transfer. Comparison between the upper bound, where
the retrieval model trained with ground truth aligned text-video pairs (T-V pairs), zero-shot respective
models (no style transfer or tuning), and our In-Style method, where we follow our new setting of
uncurated & unpaired text-video retrieval for style transfer based only on input text queries.

Training Dataset MSR-VTT YouCook2 DiDeMo MSVD LSMDC Mean

R1 R5 Rio MR|R1 R5 Rio MR|R:1 R5 Rio MR| Rt R5 Rio MR| Rt R5 Rio MR| Rt R5 Rio MR
MSR-VTT 36.2 61.8 71.9 3 ‘7.6 18.8 25.9 62 |29.0 54.5 65.4 4 [43.3 70.7 79.9 2 |15.2 28.5 35.3 31 |26.3 46.9 55.7 20.4
YouCook2 31.5 55.5 64.4 4 8.6 21.6 30.0 37 [25.1 53.9 652 4 |41.1 67.3 76.8 2 |14.2 28.8 36.9 30 | 24.1 45.4 54.7 15.4
Didemo 34.0 585 68.9 3 |6.8 17.2 24.5 69 [32.1 61.9 71.2 3 (43.7 716 80.5 2 |16.6 30.5 38.4 28 | 26.6 47.9 56.7 21
MSVD 36.0 59.4 69.5 3 |6.4 16.4 23.6 70 [27.0 54.9 650 4 44.8 72.5 81.2 2 |14.5 27.4 348 32 |25.7 46.1 54.8 22.2
LSMDC 33.9 60.3 69.9 3 |7.1 18.1 256 68 [31.7 59.9 60.1 3 [44.6 717 80.0 2 |16.1 33.6 39.7 25 | 26.6 48.7 56.8 20.2
Target dataset (mean over diagonal)| - - - - - - - - - - - - - - - - - - - - | 27.5 50.3 58.8 14
All five datasets — standard training [ 36.4 62.1 71.8 3 |8.7 21.4 29.4 44 |31.4 625 71.2 3 2 |16.3 31.9 39.5 25 | 27.5 50.2 58.7 15.4

‘44-7 72.9 815

All five datasets — In-Style (ours) |36.7 61.9 72.3 3 |8.5 21.8 30.4 38.5(32.6 61.8 71.2 3 |44.7 73.1 82.0 2 |16.6 32.2 39.8 26 |27.8 50.2 59.1 14.5

Table 6.2: Generalization performance of different models over all datasets. Mean denotes an average
of R1, R5, R10, MR over 5 datasets, correspondingly. Top: the proposed In-Style method with the input

text queries only from one respective training dataset. Bottom: training with 5 different text query
styles. Comparison between standard multi-dataset training and proposed In-Style procedure.

6.5.1 Dataset Details

MSR-VTT [XMYR16] contains in total 10k videos on various topics and 200K captions.
More precisely, every 20 captions describe the same video in different words. We use split
9K+1K [GSAS20] in evaluation, resulting in 180K captions for training and 1K text-video pairs
for testing.

YouCook2 [ZXC18] is a dataset of 13.5K cooking instructional video clips, where each clip is
annotated with a short cooking recipe step. Following [MZA™ 19, |SCR™22], we use a 10K+3.5K
training-testing split, leveraging 10K captions for training.

MSVD [CD11] contains 2K video snippets, where each is associated with approximately 40
sentences. The standard split consists of 1200 videos for training, 100 for validation, and 670
for testing. The training set contains 48K captions.

LSMDC [RRS15] is a collection of 202 movies sliced into 118K movie clips with one description
per clip and with about 100K clips used for training, and 7408 and 1000 text-video pairs used
for validation and testing, respectively.

DiDeMo [AHWS™17] is a fine-grained text-video dataset. 10K Flickr videos are paired with
multiple detailed sentences (40K sentences in total). During training, we use single sentences
(33K captions), whereas for evaluation on the test set, we follow [BNVZ21a] and concatenate
all the descriptions for video into one paragraph, acting as a video-paragraph retrieval task
(we do not use ground truth time-stamp annotations).

VATEX [WWC™ 19] dataset contains 35K video clips with multiple annotated captions for a
video, covering 600 different human activities. The training set contains 260K captions.
Food.com [MLNMa1g9] is a text dataset that contains more than 230K recipe texts with over
2.2M recipe steps crawled from websites. We use recipe steps as text queries in our training.
WikiHow [KW18] is a large-scale text dataset using the online WikiHow knowledge base. The
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Dataset | Examples

MSR-VTT 1) The peoples are sharing their view on this car of different models
(~43 symbols | 2) Someone is showing the ingredients for a dish they are going to make

in a text) 3) A man is playing an instrument

YouCook2 1) Combine macaroni sauce and cheese
(~39 symbols | 2) Grate and cube potatoes

in a text) 3) Stir in crushed tomatos

1) A dog runs down a hill and stop behind a shrub. Dog sniffs and chews at patch
of grass on rock. the dog approaches, then begins to sniff the cluster of plants first
time hand is seen petting dog.

DiDeMo 2) Only big screen is visible the camera first pans to the large screen. The view shifts
(~147 symbols | from the basketball court to the fans in the seats across the stadium. Camera goes to
in a text) the bigscreens the dancers are shown on the jumbotraun.

3) A bus stops. The bus stops at the end of the driveway. A kid is coming out of a
school bus. School bus doors open.

MSVD 1) The cats are fighting
(~31 symbols | 2) The lady sliced a vegetable
in a text) 3) A man is eating a pizza
LSMDC 1) SOMEONE goes to the kitchen, wets a towel, comes back to the bed, kneels it,

(~46 symbols | places the towel on SOMEONE’s brow.
in a text) 2) He slaps SOMEONE again.
3) SOMEONE moves off through the crowd.

Table 6.3: Three random examples of text descriptions in different datasets. With the dataset
name, we also report the median length of a text in the dataset.

dataset contains more than 230K articles covering a variety of topics/tasks and descriptions
of steps to solve these tasks. We use only headline steps as text quires, which gives us 1.7M
captions.

HowTo100M [MZA " 19] is a dataset of instructional videos that cover a large variety of topics.
The dataset consists of more than 1M videos that were collected by querying on YouTube
23,000 different “how to” tasks. In our setup, we use 8-second non-overlapping clips from a
100K random subset of videos (no more than 15 clips per video) as a support video dataset,
resulting in ~1.4M video clips.

6.5.2 Implementation Details

Model. We leverage the pretrained dual-encoder CLIP (ViT-B/32) model [RKH™ 21b] in the
matching module and the filtering module. Captioner weights are initialized with BLIP (ViT-
B/16) captioner [LLXH22b], which is pretrained on five different image-text datasets, including
LAION [SVB™21a] with 129M images. For retrieval, we consider two architectures: dual
encoder image-text initialized with BLIP (ViT-B/16) and dual encoder video-text architecture
initialized from EAO [SCRT22|] pretrained on HowTo100M with noisy ASR narrations. We
follow [SCR™22] and use a model with a S3D [XSH™ 18] feature extractor and weights that
were pretrained with a video-text-audio triplet, but only utilize the video-text encoder and
report all results without audio.
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. MSR-VTT YouCook2 DiDeMo MSVD LSMDC
Method fmage-Text Datasets Video-Text Datasets |, "pRio MR|R1 R5 R1oMR|R1 Rs RtoMR|Ri Rs RioMR|R1 Rs Rio MR
HowTo100M [MZAT19] - HowTo1ooM 7.5 21.229.6 38| 6.1 17.324.8 46| - - - - |- - - - | - - - -
SupportSet [PHA 21| - HowTo1ooM 8.7 23031131 - - - =-|- - - -189260379 18| - - - -
VATT |AYQ 21 HowTo100M+AS - - 20749 - - 45513| - - - - |- - - -] - - - -
EAOS [SCR 22| - HowTo10o0M 9.9 24.032.6 28 (19.842.955.1 8 |6.6 19.026.8 42 |18.040.452.3 9 [3.6 8.5 13.0 177
Nagrani et al. [NSS™22] - VideoCC3M 19.439.550.3 - | - - - - |- - - - - - - -] - - - -
Frozen in Time |[BNVZ21a] CC+COCO WebVid-2M 24.746.957.2 7 | - - - - |21.146.0562 7 | - - - - | - - - -
CLIP-straight [PQOBTM21| WIT - 31.253.7642 4 | - - - - |- - - - 370041738 2 |11.322.720.256.5
CLIP4CLIP [LJZ" 22, WIT HowTo10oM 32.057.0669 4 | - - - -|- - - -138566.976.8 2 |15.128.536.4 28
Nagrani et al. [NSS™22] WIT VideoCC3M 33.757.967.9 - | - - - - |- - - - |- - - -] - - - -
BLIP!I [LLXHz22b] CC+COCO+3more* - 33.357.367.5 3.5|5.8 15.021.9 76 |24.6 50.459.7 5.3|37.063.372.6 3 |15.228.235.9 35
In-Style (ours) (CLIP) WIT HowTo100M+VATEX} [35.059.670.4 3 |5.1 14.020.3 103 26.650.562.6 5 [38.666.377.9 3 [16.031.638.526.5
In-Style (ours) (BLIP) CC+COCO+3more* HowTo10oM'+VATEX} |36.061.971.5 3 |6.8 16.724.5 63 29.459.268.6 3.5(44.972.781.1 2 [16.430.138.7 28
In-Style (ours) (BLIP) CC+COCO+3more* HowTo1ooM'+WikiHow [34.259.669.0 3 |7.3 19.227.1 46 29.756.267.4 4 |42.870.279.1 2 [17.030.839.6 27
In-Style (ours) (BLIP) CC+COCO+3more* HowTo10oM'+Food.com|32.854.965.8 4 |7.2 19.827.9 47 25.752.863.1 5 [39.564.974.9 2 |14.528.937.230.5
In-Style (ours) (BLIP) CC+COCO+3more* HowTo1ooM! +Targett [36.261.871.9 3 (8.6 21.630.0 37 32.161.971.2 3 [44.872.581.2 2 [16.133.639.7 25
In-Style (ours) (EAO) - HowTo100M+Targett 16.435.848.9 10 |20.346.458.8 7 13.231.644.0 15 [23.450.062.4 5 |4.9 12.316.7 94

Table 6.4: Zero-shot comparison with other methods. Top: zero-shot retrieval with methods pretrained
on video-language or/and images-language web or/and curated datasets which exclude target datasets
during training. For our In-Style method, the VATEX dataset is used as a source of text queries. Bottom:
uncurated & unpaired text-video retrieval with text queries from the respective target datasets for
comparison purposes. Note that this setting is not zero-shot. t+ denotes that only videos were used
(without paired text) and 1 — only text (without videos). SFor EAO, performance with S3D backbone is
reported. |[For BLIP, the performance of dual encoder architecture is reported (not image-grounded
text encoder). *CC [CSDS21]+COCO [LMB™ 14]+VG [KZG™ 17]+SBU [OKB11] +LAION [SVBT'21a]. AS
denotes AudioSet [GEF " 17].

Training Data MSR-VTT YouCook2 DiDeMo MSVD LSMDC Average

Ri1 Rs5 Rio MR‘RI R5 Ri1o MR‘ R1 R5 Rio MR‘ R1 R5 Rio MR‘ R1 R5 Rio MR‘ R1 R5 Rio MR
— (zero-shot) 34.1 60.2 70.6 3 |6.0 16.2 23.1 70 |28.2 52.0 62.7 5 |38.8 64.8 74.0 2 |14.5 29.3 36.4 32.5|24.3 44.5 53.3 22.5
Pseudo pairs P 35.0 61.4 70.9 3 |7.5 19.6 28.9 43 |33.1 59.8 71.2 3 [44.3 72.4 81.0 2 |16.8 32.7 40.4 25 |27.3 49.2 58.4 15.2
Generated pairs Py, |36.2 61.8 71.9 3 |8.6 21.6 30.0 37 [32.1 61.9 71.2 3 [44.8 725 81.2 2 |16.1 33.6 39.7 25 |27.6 50.3 58.8 14.0
Combined Pys + Pgen|36.0 61.3 71.5 3 |8.9 21.8 29.8 37 [32.6 61.8 70.2 3 |44.4 72.2 808 2 |17.1 32.4 404 26 |27.8 49.9 58.5 14.2

Table 6.5: Different types of training pairs for text-video retrieval step. We evaluate text-video
retrieval with pseudo pairs Pys only, with generated pairs Pg; only, and the combination of both Pys +
P

qen-

Training. For training, we uniformly sample m = 8 frames per video with a resolution
of 224 x 224 augmented with RandAugment [CZSL20]. For captioner training and BLIP-
architecture retrieval model training, we use AdamW optimizer [LH19] with a weight decay of
0.05, a batch size of 128, and a learning rate 1.0e — 05 for captioner and 1.0e — 06 for retrieval.
For the EAO model following [SCR™22], we use Adam optimizer [KB1isa] without weight
decay. More training details can be found in Appendix

Evaluation. For testing, we use m = 64 frames for the fine-grained DiDeMo dataset, and
m = 12 for all others, following [LJZ ™ 22]. For text-video retrieval, we report standard recall
metrics for R1, R5, R10, and the median rank (MR).

6.5.3 Text Query Style

We consider text style as a set of attributes and properties of the text shared across a text corpus.
Such properties might be the usage of stop words, sentence construction, sentiment, text length,
etc. To highlight those differences, we show three text examples from the different datasets
in Table The respective word clouds for these datasets with and without stop words
can be found in Figure in the Appendix. It shows that the sentence structure and most
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Training data MSR-VTT YouCook2 DiDeMo MSVD LSMDC Average
R1 Rs Rio MR|R1 R5 Rio MR|R1 Rs Rio MR|R1 Rs5 Rio MR| R1 Rs5 Rio MR|R1 Rs Rio MR

— (zero-shot) 34.1 60.2 70.6 3 |6.0 16.2 23.1 70 |28.2 52.0 62.7 5 [38.8 64.8 74.0 2 |14.5 29.3 36.4 32 |24.3 44.5 53.3 22.5
Pgen with zero-shot captioner [36.3 61.6 71.8 3 |7.1 18.4 256 65 [28.7 56.3 65.0 4 [43.8 71.2 80.1 2 [16.0 29.2 37.7 30 |26.3 47.3 56.1 20.8
In-Style Py, (non-target) 36.0 61.9 71.5 3 |6.8 16.7 24.5 63 [29.4 59.2 68.6 3.5 (44.9 72.7 81.1 2 |16.4 30.1 38.7 28 |26.7 48.1 56.9 19.9
In-Style Py, (target) 36.2 61.8 71.9 3 |8.6 21.6 30.0 37 [32.1 61.9 71.2 3 (44.8 72.5 81.2 2 16.1 33.6 39.7 25 27.6 50.3 58.8 14

Table 6.6: Source of generated pairs Pgep for text-video retrieval. Comparison between zero-shot BLIP
(no adaption of retrieval model), zero-shot BLIP captioner, and adapted BLIP captioner with our In-Style
method with either text queries from VATEX (non-target) or text queries from the target datasets.

frequent words change across datasets. For example, the YouCookz2 test queries always start
with an action verb, while in other datasets, the subject+verb+object structure is mostly used.

/TS

While in the MSR-VTT dataset, frequent words are third-person nouns like “man”, “woman”,

i

“person”, “people”, the DiDeMo uses more words about camera position like “camera”, “left”,
“right”, “screen”, “view”, and the LSMDC mostly describes a subject as “someone”. While the
MSR-VTT and the MSVD datasets might look similar, Table shows that sentences in the
MSR-VTT are 1.5 times longer than in the MSVD on average. We consider such properties as

style properties of the text.

6.5.4 Uncurated & Unpaired Text-Video Retrieval

Single Dataset Training. First, we demonstrate the efficiency of the proposed style transfer
method in uncurated & unpaired text-video retrieval on five different downstream datasets in
Table We present results for the image-text pretrained BLIP [LLXH22b] model as well as
for the video-text pretrained EAO [SCR™22] model. We consider three evaluation scenarios:
1) zero-shot performance; 2) the performance of our style transfer method in the text-video
retrieval task with uncurated & unpaired data where only text queries are available during
training; 3) training with the ground truth aligned text-video pairs, which can be considered
as an upper bound for our task. It shows that the proposed In-Style method significantly
outperforms zero-shot performance even without using any aligned training samples from the
target distribution. This supports the hypothesis that the style of the text queries is an important
component of text-video retrieval. Moreover, we observe that the gap between training with
ground truth aligned pairs and the style transfer can be remarkably small, especially on the
MSVD dataset, indicating the benefits with respect to a potential annotation cost reduction in
the proposed setup.

Multi-Dataset Training. Second, we evaluate the proposed multi-dataset training procedure
with the In-Style method in Table Here, a minibatch is compiled from a single text source
as shown in Figure This is favorable compared to the standard training, where data points
in a minibatch are randomly sampled from all data sources together. It shows that the proposed
procedure leads to improved retrieval performance compared to individually trained models
and better generalization across all datasets compared to the standard multi-dataset training.
We attribute the performance increase compared to standard multi-dataset training to the fact
that considering the captions of only the same style in contrastive loss provides a model with a
cleaner learning signal with stronger text negative counterparts. As an example, “add sliced
cucumber” in YouCookz2 style would be a stronger negative in comparison to a correct “add
sliced tomato” query than a “a person in a video puts sliced cucumber in a salad” in MSR-VTT
style. More discussions of generalization can be found in Appendix
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6.5.5 Comparison to State-of-the-Art

We further compare the proposed method with zero-shot retrieval baselines in Table We
report the performance of BLIP and CLIP backbones trained with text queries from the VATEX
dataset, thus text queries do not follow the distribution of any of the test datasets. The closest
counterpart to our model is Nagrani et al. method [NSS™22], which utilizes the pretrained
image-text CLIP backbone, which is further trained with the VideoCC3M dataset [NSS™22]
— a video-text dataset collected by automatic transferring image captions from text-image
CC3M dataset [SDGS18]. The conceptual difference between [NSS™22] and our method is
that [NSS™22|] proposes to transfer image captions from the image-caption dataset by pairing
images to videos, while the proposed In-Style method adapts the model to the video captions.
While noting that a direct comparison to different state-of-the-art methods is limited due to
different pretraining datasets, it can be observed that the proposed In-Style method achieves
the best results on four out of five datasets, underperforming only in YouCook2, which might
benefit from HowTo100M pretraining. We additionally validate the statement that text queries
can be used without any corresponding videos by using texts from WikiHow [KW18] and
Food.com [MLNM1ig] datasets that contain descriptions of different actions/steps to solve
tasks or cook meals. In Table we show that style transfer from both datasets especially
benefits YouCook2 retrieval performance that we attribute to the similarity in text styles
(see Appendix [D.1). However, style transfer from the WikiHow dataset, which is more diverse
and covers a larger variety of topics, also improves the performance over the baselines on the
DiDemo, MSVD, and LSMDC datasets.

6.5.6 Efficiency of Style Transfer

Training Pairs. In Table we compare the performance of the models trained either with
pseudo pairs Py or with generated pairs Pg.;;, or with a combination of them Pys + Pge,. All
setups boost the performance of text-video retrieval by a large margin compared to zero-shot
text-video retrieval. The generated pairs Py, achieve better performance than pseudo pairs
Pys on all datasets except LSMDC, whereas a combination of Pys + Pge does not improve
performance on average. We note that the number of pairs in Py, is significantly larger than
in Pys (Table for all datasets except LSMDC (a dataset of movies, which might contain a
larger domain shift to YouTube videos compared to other datasets). We assume that in this
case, Pqe,, contains better-aligned pairs since each generated text description is conditioned on
the corresponding video, while in Py, a fixed set of descriptions is matched (see examples in
Figure explaining the performance drop with Pps + Pgey.

Style Transfer. In Table we consider how much the text style transfer in the generated
pairs Pge, influences the retrieval performance. For this, we considered three sets of Py, for
the training retrieval model: 1) Pg., generated with zero-shot BLIP captioner; 2) In-Style P,
generated with captioner trained on P,s with text queries from a different non-target dataset
(we used the VATEX dataset); 3) In-Style Py, with a captioner trained on P,s with text queries
from the target dataset. We observe that training the model with generated text-video pairs
(from uncurated web videos from the HowTo100M dataset) by a zero-shot image-pretrained
captioner already improves the performance in all video retrieval datasets. We attribute this to
the content and style adaptation of the image-language model to the specific appearances in the
videos. However, such models tend to generate “static” descriptions that do not involve actions.
Thus, text queries from non-target video datasets, namely the VATEX dataset, improve the
retrieval performance further. Yet, we notice that YouCook2 does not benefit from the VATEX
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Figure 6.4: Qualitative evaluation of Pys and Py, on the MSR-VTT (left) and DiDeMo (right)
datasets. First, a text query is matched with one of the videos (a pseudo pair Pps), and then, after the
style transfer step, for each video, a new caption is generated in the same style but with updated content
(a generated pair Pgp).

the man turns the cloth over

pseudo pair
pseudo pair

generated pair
generated pair

~
-

Filt. Thr. | Rt = R5 Rio MR Dataset #1;5:11;3 ° #Gﬁeizted
2.26 43.2 7;5 228 z MSR-VTT | 180k 495Kk
27 442 72 9 YouCook 10k 168k
0.28 448 725 812 2 Didemo 33k 280k
0.29 450 723 809 2 MSVD 48Kk 379k
0.30 451 72 808 2 LSMDC | 101k 144k

(a) Filtering threshold (b) Number of Pps and Peen

Matching | Rt~ R5 Rio MR Training pairs | B@ ROUGE CIDEr
Random | 39.1 66.3 758 2 — (zero-shot) | 0.305 0.519  0.610
BLIP 44.1 714 80.0 2 Pseudo pairs | 0.559 0.628 1.059
CLIP 44.8 7255 812 2 GT pairs ‘ 0.659  0.680 1.296
(c) Matching method (d) Captioning performance

Table 6.7: Ablations of our In-Style method on the MSVD.

text queries as from the zero-shot generated captions. Finally, using training text queries from
the target dataset excels on the considered benchmarks.

6.5.7 Ablation Study

Matching Method. To obtain generated pairs, we train the captioner with pseudo pairs that
were created by a matching module. In Table we consider two options for the matching
module: image-text pretrained dual encoders from BLIP and CLIP [RKHT21b], as
well as the “Random” option where text queries are simply matched with the random videos.
We report the text-video retrieval performance of our final model using the given option of
the matching module. We observe that the matching module based on CLIP leads to better
performance. We attribute that to the robustness of CLIP to the noisy web data as it was trained
on large-scale web image-text pairs, whereas BLIP utilizes additional filtering to reduce the
noise during training.
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Filtering Threshold. In Table we consider the effect of filtering on the quality of the
generated pairs Pgey. We find threshold th = 0.28 works the best, indicating that filtering is an
important step for our style transfer framework.

Captioning Performance. Finally, we evaluate the captioning performance of the captioner
trained with pseudo pairs Py with the standard NLP metrics BLEU@4, ROUGE, and CIDEr.
Table demonstrates that the captioner trained with pseudo pairs almost doubles the
zero-shot captioner performance, significantly reducing the gap to the training with ground
truth supervision.

6.6 CONCLUSION

In this chapter, we again tackle the problem of finetuning strong generalizable models for
downstream tasks without human annotations. Specifically, we address a new task, text—video
retrieval with uncurated and unpaired data, where only target-domain text queries are available
when finetuning a vision-language model for ext-video retrieval in that domain. Motivated
by the fact that different domains imply diverse styles of video descriptions, we introduced
the In-Style method that preserves the style of the given input queries and transfers it to the
support set of unrelated web videos, creating aligned text-video pairs with the style of the
input. Utilization of obtained text-video pairs as supervision leads to a significant performance
boost in text-video retrieval. Moreover, we show the performance generalization of a single
model that we train with multiple styles simultaneously, proposing a training procedure for
multi-dataset training. We evaluate the proposed model over multiple datasets and show the
advantages of the In-Style method on the task of uncurated & unpaired text-video retrieval
and achieve new state-of-the-art results for zero-shot text-video retrieval.

To summarize, in this part of the thesis, Part|ll, we explored strategies for adapting strong,
generalizable representations to particular tasks or domains without relying on annotated
data. In Chapter |5, we investigate adapting image-language models for video understanding,
focusing on action recognition. In Chapter [p| we study the adaptation of vision-language
models for text-video retrieval tasks in different downstream domains.

Together, Part [I| and Part [lll cover both pretraining and finetuning strategies for learning
strong representations without human annotations across different visual tasks. In the next
part, Part|Ill, we turn to the data aspect of building models.






IMPROVING DATA QuAaLrLiTY WITHOUT
HUMAN SUPERVISION

While the previous parts covered methods for pretraining and
finetuning models with annotation-free data, in this part, we focus
on the data side of model development. We introduce strategies to
improve the quality of both training and evaluation data, laying
the foundation for building more reliable and generalizable vision
models.

In particular, in Chapter |7, we propose a framework to gener-
ate high-quality textual annotations for large-scale, annotation-free
web video data in a training-free and scalable manner, leveraging the
strong zero-shot reasoning abilities of LLMs. Using this approach,
we construct a large-scale, high-quality text-video—audio dataset that
serves as a valuable resource for pretraining video understanding
models.

Further, in Chapter |8, we examine the problems of evaluation
benchmarks in video understanding and propose a method to
detect and mitigate undesirable representation biases in video
benchmarks that may unintentionally hinder fair evaluation of video
understanding capabilities. As a result, we provide object-debiased
test splits for 12 popular video evaluation benchmarks.
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lected from the internet without the need for human curation, in particular address-
ing the challenge of obtaining high-quality dense textual annotations for long-form
video—audio data. Instructional videos are a common source for learning text-video or text-
video-audio representations by leveraging subtitles extracted with automatic speech recognition
systems (ASR) from the audio signal in the videos. However, in contrast to human-annotated
captions, subtitles naturally differ from the visual content of the videos and thus provide only
noisy supervision. As a result, large-scale annotation-free web video training data remains sub-
optimal for training text-video models. In this work, we propose to leverage the capabilities of
large language models (LLMs) to obtain high-quality video descriptions aligned with videos at
scale. Specifically, we prompt an LLM to create plausible video captions based on ASR subtitles
of instructional videos. To this end, we introduce a prompting method that is able to take into
account a longer text of subtitles, allowing us to capture the contextual information beyond
one single sentence. We further prompt the LLM to generate timestamps for each produced
caption based on the timestamps of the subtitles and finally align the generated captions to the
video temporally. In this way, we obtain human-style video captions at scale without human
supervision. We apply our method to the subtitles of the HowTo100M dataset, creating a new
large-scale dataset, HowToCaption. Our evaluation shows that the resulting captions not only
significantly improve the performance over many different benchmark datasets for zero-shot
text-video retrieval and video captioning, but also lead to a disentangling of textual narration
from the audio, boosting the performance in text-video-audio tasks.
This chapter is based on ECCV 2024 paper [SKH " 24]l. As co-first author, Nina Shvetsova
jointly led the project with Anna Kukleva during the initial months sharing responsibilities
equally across all stages, and, following Anna Kukleva’s shift of focus due to an internship,

THis chapter explores ways to improve large-scale pretraining multimodal datasets col-
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Nina Shvetsova continued as the primary driver of the work and lead author. The ideas
developed in this work also serve as the foundation for the method presented in the next
chapter [SNST25].

7.1 INTRODUCTION

Textual descriptions of visual information allow for navigating large amounts of visual
data. Recently, image-text cross-modal learning has achieved remarkable performance
in many downstream tasks by pretraining on large-scale web datasets consisting of text-
image pairs [RKH21d, SVB"21a, JYX"21a]. To collect video data on a similar scale,
media platforms such as YouTube can be used as a great source of freely available
videos [AEHKL™ 16, [ZXC18| SLS™ 20, MZA " 19, ZLH " 21a, XHZ"22]. Most of these videos
include some narrations, e.g., in instructional videos [MZA ™ 19], people explain and show how
to accomplish one or another task. To transform spoken language from the videos into subtitles,
current automatic speech recognition (ASR) systems [RKX™ 23] can be used, providing aligned
text-video annotated pairs for free. This automatic supervisory signal can easily scale to large
video datasets. However, such video web data poses additional challenges [HXZ22, MZA™ 19]:
(1) spoken and visual information in the video can deviate from each other, e.g., when speakers
provide information beyond what is visible or when spoken instructions do not temporally
align with the actions shown, (2) speech contains filler words and phrases, such as “I'm going
to”, and can be incomplete and contain grammatical errors, and (3) ASR transcripts usually do
not have punctuation and may contain errors (Figure [7.1). Therefore, ASR subtitles provide
only weak, noisy supervision for videos.

To address this problem, we propose a new framework, HowToCaption, that leverages
large language models (LLMs) [CLL" 23] to generate human-style captions on a large scale
for web-video instructional datasets based on corresponding ASR subtitles (Figure [7.1). By
carefully designing prompts, we show that the LLM can effectively map long, noisy subtitles
into concise and descriptive human-style video captions. Moreover, we obtain an initial
temporal alignment of the generated captions to the video based on the ASR timestamps by
tasking the LLM to predict timestamps for each caption. For additional quality improvement,
we apply alignment and filtering within short temporal windows with respect to the predicted
timestamp. This approach can generate aligned text-video pairs on a large scale without any
human intervention.

Beyond providing better annotation, the new captions provide the advantage that they
are no longer a direct output of the speech signal, thus effectively decoupling audio and text.
Current methods usually avoid using audio [MAS™ 20, [HXZ22], as the ASR subtitles are directly
derived from the speech, thus leading to the problem that any text-to-audio+video retrieval
would mainly retrieve the closest speech signal while disregarding the video [SCR™22,INSS™22].
Being able to generate captions that deviate from the speech thus allows to extend retrieval to
audio+video without the need for finetuned regularization, as used in [SCR™22].

To verify the effectiveness of the proposed HowToCaption method, we generate new cap-
tions for the large-scale HowTo100M dataset [MZA ™ 19], obtaining a new HowToCaption dataset.
We evaluate the quality of the improved textual descriptions on various challenging down-
stream tasks over four different datasets, namely YouCook2 [ZXC18|], MSR-VTT [XMYR16],
MSVD [CDz11], and LSMDC [RRS15]. It shows that the generated captions not only provide a
better training signal but also allow for a decoupling of speech and caption annotation, allowing
a retrieval based on audio, vision, and subtitles at scale. We release the new HowToCaption
dataset with high-quality textual descriptions to show the potential of generated captions for
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00:52
ASR okay and then we're  they make dog toothbrushes but you so we're going to focus here on the outside
subtitles: Justgoingto getany can just get a soft children's toothbrush  edges of the front teeth and the canine
old toothbrush or adult toothbrush for a large dog teeth
00:34 00:42 _ 00:44 00:5&>
Captions: The speaker gets a toothbrush The speaker demonstrates how to brush

dog's teeth by focusing on the outside
edges of the front teeth and canine teeth

Figure 7.1: ASR subtitles deviate from human-written captions: they contain a lot of filler
phrases, e.g., “we’re going to”, and extra information, e.g., “they make dog toothbrushes”.
We propose to generate human-style video captions based on the ASR subtitles and their
timestamps that we further temporally realign with the video.

web text-video pairs. We summarize the contributions of this work as follows:

¢ We propose a HowToCaption method to efficiently convert noisy ASR subtitles of instruc-
tional videos into accurate video captions, which leverages recent advances in LLMs and
generates high-quality video captions at scale without any human supervision.

* We create a new HowToCaption dataset with high-quality human-style textual descrip-
tions with our proposed HowToCaption method.

¢ Utilizing the HowToCaption dataset for training text-video models allows us to signifi-
cantly improve the performance over many benchmarks for text-to-video retrieval and
video captioning. Moreover, since the new textual annotation allows us to disentangle
audio and language modalities in the instructional videos, where the ASR subtitles were
highly correlated to audio, we show a boost in text-video+audio retrieval performance.

7.2 RELATED WORK

7.2.1 Large-Scale Video-Language Datasets

Manual annotation of video captioning datasets is extremely time-consuming since it involves
video trimming and localization of caption boundaries. Currently, manually annotated datasets,
e.g.,, MSR-VTT [XMYR16], YouCookz [ZXC18], HIREST [ZCK' 23], and HT-Step [AMN 24|,
are limited in size. Therefore, different methods of mining videos with weak supervision from
the Internet were considered. Datasets such as YouTube-8M and IG-Kinetics-
65M provided multiple class labels based on query clicks, metadata
or hashtags [GTM19|]. However, short class labels are suboptimal supervision compared to
textual descriptions [DJ21]. Therefore, Bain et al. considered scrapping videos with
associated alt-text from the web, obtaining the WebVid2M and WebVid1oM datasets
with 2M and 10M video-text pairs, respectively. Stroud et al. proposed to use meta
information, such as titles, descriptions, and tags from YouTube, as a textual annotation and
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created the WTS-70M dataset. Nagrani et al. [NSS™22] proposed to transfer image captions
from an image-text dataset to videos by searching videos with similar frames to an image and
collected the VideoCC3M dataset. Yang et al. [YNL 24| created the VidChapters-yM dataset by
scraping user-annotated chapters on YouTube. However, most videos in WebVid do not have
audio, which is an essential part of video analysis, and captions in VideoCC3M are derived
from images and, therefore, tend to describe more static scenes rather than actions. At the same
time, the title, tags, and chapters of WTS-70M and VidChapters-7M provide only high-level
video descriptions.

As an alternative to this, Miech et al. [MZA™ 19] proposed the HowTo100M dataset, where
instructional videos are naturally accompanied by dense textual supervision in the form
of subtitles obtained from ASR (Automatic Speech Recognition) systems. The HowTo1iooM
dataset with 137M clips sourced from 1.2M YouTube videos was proven to be effective for
pretraining video-audio-language representations [RBH" 21, [CRD " 21, SCR"22]. The followed-
up YT-Temporal-180M [ZLH"21a] and HD-VILA-100M [XHZ"22] datasets follow the same
idea but contain more videos with higher diversity and higher video resolution. While ASR
supervision provides a scalable way to create large datasets with dense annotation, the quality
of subtitles is not on par with human-annotated captions. In this work, we propose a method
to create high-quality captions for videos at scale by leveraging LLM and subtitles.

Recent works, InternVid [WHL " 23], VAST [CLW "24], and Video-ChatGPT [MRKK23], col-
lect large-scale video-text datasets through per-frame image captioning and text summarization
with LLMs. In contrast, our work stands apart in its objective. Rather than distilling existing
knowledge from image models, pretrained on human-annotated image-text data, into videos,
we aim to gather a dataset enriched with new video knowledge. This is achieved by con-
verting freely available ASR subtitles into captions. Concurrent work, HowToStep [LCH™ 23],
summarizes ASR subtitles into descriptive steps using LLM and then performs additional
temporal realignment. Our main difference is that we focus on general video captions rather
than procedural steps.

7.2.2  Learning with Noisy ASR Subtitles of Instructional Videos

The problem of misalignment and noisiness of ASR supervision in instructional videos, e.g.,
in the HowTo1ooM dataset, were addressed in multiple works. MIL-NCE loss [MAS™20]
and soft max-margin ranking loss [ABARB21] were proposed to adapt contrastive loss to
misalignment in text-video pairs. Zellers et al. [ZLH 21a] proposed to use LLM to add
punctuation and capitalization to ASR subtitles and remove mistranscription errors. Han et
al. [HXZ22] proposed to train temporal alignment networks to filter out subtitles that are not
alignable to the video and determine alignment for the others. However, to the best of our
knowledge, [LPB"22] is the only work that goes beyond just removing mistranscription errors
and ASR re-alignment, where Lin et al. proposed to match subtitles to step descriptions from
WikiHow dataset [KW18] (distant supervision). In our work, we propose to use LLM to create
video captions given ASR subtitles, which allows us to create detailed descriptions that are
specific for every video and have proper sentence structure.

7.2.3 LLMs in Vision-Language Tasks

In recent years, there has been a remarkable success of LLMs in many language-related
tasks [DCLT18, RWC ™ 19, RSR"20]. Latest large language models [NXP"22, TGZ 23, CLL" 23,
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TLI" 23] have demonstrated excellent zero-shot capabilities on common-sense inference [CB23].
This success has prompted research into integrating common-sense knowledge into vision-
language tasks. In this regard, some methods [SMV ™19, SZC" 20, LBPL19g, TB19] initialize the
language part of vision-language models from pretrained LLM. Another line of work [CLTB21,
LLSH23,|ZMKG23, [LLWL23a] uses LLM as a decoder to enable vision-to-language generation.
Works [LRC " 23,[ZMKG23]] adapted visually conditioned LLM for visual captioning and created
captioning pseudo-labels for large-scale video data. However, these methods require human-
annotated datasets to train a captioning model, while our method does not require any label
data and aims to transform free available annotation (ASR subtitles) into textual descriptions.

7.3 METHOD

7.3.1 Problem Statement

Given a dataset of N untrimmed long-term instructional videos V,, with corresponding noisy
ASR subtitles S, our goal is to create “human-written-like” video captions C,, (with1 < n < N).
Note that our task does not assume access to any paired training data ((Vy, S,), Cy). The goal
is to create the video captions C, in a zero-shot setting given only videos and subtitles (V;, S,).
More formally, for each given video V,;,, we also have a set of subtitles of spoken text in
the video, S, = {sn,]-, t;,j, tzrj}fﬁ\ Sl with their start t° and end timestamps t° recognized by
ASR-systems. For each video V,,, our goal is to generate dense captions and their timestamps
Cu = {cni, Tfu-, Tﬁri}iﬂcﬂ, where each caption ¢, ; describes a segment of the video, that starts
at 77, and ends at 7, ;.

The generated ca},)tions aim to serve for video-language or video-language-{other modalities
(e.g., audio)} tasks, providing language supervision in the form of human-style captions rather
than scrambled noisy ASR subtitles. That enables the potential of collecting large-scale datasets

with long-term videos and their dense textual descriptions for free, without human supervision.

7.3.2 Video-Language Retrieval Model

Before we describe our method for generating the HowToCaption dataset, we will briefly recap
the video-language retrieval models (V-L model), as it is one of the main use cases for this
dataset. Moreover, we also use a V-L model to improve the temporal alignment in the dataset.

We base our video-language retrieval model (V-L model) on the pretrained BLIP image-
language dual-encoder model [LLXH22b]. We maintain the architecture of the text encoder
f(c) € RY but, following CLIP4CLIP [LJZ22], adapt the image encoder g(I) to a video
encoder by averaging image embeddings obtained from uniformly sampled frames of the
video: g(Vy) = Yjey g(I) € R? Dual-encoder models typically learn a cross-modal em-
bedding space [RKH21d, LJZ" 22] via training with the symmetric InfoNCE loss [OLV18].
The training is based on a similarity metric (often cosine distance) between embeddings
Onim = sim (f(cni),8(Vin)) scaled by a temperature parameter v, resulting in the following
loss function:

L =— 1 Z <1Og exp(pﬂ,iﬂ’l/v) + 10 eXp(Pn,i,n/V) ) (71)

2/B] Y exp(onim/v) O L explonn/V)

PIEEE T nen ()

where B is a batch of training sample indices (1, 1).
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Figure 7.2: Schematic visualization of the proposed HowToCaption method. Obtained from
the automatic speech recognition system (ASR), subtitles are divided into blocks that contain
longer contextual information. A large pretrained language model is then used to generate
plausible video captions based on ASR subtitles, along with timestamps for each caption. These
generated captions and timestamps are further post-processed to enhance their alignment to
the video and filter out captions with low similarity to the corresponding video by leveraging
a pretrained text-video model.

7.3.3 HowToCaption Method

To generate captions for the instructional videos, we propose to leverage recent large language
models that demonstrate great zero-shot performance in many different tasks formulated with
natural language. Namely, we prompt the LLM to read the ASR subtitles of the video and
create a plausible video description based on this. Since one subtitle only covers a small part of
the video and lacks a global context, we propose to aggregate multiple subtitles together with
their timestamp information. Then, we task the LLM to create detailed descriptions based on
the entire input and estimate timestamps for each generated sentence.

The overview of our approach is shown in Figure For each video, we first slice a given
sequence of subtitles into blocks that contain long context information about the video. Then,
the ASR subtitles of each block are summarised into a video caption using the LLM that we
prompt with our task description. The LLM also predicts timestamps for each sentence in the
video caption, which we further refine in our post-processing step based on similarities of a
caption sentence to video clips in the neighboring area of predicted timestamps.

7

LLM Prompting. For our language prompt (shown in Figure[7.2), we leverage the same “main’
prompt for the LLM, as in the Vicuna-13B model [CLL™23]: “A chat between a curious human
and...” that defines the requirement for LLM to give a helpful answer to our questions. Then,
we describe our request, what data we need to process, and how it should be processed: “I will
give you an automatically recognized speech...”. We found structuring the prompt in the way
that the task description given at the beginning of the prompt and the long ASR input S, at the
end is beneficial. Then, we give detailed instructions about how to process ASR subtitles. We
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found that instructions such as “Write only short sentences” or “Describe only one action per
sentence” are beneficial, as they encourage the creation of concise captions that better match
the video content. The instruction “Keep only actions that happen in the present time” is
intended to filter out unrelated chats, advice, or comments from the captions; we observed
that it also resulted in performance enhancements. Lastly, we request the model to predict
a timestamp for each generated caption and, finally, input timestamps + ASR subtitles that
need to be processed. The LLM response follows the start timestamp + caption format given
in the prompt and, therefore, can be automatically parsed with a simple script into a set of
captions and timestamps C, = {c;, Ty ir Tﬁ,i}iSICnI/ where we assign 1, ;. = T, ; + Asec, where
Asec is a constant video clip length parameter (number of seconds). Please see Section [7.4.3]
and Appendix for a detailed evaluation of these choices. In Appendix[E.1] we also discuss
an extension of our HowToCaption method to vision language models that additionally allows
grounding captions on visual content. However, we found that this does not improve caption
quality.

Post-processing: Alignment & Filtering. ASR subtitles often temporally misalign with video
content [HXZ22, MZAT19] (e.g., a speaker describes something only after it was shown in
a video). Captions derived solely from ASR also face this issue. Therefore, inspired by the
TAN method [HXZ22] that automatically predicts the alignability of subtitles and matching
timestamps, we further improve our obtained captions with an alignment & filtering post-
processing step (Figure[7.2). To this end, we utilize the video-language encoder model (f, g).

Given a generated caption c,; and its start and end timestamps (7 ;, 75;) that corresponds
[z

to a part of the video clip V,, ™"

T”'i], we use the V-L model to compute alignment similarity
[T5 46,78 46]

n,i

scores py, i(0) = sim ( fleni), gV ™ )) between the caption and video clips with time

offsets 6 € Z,|6| < T around predicted timestamps. Then we align the caption to the video clip
by finding the best offset around the timestamp J;; ; = argmax p,;(6) and filter out pairs if

Pn,i(0} ) < k, where « is a similarity score threshold.

To further improve the alignment of captions, we perform multiple rounds of alignment
& filtering. In practice, we found that the improvement after two rounds is marginal. For
subsequent rounds, we finetune (c.f. Section the V-L model on the aligned & filtered
video-captions pairs {(v;, ¢;) }, resulting in new alignment scores p/, .(6). Since finetuning V-L
models often leads to forgetting, we employ two modifications in the finetuning and second
alignment processes. First, during finetuning, we add regularization

Lalign = oc2|1B| ( Z (sim(f(cni), f*(cni)) +sim(g(Va), & (Vi) (7.2)

n,i)eB

where f* and ¢* denote frozen text and video encoders, « is a regularization weight, and
(n,i) € B represents the samples batch B. This regularization prevents the model from forget-
ting [HPL" 19]. Then, during alignment & filtering, we use the average of the similarities of the
finetuned and original model. We show an impact of these modifications in Appendix

7.3.4 HowToCaption Dataset

We apply the proposed HowToCaption approach to 1.2M long-term instructional videos and
ASR subtitles of the HowTo100M dataset and obtain the HowToCaption dataset. By prompting
the Vicuna-13B model, we obtain ~ 70M initial captions. The compute cost for prompting 1.2M
videos is ~12k GPU-hours on NVIDIA Ago. After alignment & filtering (details in Section
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ASR: move them around to ASR: so this is stage one of hid- ASR: so it’s not going to really ASR: but this yeah and it just
help direct the path ing the bone burying the bone show stays or it won’t get off it’s

Caption: Matt Swanson givesa ... busy here
tip to use buckets to direct the Caption: Dog wants to hang Caption: Making a bow Caption: Make sure the bottle
path of the ball out near dirt or other dogs with  with two colors stays together

bones to acquire more bones

Figure 7.3: Examples of video-captions pairs from our HowToCaption dataset. ASR subtitles
with only noisy supervision for the video are converted from spoken- to written-language-style
captions. Note that some details in the generated captions are taken from a longer context,
see Figure [E.2|in the Appendix for a full example.

we obtain 25M high-quality video-caption pairs. We show examples from our HowToCaption
dataset in Figure We note that generated captions follow different text styles, e.g., the
tirst and the second examples contain a long description of an object and its actions, the third
describes the process, and the last one is instruction. The average length of the captions is
9 words. We provide additional examples, statistics, failure case analyses, and user studies

in Appendix

7.4 EXPERIMENTAL EVALUATION

To evaluate the proposed HowToCaption dataset for large-scale pretraining of vision-language
models, we train a T-V model as described in Section on the HowToCaption dataset
and assess its zero-shot video-text retrieval performance on four widely recognized and di-
verse video-text benchmarks: YouCook2 [ZXC18|], MSR-VTT [XMYR16], MSVD [CD11], and
LSMDC [RRS15]. While the YouCook2 dataset consists of instructional cooking videos and
might be considered as an in-domain benchmark for the HowToCaption dataset, the other
datasets encompass a broader range of topics and video types, including non-instructional
YouTube videos and movies. To evaluate the properties of HowToCaption dataset in
comparison with other large-scale pretraining datasets, we also train our T-V model on
the HowTo1ooM [MZA¥19], HowTo100M with step labels [LPB22], HTM-AA [HXZ22],
VideoCC3M [NSS* 22|, and WebVidaM datasets and compare zero-shot text-video

retrieval performance.

7.4.1 Datasets and Metrics

Pretraining Datasets. HowTo100M is a dataset of 1.2M instructional videos with ASR subtitles.
We consider three versions of annotations of this dataset: Sentencified HowTo1ooM [HXZ22], with
pre-processed ASR subtitles by structuring them into full sentences; HowTozooM with Distant
Supervision , where ASR subtitles were linked to WikiHow [KW18] step descriptions
via distant supervision; and HTM-AA [HXZ22], an auto-aligned (AA) version of HowTo1o00M,
where subtitle timestamps were adjusted to improve alignment to videos and non-alignable
subtitles were discarded. WebVidzM is a large open-domain dataset of 2.5M
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YouCook2 MSR-VIT  MSVD LSMDC  Average

Prompt Riot MR}|R10T MR} |R10T MR/ |R10T MR}|R10t MR}

x1: Here is an automatically recognized speech from
a video: <ASR with timestamps>. x2: Write a syn-|
opsis for this video. x3: Begin each sentence with an
estimated timestamp.

37.5 225|710 3 |805 2 |37.3 30 |56.6 14.4

<x1> <x2> x4: Write only short sentences. <x3> [39.3 205|714 3 |[81.0 2 |365 325|571 145

<x1> <x2> <x4> x5: Describe only one action per

sentence. <x3> 39.8 20 |71.0 3 [809 2 |372 305|572 139

<X1> <x2> <x4> <x5> x6: Keep only actions that

happen in the present time. <x3> 395 195|716 3 812 2 1379 29 |57.6 134

<x1> x2": Write a summary for this video. <x4>

<X5> <x6> <X3> 404 19 |71.4 3 [814 2 |371 30 |57.6 135

x1": Here is an automatically recognized speech from
a video segment that is cut from a long video: <ASR
with timestamps> x2”: Write a summary for this video
segment. <x4> <x5> <x6> <x3>

400 20 |720 3 |811 2 |378 29 |57.7 13.5

I will give you an automatically recognized speech
with timestamps from a video segment that is cut
from a long video. <x2”> <x4> <x5> <x6> <x3>|40.6 19 |[72.0 3 |816 2 [37.7 30 |58.0 13.5
Here is this automatically recognized speech: <ASR with
timestamps >

Table 7.1: Ablation of LLM prompts. We step by step construct a prompt for an LLM that
concisely and in detail describes the caption generation task. To emphasize our incremental
adjustments, we label the sentences as xn (where 7 is an index). Each prompt consists of some
sentences that were already used in previous prompt versions (e.g., <x1>, <x2>) and new
sentences introduced in the current prompt (e.g., x4: Write only ...). With each prompt, we
obtain 2M video-text pairs from 100k HowTo100M videos that we later use for T-V model
training (lower-resource setup). Downstream zero-shot text-video retrieval performance is
reported.

of short videos scrapped from the internet with their alt-text. VideoCC3M [NSS™22] is a
dataset of 10M video-text pairs collected by transferring captions from image-text CC3M
dataset [CSDS21]] to videos with similar visual content.

Datasets for Downstream Tasks. YouCook2 [ZXC18] is a dataset of instructional cooking
videos, where each video clip is annotated with a recipe step. We used 3.5k test set for
evaluation. MSR-VTT [XMYR16] contains 10k YouTube videos on various topics and human
descriptions. Following prior work [BNVZ21b, NSS™22, TWL"21], we use the 1k test set for
evaluation. MSVD [CDz11] is a dataset of video snippets with their textual summary. The
evaluation set consists of 670 videos with 40 captions corresponding to each video. We follow
standard practice [BNVZ21b)| LJZ"22] and count each caption-video pair towards the metrics.
LSMDC [RRS15] is a collection of video clips from movies with human-written descriptions.
The test set consists of 1k video-caption pairs.

Metrics. To evaluate zero-shot text-video retrieval, we use standard Recall@K metrics where
K €1,5,10 (R1, R5, R10) and Median Rank (MR).
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Method YouCookz2 MSR-VTT MSVD LSMDC Average
R1 R5 Rio MR|R1 Rs Rio MR|R1 Rs Rio MR|R1 R5 Rio MR|R1 Rs Rio MR
No context |11.1 27.9 38.4 21 |37.7 62.4 72.6 3 [43.3 71.7 80.2 2 |16.5 30.4 38.4 30 |27.1 48.1 57.4 14

Long context|12.1 30.0 40.6 19 (37.9 61.6 72 3 [43.9 72.7 81.6 2 |16.8 31.4 37.7 30 |27.7 48.9 58.0 13.5

Table 7.2: Effect of a longer context. For the “no context” option, we predict captions from
individual ASR subtitles. With our “long context” option, we input multiple ASR subtitles
with timestamps and the model generated captions based on longer context. This ablation is
done in lower-resource setup.

YouCook2 MSR-VIT MSVD LSMDC  Average

Caption Post-processing R10T MR||R107 MR}|R107 MR}|R10T MR} |R10t MR/

Lower bound: original ASR as super\'ision‘ 39.3 20 ‘ 61.7 ‘ 771 2 ‘ 31.5 56 ‘ 52.4 20.8

U1

No post-processing 40.2 18 | 659 4 |79.8 2 |34.4 40 |551 16.0
Filtering (using BLIP) 425 16 |71.2 3 |817 2 |[374 30 |582 128
Alignment & filtering (using BLIP) 42.4 17 |717 3 |822 2 |385 205|587 129
Alignment & filtering (with ours) 441 15 (733 3 |821 2 |38.6 29 |595 123

Table 7.3: Effect of alignment & filtering. With each post-processing variant, we obtain 25M
video-text pairs that we later use for T-V model training. Downstream zero-shot text-video
retrieval performance is reported.

7.4.2 Implementation Details

As an LLM, we utilize Vicuna-13B-vo [CLL™23]. In Appendix we additionally experiment
with the MiniGPT-4 model [ZCS™ 23] to generate captions from subtitles grounded on visual
content. To create the HowToCaption dataset, we leverage subtitles with timestamps released
by [HXZ22] (Sentencified HowTo100M), where officially released subtitles [MZA™19] for
HowTo10oM videos were post-processed by structuring them into full sentences. For our
T-V model (described in Section [7.3.2)), we use ViT-B/16 visual encoder and BERT},, textual
encoder that are initialized with BLIPc,ppirL pretrained weights. We uniformly sample 4
frames from a video clip during training and 12 frames during evaluation. For HowToCaption
method, we use T = 10 seconds offset for alignment and adaptive threshold « to leave 25M
most similar pairs after filtering. Following [CRD"21] that found that 8-sec clips are optimal
for training on HowTo100M, we set Agec = 8. More implementation details are in Appendix

7.4.3 Ablation Study

Prompt Engineering. First, we assess the quality of the obtained dataset with respect to
different LLM prompts. Since prompting LLM with subtitles from 1.2M videos is resource-
intensive, we perform the prompt engineering ablations in a lower-resource setup, where we
use a 100k subset of HowTo100M (~ 10% of all videos) to create dense captions with the LLM
and use the threshold « to obtain the 2M most confident video-caption pairs. Here, we train the
T-V model for 150k iterations and then evaluate zero-shot on downstream tasks. In Table
we begin with a basic prompt for the LLM, gradually refining it to generate captions more
suitable for vision-language tasks. It is essential to recognize that the impact of various prompts
on performance can vary across datasets, as certain prompts may yield captions better aligned
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Video-Text Trainine Data YouCook2 MSR-VTT MSVD LSMDC
co-ie & R1 Rs Rio MR| Rt Rs5 Rio MR|R1 Rs Rio MR|R1 R5 Rio MR
- (zero-shot, with BLIP initialization) 6.1 16.2 23.6 69 |34.3 59.8 70.6 3 |38.5 65.0 74.0 2 |14.7 29.5 36.5 31
HowTo1ooM with ASRs [HXZ22] 12.2 29.1 39.3 20 [30.8 52.6 61.7 5 (39.268.3 77.1 2 [12.9 24.7 31.5 56
HowTo100M with distant supervision [LPB22]| 8.3 21.5 30.3 34 [28.6 54.0 66.3 5 |38.568.6 79.4 2 |12.1 24.7 32.4 42.5
HTM-AA (auto-aligned ASRs) [HXZ22] 13.4 32.2 43.5 15 |29.8 54.1 64.3 4 [38.768.6 78.7 2 |11.9 23.9 30.5 46
HowToCaption (ours) 13.4 33.1 44.1 15 [37.6 62.0 73.3 3 [44.5 73.3 82.1 2 |17.3 31.7 38.6 29
VideoCC3M [NSS™22] 5.3 15.1 21.7 84 (33.9 57.9 67.1 4 |39.6 66.7 76.8 2 |14.8 29.4 35.8 33
WebVid2M [BNVZ21b] 7.3 20.7 29.0 46 |38.5 61.7 71.9 3 [44.5 73.4 82.1 2 |17.8 31.2 39.8 25

Table 7.4: Zero-shot text-to-video retrieval performance of models trained on different video-
text datasets. For each dataset, we train our T-V model and report downstream performance.

YouCook2 MSR-VTT MSVD LSMDC
Method V.Encoder I-TData  VTData | g, "po Rio MR|R1 Rs Rio MR|Ri Rs Rio MR|Ri Rs Rio MR
Nagrani et al. [NSS* 22] ViT-B - VideoCC3M | - - - - |189375471 - | - - - - ‘ - - -
Frozen-in-Time [BNVZ21b] ViT-B/16 CC+COCO WebVid2M - - - - 247469572 7
CLIP-straight [POOBTM21]| ViT-B/32 WIT - - - - - |31.253.764.2 4 [37.064.173.8 2 |11.3 22.7 29.2 56.5
CLIP4CLIP [LJZ ™ 22)] ViT-B/32 WIT HowTo1ooM | - - - - |32.057.066.9 4 [38.566.976.8 2 |15.128.536.4 28
VideoCoCa [YZW 22| ViT-B/18  JFT-3B VideoCC3M |16.5 - - - 312 - - - | - - - - - - -
BLIPS [LLXHz22b] ViT-B/16 6 datasetst - 6.1 16.2 23.6 69 [34.3 59.8 70.6 3 [38.5 65.0 74.0 2 |14.7 29.5 36.5 30.5
BLIPS+HowTo100M ViT-B/16 6 datasetst HowTo100M |12.2 29.1 39.3 20 [30.8 52.6 61.7 5 [39.2 68.3 77.1 2 |12.9 24.7 31.5 56
Ours ViT-B/16 6 datasetst HowToCaption|13.4 33.1 44.1 15 [37.6 62 73.3 3 [445 73.3 82.1 2 |17.3 31.7 38.6 29

Table 7.5: Comparison in zero-shot text-to-video retrieval with dual-encoder baseline meth-
ods. SFor BLIP, the performance of dual-encoder architecture is reported. 16 datasets
= CC3M [CSDS21]+CC12M [CSDS21]+COCO [LMB'14]+VG [KZGT17] +SBU [OKB11]
+LAION [SVBT21al]. “V.” = Vision, “I-T” = Image-Text, “V-T” = Video-Text.

with specific downstream tasks. Notably, incorporating key phrases such as “Write only short
sentences” or “Describe only one action per sentence” leads to performance improvements
on 3 out of 4 datasets. Additionally, the use of the phrase “Keep only actions that happen
in the present time” also results in performance enhancements. Furthermore, structuring the
task description at the beginning and presenting the data to be processed at the end (the final
modification) also boosts performance. We provide more ablations on prompt engineering
in Appendix

We also examine the impact of leveraging a longer context for caption prediction. In Ta-
ble we compare caption generation with “no context”, where captions are predicted from
individual ASR subtitles. With our “long context” option, we input multiple ASR subtitles
with their timestamps, and the model predicts both captions and timestamps based on longer
context. We found that using a longer context is beneficial, resulting in an average improvement
of 0.6 p.p. in R10, and particularly advantageous for YouCook2 and MSVD.

Alignment & Filtering. Further, we assess the impact of the proposed alignment & filtering
procedure on the quality of captions of the acquired dataset in Section We examine the
performance of the T-V model when trained on differently post-processed versions of the
dataset. Remarkably, we discover that the obtained video-caption pairs, even without any
post-processing, significantly outperform the original ASR-based supervision. Subsequently,
by employing the alignment and filtering procedure to leave only 25M pairs based on video-
caption similarities derived from BLIP pretrained weights, we achieve a notable performance
enhancement of 3.6 p.p. in Rio. Furthermore, alignment & filtering with our proposed
finetuning without forgetting yields an additional 0.8 p.p. boost in R10 performance. More
ablations can be found in Appendix
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_ YouCook2 MSR-VIT
Method Vision Encoder Ril Rs5 Riol MRJ ‘ Ri Rs Riol MRJ
MIL-NCE* [MAS™20] S3D 15.1 380 51.2 10 | 9.9 24.0 324 29.5
TAN* [HXZ22] S3D 20.1 45.5 59.5 7.0 | - - - -
MMT [GSAS20] Transformer - - - - - 144 - 66
AVLNet [RBH " 21] ResNet-152+ResNeXt101 | 19.9 36.1 44.3 16 | 8.3 19.2 274 47
MCN [CRD ™ 21] ResNet-152+ResNeXt101 | 18.1 355 452 - |10.5 252 33.8 -
EAO [SCR*22] S3D 24.6 483 604 6 |93 229 312 35
Ours S3D 25.5 511 63.6 5 |13.2 30.3 415 17

Table 77.6: Zero-shot text-to-video+audio retrieval. *Text-video only models.

Method V. Encoder I-T Data V-T Data Bay YI(\); Colgkz C ‘B@4MI\S/IR_VII T C ‘B@4 I\I\//[ISVI? c

SwinBERT [LLL™22] VidSwin-B - - 9.0 15.6 37.3 109 |41.9 29.9 62.1 53.8|58.2 41.3 77.5 120.6
CLIP4Caption [TWLT21]  ViT-B - - - - - - |46.1 307 63.757.7 - - - -

GIT-B [WYH " 22] ViT-B 4 datasets* - 5.8 12.2 31.5 80.3 |46.6 29.6 63.2 57.8|69.3 44.5 81.4 142.6
MV-GPT [SNAS22] ViViT-B - HowTo1ooM - - - - 148.9 38.6 64 60.0| - - - -

LAVENDER VidSwin-B 5 datasetst WebVidaM+12M| - - - - - - - 601 - - - 1507
HiTeA [YXYT23] MVIiT-B 5 datasets! ~ WebVidaM - - - - - - -65I| - - - 1469
mPlug-2 [XYY " 23] ViT-B 5 datasets’  WebVidaM - - - - |52.2 32.1 66.9 72.4|69.3 45.1 81.9 148.2
BLIP [LLXH22b| ViT-B 6 datasets? - 7.9 15.0 36.0 104.8|49.2 32.2 66.1 65.5|68.0 45.3 82.8 148.6
BLIP + HowTo100M$ ViT-B 6 datasetst HowTo1ooM | 8.6 15.9 37.1 112.9|49.4 32.0 66.2 65.9/69.3 46.2 83.0 151.4
Ours ViT-B 6 datasetst HowToCaption | 8.8 15.9 37.3 116.4|49.8 32.2 66.3 65.3|70.4 46.4 83.2 154.2
Vid2Seq [YNST 23| ViT-L — YT-Temporal-1B| - - - - - 308 - 64.6] - 453 - 146.2
VideoCoCa [YZW 22| ViT-G JFT-3B VideoCC3M - - - - 153.8 - 68.073.2| - - - -

GIT-2 [WYH™ 22| DaViT-4.8B 12.9B pairs - 9.4 15.6 37.5 131.2|54.8 33.1 68.2 75.9(82.2 52.3 88.7 185.4

Table 7.7: Video captioning results. We report BLEU@4 (B@4), METEOR (M), ROUGE-L (R),
and CIDEr (C). We gray out methods that use a stronger vision backbone and significantly
more pretraining data for fair comparison. *4 datasets = CC3M+COCO+VG+SBU, '5 datasets
= ..+CC12M, %6 datasets = ...+LAION [SVBT21a]. SOur finetuning. “V.” = Vision, “I-T” =
Image-Text, “V-T” = Video-Text.

7.4.4 Comparison to State-of-the-Art

Comparision with Other Web Datasets. In Table we assess the pretraining effectiveness
of our proposed HowToCaption dataset compared to other web video-language datasets.
Specifically, we evaluate different textual annotations of HowTo100M videos: sentencified
ASR subtitles [HXZ22], task steps from distant supervision [LPB™22], and auto-aligned ASR
subtitles [HXZ22]. Additionally, we conduct evaluations on WebVid2M [BNVZ21b] and
VideoCC3M [NSS™22] datasets. Our findings indicate that the model pretrained on our HowTo-
Caption dataset significantly outperforms models pretrained on other versions of HowToi0oM
annotations, with an average improvement of 5.2 p.p. in R1o. This improvement is most pro-
nounced for the MSR-VTT, MSVD, and LSMDC datasets, which feature full-sentence captions.
Interestingly, for the YouCook2 dataset with captions in the form of step descriptions like
“cut tomato”, HTM-AA already exhibits a high baseline performance, but our HowToCaption
dataset still provides a performance boost. We also observe that the VideoCC3M dataset does
not improve the initial BLIP performance on any datasets except for the MSVD. We attribute
it to the fact that the VideoCC3M dataset adopts captions from the CC3M dataset [CSDS21]
and transfers them to videos, potentially not introducing significantly new knowledge for the
BLIP-initialised model since BLIP was pretrained on multiple datasets, including CC3M. On
the other hand, WebVid2M demonstrated performance improvements across all datasets, but
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our HowToCaption dataset notably outperforms WebVid2M on YouCook2 and MSR-VTT, only
underperforming on LSMDC.

Comparison with State-of-the-art in Zero-shot Text-Video Retrieval. In Table we also
conduct a comparison with zero-shot dual-encoder retrieval baselines. It is important to ac-
knowledge that comparing state-of-the-art methods can be challenging due to variations in
backbone capacity, training objectives, and other factors. Therefore, we focus on a comparison
with dual-encoder models in the zero-shot settings. Additional comparisons with methods
that use re-ranking can be found in Appendix Nevertheless, it is worth highlighting that
our approach consistently outperforms the baseline methods in zero-shot text-video retrieval
across all datasets.

Zero-shot Text-to-Video+Audio Retrieval. It is known that instructional video datasets,
e.g., HowTo100M, suffer from a high correlation of audio modality to a textual description,
therefore hindering building a text-video+audio retrieval system where the video is extended
with audio [SCR™22, INSS™22]. The usage of ASR narrations as supervisory textual description
leads retrieval models to primarily perform speech recognition on the audio, hindering true
language-audio connections [SCR™22]. Therefore, training text-video+audio systems on such
datasets usually requires additional regularization, such as shifting audio timestamps or
assigning lower weights to the audio loss [SCRT22]. Our HowToCaption dataset resolves
this issue by providing richer textual descriptions, allowing us to train a text-video+audio
retrieval system without regularization. To evaluate this, we train a multimodal Everything-At-
Once (EAO) [SCR™22] model that learns to fuse any combinations of text, video, and audio
modalities on our proposed HowToCaption dataset without any additional regularization
and evaluate zero-shot text-video+audio retrieval performance. Table [7.6|shows the proposed
model significantly outperforms all baselines and the directly comparable EAO model.

Video Captioning. We further validate our dataset’s potential for video-language pretraining
through video captioning. We finetune the BLIP [LLXH22b] model with all architecture blocks,
including the image-grounded text decoder, on the HowToCaption dataset with all three BLIP
losses: image-text contrastive loss, image-text matching loss, and language modeling loss. We
adapt the image encoder to the video encoder similarly to our retrieval model (Section
and use similar hyperparameters (see Appendix [E.3). Subsequently, we finetune the model
with language modeling loss on the training set of either YouCook2, MSR-VTT, or MSVD
datasets and evaluate video captioning performance. Table [7.7/show that our model finetuned
on the HowToCaption dataset significantly outperforms directly comparable BLIP model and
other comparable baselines on YouCookz and MSVD and keeps competitive performance on
MSR-VTT.

7.5 CONCLUSION

In this chapter, we propose a novel approach, HowToCaption, that transforms freely available
ASR subtitles of instructional videos into high-quality captions, enabling the collection of
large-scale, high-quality video-language datasets without manual annotation efforts. With
this approach, we curate a new large-scale HowToCaption dataset featuring human-style
video captions derived from ASR subtitles of the HowToiooM dataset. We demonstrate
that our HowToCaption dataset serves as an excellent source for training video-language
representation and video captioning models across four text-video retrieval and three video
captioning benchmarks. Furthermore, given the separation of textual descriptions from the
audio modality in our dataset, it demonstrates efficacy as a valuable resource for text-to-
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video-audio tasks. This work demonstrates the potential of LLMs for creating annotation-free,
large-scale video-language datasets. In the next chapter, Chapter 8} we investigate the potential
of LLMs to address representation biases in video evaluation benchmarks that may hinder
accurate assessment of video understanding capabilities.
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robust training of video models, this chapter focuses on improving evaluation

benchmark quality to support a more reliable assessment of video understanding
ability. We propose a new “Unbiased through Textual Description (UTD)” video benchmark
based on unbiased subsets of existing video classification and retrieval datasets to enable a
more robust assessment of video understanding capabilities. Namely, we tackle the problem
that current video benchmarks may suffer from different representation biases, e.g., object
bias or single-frame bias, where mere recognition of objects or utilization of only a single
frame is sufficient for correct prediction. We leverage VLMs and LLMs to analyze and debias
benchmarks from such representation biases. Specifically, we generate frame-wise textual
descriptions of videos, filter them for specific information (e.g. only objects) and leverage
them to examine representation biases across three dimensions: 1) concept bias — determining
if a specific concept (e.g., objects) alone suffice for prediction; 2) temporal bias —assessing
if temporal information contributes to prediction; and 3) common sense vs. dataset bias—
evaluating whether zero-shot reasoning or dataset correlations contribute to prediction. We
conduct a systematic analysis of 12 popular video classification and retrieval datasets and create
new object-debiased test splits for these datasets. Moreover, we benchmark 30 state-of-the-art
video models on original and debiased splits and analyze biases in the models. To facilitate
the future development of more robust video understanding benchmarks and models, we
release: “UTD-descriptions”, a dataset with our rich structured descriptions for each dataset,
and “UTD-splits”, a dataset of object-debiased test splits.

WHile the previous chapter focused on improving training data quality to enable more
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This chapter is based on CVPR 2025 paper [SNST25]. As first author, Nina Shvetsova
designed the method, implemented it, conducted all experiments and analyses, and was the
main writer of the paper.

8.1 INTRODUCTION

Ever since action recognition moved from simple, staged clip classification to real-life video
understanding [MLSog, SZS17, KJGT 11|, there has been an ongoing discussion about how
much of a system’s performance can be attributed to the recognition of the action itself
compared to related or unrelated visual cues such as objects or scene information in the
data [HSSK16)| [CWR22 WR21], namely object/scene representation bias (see Figure [8.1). Dif-
ferent strategies have been proposed to separate action recognition from scene and object
influences such as segmenting the human figure in a video and placing it against a gray or
black background [HSSK16, (CWR22] as well as miming actions in unrelated contexts [WR21].
Some works focused on collecting datasets designed to minimize scene or object represen-
tation bias [LLV18| BSYS™ 21, GEKM™17b]. However, debiased solutions have so far rarely
been adopted for benchmarking. Reasons for that may be that modified videos in case
of [HSSK16, [CWR22|] often introduce artifacts and benchmarks with explicitly low scene
bias [LLV18, GEKM™ 17b], might be considered out-of-domain relative to standard training
setups. Another line of research questions whether current video benchmarks truly require
temporal understanding, as single-frame models have shown comparable performance on
several benchmarks [BEG ™22, [LBB23]]. While new benchmarks are emerging to assess temporal
understanding [BTS23, MAM23| CTZ" 24], temporal representation bias in standard benchmarks
remains underexplored.

In this work, we propose a new scalable method, Unbiasing through Textual Descriptions
(UTD), to systematically analyze and mitigate different types of representation bias, such
as object bias, in existing video benchmarks through automatic textual descriptions. Since
most datasets lack textual narrations of videos, we leverage Vision-Language Models (VLMs)
to generate detailed descriptions of video frames. We then use Large Language Models
(LLMs) to extract different concepts from those captions, namely objects, activities, and verbs
(an overview of this process is shown in Figure [8.3). Based on generated descriptions, we
examine representation biases across three independent dimensions. First, concept representation
bias — assessing if a specific concept (e.g., objects) alone is sufficient for accurate prediction of
the video. Second, temporal representation bias — evaluating if temporal information is needed
for correct prediction or if single-frame information is sufficient. Lastly, we distinguish between
common sense and dataset bias. Common sense bias refers to the implicit association of certain
concepts with specific activities, such as associating an object “a piano” with the label “playing
piano.” This differs from dataset bias, where spurious correlations arise within the dataset,
e.g., “apply makeup” label frequently occurs with objects like “mirror” and “flowers” in the
background. We propose to leverage the zero-shot reasoning capabilities of LLMs to assess
common sense bias and train a linear classifier for the dataset bias.

In our study, we found that many samples of popular benchmarks have a significant object
representation bias, meaning that recognizing only objects on the video is already enough to
predict the correct label. Therefore, using such data for benchmarking video backbones may
give models with strong object recognition ability an advantage (i.e. a shortcut), unintention-
ally hindering video understanding evaluation with respect to temporal reasoning or action
recognition. Therefore, by excluding test samples with the highest object bias, we introduce
UTD-splits, debiased evaluation splits for considered datasets, which we believe provide a
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Guess the activity from the following objects:

Video 1: Video 2:
Person, makeup brush, makeup
sponge, makeup palette

Answer: Answer:

Person, stage, wall, curtain

Guess the activity from a single frame:
Video 3:

Answer: Answer:

Figure 8.1: Can you guess activity on a video based solely on the objects or a single frame?
(The answer is on the next page in Figure 8.2])

more robust assessment of video understanding capabilities. Importantly, compared to other
approaches that rely on modifying videos CWR22], this approach neither requires
any additional processing of evaluation data, as no new videos are generated nor does it
require any finetuning to adjust for any domain bias that could be introduced by debiasing
video frames at a pixel level.

We apply the proposed UTD method to analyze and debias six action classifica-
tion datasets, namely UCF1o1 [SZS17], SomethingSomethingv2 [GEKMT™17b], Kinetics-
400 [KCS*17], -600 , and -700 [CNHZ19], and Moments In Time [MAZ 19|, and
six text-to-video retrieval datasets, namely MSRVTT [XMYR16], DiDeMo [AHWS*17], Ac-
tivityNet [CHEGCN15a], LSMDC [RRTS15|], YouCook2 [DXDC13]|, and Spoken Moments In
Time [MJL"21]. Further, we benchmark 30 state-of-the-art video models of six different model
designs, namely VideoMAE [TSWW22], VideoMAE2 , All-in-one , Un-
masked Teacher [LWL* 23], VideoMamba [LLW ¥ 24], and InternVid [WHL 23], on the original
and UTD-debiased splits. We show that debiasing reduces performance saturation on current
benchmarks. Considering model performance drops between original and debiased splits also
allows us to analyze models on object bias, e.g., in action classification, larger backbones or
those trained on more data appear more robust to object bias.

We summarize the contributions of this work as follows.

* We introduce Unbiasing through Textual Descriptions (UTD), a scalable, automated method
to analyze and mitigate representation biases in video benchmarks without the need for
human annotators in the loop.

¢ Using UTD, we analyze representation biases across 12 popular classification and retrieval
video benchmarks and release UTD-debiased test splits for each, UTD-splits, promoting a
more robust evaluation of video understanding.

¢ We benchmark 30 state-of-the-art video models on both the original and UTD-debiased
splits to assess their robustness against object bias under varying conditions.

* Finally, we release UTD-descriptions, a dataset of detailed structured descriptions (in-
cluding objects, activities, and verb categories) for all 12 considered datasets, to support
further dataset analysis and the development of less biased benchmarks.
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Video 1: Video 2:
Answer: Apply eye makeup Answer: Wall pushup

‘\
7]
= A

Object bias
Video 3: Video 4:

Answer: Diving Answer: Jumping Jack
) ) B \‘;.3'_ 275N ?\
’ P

No object bias

No single-frame bias

Figure 8.2: The answer to Figure Some videos may exhibit an object representation bias
(allowing predictions based solely on objects) or single-frame representation bias (solely on a
single frame), while others require more information for prediction.

8.2 RELATED WORK

8.2.1 LLMs for Video Understanding

The progress of LLMs prompted a wide range of applications in various fields, including
video understanding. Here, one line of work utilizes pretrained LLMs in video-language tasks,
such as video captioning [SMV " 19, ZGY "24,WWZ " 23a], video question answering
LWL 23, MRKK24, WWZ23a], text-video retrieval [ZGY ™24, SKSK23], or dialog-based user
interaction [WWZ"23a, [ZLB23a]. Some works [WHL"23, CLW"24, SKH"24] create new
video-language datasets using image/audio captioning models or subtitles and using LLM
summarization and reasoning ability to post-process these captions. Other works [ZAI*22|
LHW 23, WLX" 22, WCL"23] use expert perception models to extract information from the
video that is later processed by the LLM for tasks such as video captioning. In our work, we
leverage VLM- and LLM-generated frame descriptions to evaluate different representation
biases in video datasets.

8.3 DISCOVERING REPRESENTATION BIASES

In this section, we define representation bias in Section [8.3.1} outline the considered representa-
tion biases in Section [8.3.2] and detail our UTD method in Section [8.3.3]

8.3.1 Definition: Representation Bias

To formalize the definition of representation bias in datasets, we adopt the notation from
RESOUND [LLV18].

Let D = {v,},<n be a video dataset D, where each video v, consists of a sequence of
frames v, = {f,i}i<|o,|- A representation ¢ is a function ¢(v) of the video input v. Let R = {¢}
be a family of representations that share specific characteristics. For example, a family of single-
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frame representations includes representations that encode information from only a single
frame of a video ¢(v,) = ¢(f,;) where i < |v,| or a family of object-based representations
encodes only the objects in the video without considering motion or activity information.

The representation ¢ can be used to train different models 7, for desired tasks, e.g. video
classification. Let M(vy,, 7¢) be the performance (e.g., accuracy) of a model 4 on a video vy,
then the performance of 4 on D is

N
M(D,vy) = Z (0n,79)- (8.1)

We define the performance of a representation ¢ on D as

M(D, ¢) = max M(D, ), (8.2)

where the maximum is taken over all models -, that are based on the representation ¢.

When the performance M(D, ¢) of a representation ¢ is high, the dataset exhibits a prefer-
ence for this representation, indicating that the dataset is more biased toward this representation.
In this work, we use M(D, ¢) as a measure of bias towards representation ¢. However, a high
bias toward a specific representation is not necessarily a negative thing. Ideally, a dataset
should exhibit the highest bias toward the “ground truth representation”: the representation
truly required to solve the task. For instance, in video understanding, one could argue that
the optimal representation should capture both static (e.g., objects) and dynamic (e.g., actions)
properties, as well as encode temporal aspects. However, if a video dataset used to evaluate
video understanding exhibits a strong object or single-frame representation bias, it may unin-
tentionally favor models with strong object recognition or image understanding capabilities,
thus hindering the evaluation of true video understanding. Therefore, in this work, we aim to
estimate representation biases in popular video benchmarks.

8.3.2 Different Representation Biases

In our work, we consider different types of representation biases with respect to three indepen-
dent aspects:

Concept Representations: First, we consider representations that encode four different concept
categories: objects ¢,(vy,), activities ¢,(v,) (actions along with tied objects), verbs ¢, (v,) (actions
alone, without objects), and objects+composition+activities ¢,(v,) (objects, their spatial compo-
sitions in the video, and activities), see an example in Figure We aim to assess biases in
classification and retrieval benchmarks toward particular concepts. For example, in retrieval,
we ideally would like to see that benchmarks are not biased solely toward objects or activities.
Temporal Representations: Second, we consider the bias of single-frame representations
compared to representations that consider multiple frames. Let ¢, be one of the objects
¢o, activities ¢,, verbs ¢,, or objects+composition+activities ¢, representations. Similarly
to [WXWT16], we consider the following options to encode information from multiple frames:
middle-frame refers to the case that a video is represented only by a single middle frame of
this video, e.g., ¢xmid(vn) = ¢x( FuJoul/ /2), max-score frame refers to the case that a video is
represented using a single frame ¢, max(vn) = ¢x(fi) where the frame f,; has the highest
performance score M(f,, ¢x) over all frames, average-over-frames refers to the case that the
video is represented as an average representation of frames ignoring the order of frames
Pravg(Vn) = ﬁ Yi<|o,| Px (fni), and, finally, sequence-of-frames refers to the case that the video

representation encodes concepts and their order in the frames ¢y seq(Vn) = ¢x(fir,1, fn,2, - fn,lvn\)~
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Obtaining textual descriptions for different concepts:

LLM Objects 0, ; : woman, table, lamp, couch, red
Objects+composition+activities dn,i: throw pillow, chair, bed, beige or light brown ...
In the photo, there is a woman standing in a room with LLM
VLM a classical interior design. She is positioned in front of Activities a, ; : The woman is reaching for or
— a table with a lamp on it, and she appears to be interacting with the lamp.
reaching for or interacting with the lamp. To her left, LLM ¢
there is a couch with a red throw pillow on it, and to
her right, there is a chair with a similar red throw .. Verbs v, ; (activities w/o objects): Someone is
reaching for or interacting with something.
Calculati tati bias: Aggregate temporal
alculating representation bias: information
Labels / Captions Text For each ¢ Different concept-temporal . .
o s Embedding . representations ¢ <«———  Obiectsingle-frame 0, ; :
agirlin black color dress ... 140 P Zero-shot prediction . i Text woman, table, lamp, couch, red throw pillow ...
friends enjoy eating > . Measure ‘ Object middle-frame repr. Embedding
performance BomidVn) = X(On 1y, 1i12) Model Object sequence-of-frames 0, :
awoman looks after... Common sense bias oaelx Frame 1: woman, black top, sunglasses, ...
Object seq-of-frames repr. ———
¢0 :eq("n) = /'((g") Text Frame 8: woman, dark top, door frame, ...
VLM: LLaVA-1.6-Mistral-7B Training a linear classifier .- Embedding -
. Mi Model
LLM: Mistral-78 Measure Activity middle-frame repr. X Activities single-frame q,,; :
Text Embedding Model 1 : : BamidVn) = 2@y, 1) . The woman is reaching for or interacting ...
SFR-Embedding-Mistral Dataset bias

Figure 8.3: The proposed UTD method involves generating textual descriptions of different
concepts in video frames using VLMs and LLMs, combining them in various temporal configu-
rations, and evaluating the performance of these concept-temporal representations with strong
text embedding models. For each representation, we distinguish between common sense bias,
which relies on zero-shot reasoning by text embedding models, and dataset bias, assessed
using a linear model trained on the dataset’s training set.

Common Sense Bias vs. Dataset Bias: Finally, for any concept-temporal representation ¢
(e.g., object middle-frame representation ¢, ,,is), we can consider two types of representation
biases: common sense bias or dataset bias. Common sense representation bias refers to bias based
on “common sense reasoning”, e.g., a video featuring an object “piano” would most likely
be classified under the “playing piano” activity label. Formally, in Equation (8.2), this bias
M(D, ¢) is measured by taking the maximum performance only over zero-shot models vy that
have not seen the correlations in the training set of D. We distinguish this from dataset bias,
which refers to biases caused by spurious correlations within the dataset, e.g., where certain
objects are unintentionally associated with specific labels, such as “mirror” or “flower bouquet”
frequently appear with the “apply makeup” label. In this case, in Equation (8.2)), we measure
dataset bias by taking the maximum performance over models 7, trained or finetuned on the
training set of D.

We note that the concept, temporal, and common sense vs. dataset bias dimensions are
independent, allowing us to combine them in any configuration. For example, we can evaluate
object middle-frame common sense bias or activity sequence-of-frames dataset bias.

8.3.3 Method: Unbiasing through Textual Descriptions (UTD)

Since measuring bias for every representation within a family (e.g., a family of object repre-
sentations) is infeasible, we approximate it by considering a single representative from the
family [LLV18|] and propose a way to precisely control what each representation encodes by
using textual descriptions.

The key idea of our method is to use textual descriptions as an intermediate video repre-
sentation. This approach allows us to easily control which concepts in the video are included
or excluded in the representation and to combine information into different temporal repre-
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sentations. Namely, to obtain representation ¢ that encodes only a specific concept category,
we propose to encode visible concepts of this category into textual descriptions, e.g., encode
objects with a list of visible objects, e.g., “table, lamp, ..”. This approach, compared to cropping
or inpainting [HSSK16|, CWR22], allows us to isolate specific concepts more precisely, avoiding
information leakage from cropped areas or adding artifacts caused by imperfect inpainting.
Additionally, textual descriptions allow us to use off-the-shelf LLMs with strong common
sense reasoning abilities to estimate common sense bias. Since metadata with visible objects,
activities, etc., is usually not available, we propose using recent powerful VLMs and LLMs to
extract this information.

In the next sections, we first describe our method of obtaining textual description with
respect to different concept and temporal categories (Section [8.3.3.1), then we describe our
method of discovering common sense and dataset biases (Section[8.3.3.2), and lastly, we describe
our method of unbiasing benchmarks (Section [8.3.3.3).

8.3.3.1  Obtaining Textual Descriptions

While current VLMs [LLLT24, [LLLL23| LLWL23b], trained to perform complex image rea-
soning, are able to generate detailed descriptions of video frames, they still face challenges
when prompted to directly extract specific concepts from a frame, e.g., only visible objects.
Therefore, we decomposed the task of concept extraction into two parts: extraction of detailed
frame description using VLMs and then extraction of different concepts from frame description
using LLMs (see Figure [8.3).

Obtaining Textual Descriptions Using VLMs. Given train/test videos vy = {fui}i<[o,|, # < N
of the dataset, we feed each frame f, ; of each video v, into the VLM model 4 to generate a
detailed textual description d,,; = d(fy,) (Figure[8.3). We found that without complex prompt
engineering or few-shot in-context learning strategies [BMR"20] VLMs produce long, detailed
descriptions. While our method is not restricted to a specific VLM, for reproducibility and
feasibility, we select an open-sourced strong middle-scale VLM model, LLaVA-1.6-Mistral-
7B [LLL ™ 24]] with the prompt: “Describe the objects’ relationships in the photo.” Since the resulting
textual descriptions include objects, their composition, relationships, and visible activities, we
use them as objects+composition+activities descriptions.

Extracting Concepts Categories Using LLMs. Each of the obtained detailed descriptions d,, ; is
further fed to the LLM ( to extract only objects 0,,; = (d,, i, po), only activities a,; = {(dy i, Pa)
information, with p,, p, as respective prompts. Then, to obtain information about verbs, we
task the LLM with a prompt p, to delete all object information from activities v,,; = {(a,,, pv)-
Since such text processing requires understanding what objects and activities are, our prompt
includes a few examples following a few-shot in-context learning strategy [BMR™20]. We
provide all prompts in Appendix

Aggregating Temporal Information. We use the obtained textual descriptions x,; of video
v, (where x,; is one of 0,; a, Vni, or d,;) in different temporal setups: first, we keep
them as single frame descriptions that might be further aggregated when transformed into
vector representations (e.g. average-over-frames), as we describe in Section second, we
combine them into sequence-over-frame x, setup with the template: “Frame 1: x,; Frame 2:
X2 ... Frame |vy: x,,," (Figure . Since objects+composition+activities descriptions d,, ;
when combined with sequence-over-frame templates become too long, we summarize them to
15-word descriptions d), ; via an LLM before inputting them into the sequence prompt.
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8.3.3.2  Calculating Representation Biases

After obtaining a specific concept-temporal representation ¢, we assess common sense and
dataset bias for dataset D toward ¢ by measuring the performance M(D, ¢), as stated Equa-
tion (8.2), where maximum is taken over zero-shot models 7y, for common sense bias and
over finetuned models v for dataset bias (see Section[8.3.2). Since maximizing over all mod-
els is infeasible in practice, we design strong models for common sense and dataset-based
reasoning by utilizing state-of-the-art LLMs. Our ablation study verifies our design choice

(see Appendix [F.1.3).

Common Sense Bias. We leverage recent strong LLM-based text embedding models [WYH 23,
ML] " 24]. Such models are trained on large datasets to encode text into vector representations
that can be used for various tasks, such as information retrieval. We encode our textual
descriptions and all class labels/captions using the pretrained text embedding model .
Specifically, we prompt the model with the relevant concept and task. For example, we use
prompts like “Given a list of objects visible on the video frame, retrieve the activity depicted in this
video” for object description and “Given an activity, retrieve a video frame description that may depict
this activity” for class labels in action classification. We use cosine similarity between obtained
embeddings for zero-shot classification/retrieval. Prompts are detailed in Appendix

Dataset Bias. For action classification datasets, we evaluate dataset bias, as action classification
models are often tested in finetuned setups and might exploit dataset representation biases
learned from training data. For this we a linear logistic regression model trained on our strong
text embeddings used in the common sense bias analysis and train model on the official train
splits of the datasets.

Metrics. For the performance measure M(D, ¢), we use accuracy for action classification and
recall@1 and text-to-video retrieval as the most popular metrics for these tasks.

8.3.3.3  Unbiasing Datasets

In Section we find that many video datasets exhibit a significant object representation bias.
To support robust video model evaluation, we construct UTD-splits, object-debiased test splits,
by excluding object-biased samples from the original test sets. Since our method allows us to
measure the performance of the representation M(vy,, ¢) on individual samples v,, we exclude
samples that are classified or retrieved correctly (M(v,,, ¢) = 1) based on object sequence-of-frame
representation. For text-to-video retrieval, we debias with respect to common-sense bias, but for
action classification, we debias with respect to dataset bias since video models are mostly tested
in finetuned setup. To minimize the impact of random fluctuations in the process, we use
three different prompts for labels/captions in the text embedding models and train three linear
models for each classification dataset using bootstrapped training sets (we provide details
and analysis in Appendix and exclude only samples when all nine models agreed on
correct classification/retrieval. Note that the percentage of removed samples is determined
automatically based on the extent of object representation bias.

Finally, since debiasing may disproportionately remove certain label classes in classification
datasets, we additionally construct balanced UTD splits. While maintaining the total number
of removed samples as in the original debiasing method, we adjust the number of samples
removed from each class based on their average confidence (across nine models) to preserve
the original class proportions.
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8.4 BENCHMARKING DATASETS

In this section, we analyze action classification and text-to-video retrieval datasets on different
representation biases using our UTD method.

8.4.1 Setup

Datasets. We consider six common action classification datasets: UCF101 (UCF) [SZS17], Some-
thingSomethingv2 (SSv2) [GEKM ™ 17b], Kineticsgoo (K400) [KCS™ 17], -600 (K600) [CNBT 18],
-700 (K7o0) [CNHZ19], Moments In Time (MiT) [MAZ'19] and six text-to-video re-
trieval datasets: MSRVTT (MSR) [XMYR16], YouCook2 (YC2) [DXDC13], DiDeMo
(DDM) [AHWS™ 17], LSMDC [RRTS15], ActivityNet (ANet) [CHEGCN15a], and Spoken Mo-
ments in Time (S-MiT) [MJL"21] .

Implementation Details. For all train/test videos, we use |v,| = 8 uniformly sampled frames.
We use the LLaVA-1.6-7B-mistral model [LLL"24] as VLM, Mistral-7B-Instruct-vo.2 [JSM " 23]
as LLM, and SFR-Embedding-Mistral [ML] " 24] as text embedding model. The temperature is
set to o.

8.4.2 UTD-descriptions

Following our UTD pipeline, first, we generate textual descriptions for 12 considered datasets,
resulting in UTD-descriptions dataset (see qualitative examples Appendix [F.3). We conducted a
user study to validate the quality of object, activity, and verb predictions. Participants were
asked to verify which objects from a provided list were visible in a given image. The study
used 100 random frames from 100 videos of the UCF dataset (which has noisy, low-resolution
frames that might be an additional challenge to the VLM). Seven participants validated 761
annotated objects in total, where 87.6% (667 out of 761) were identified as visible, with only 94
not selected as visible. To better understand the VLM’s errors, we manually classified these
94 objects into five categories: 1) attribute error (e.g., the object is “right hand” instead of
“left hand”), 2) misclassification (the object is present but incorrectly identified as a different
object, e.g., a “snowboard” instead of “snow slide”), 3) hallucination, 4) human annotation
mistake — the object is visible, and 5) other. We found that only 45 objects were classified as
hallucinations, 13 as misclassifications, 20 as “object visible” 8 as attribute errors, and 8 as other
(see examples in Appendix [F.3). This results in a hallucination rate of only 6%, which we find
acceptable for our analysis.

8.4.3 Concept Representation Bias

Further, based on generated descriptions, we evaluate representation bias with respect to four
concept categories, namely objects, activities, verbs, and objects+composition+activities, as
described in Section For this, we consider common sense bias in sequence-of-frames temporal
setup in Table 8.1] (all concept-temporal combination results can be found in Appendix[F.1.2). It
shows that using only object information results in only a slight drop in performance compared
to objects+composition+activities, indicating that most datasets can, to a certain extent, be
addressed with object information, thus showing an object representation bias. Interestingly,
classification based on only objects results in 63.3pp accuracy for UCF101 and 45.9pp for
Kinetics4o00. This may be due to the fact that some action classes are tied to the objects (e.g.
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| UCF SSva Kgo0o Ké6oo Kyoo MiT | MSR DDM ActN LSMDC YCz2 S-MiT
obj+comp-+act| 66.3 6.4 48.0 44.1 39.0 22.6 36.6 27.2 26.6 17.0 8.4 45.9

objects 63.373,0 5.3711 45.9,21 41.8723 37.0720 21-0716 32.1,45 27.0,0‘2 24.8718 13.6,3‘4 7.9,()‘5
activities 674,11 6.4 452 55 414 57 36.7 53 21.0 16250018 21.1 ¢ 214 5, 147 55 8.1 g3 41.1 45
verbs 5.5 I 162 5i505ia1 1.2 I

Table 8.1: Evaluation of concept representation bias. We report the performance of our model
in sequence-of-frames temporal setup and common sense bias setup and color code with respect
to the difference to objects+composition+activities (obj+comp-+act) concepts. It shows that the
overall classification performance drops only slightly when classifying actions based on objects,
compared to classification and retrieval on verbs only, with SSv2 as the only dataset with less
drop when classifying on verbs only.

UCF SSva K400 K600 Kyoo MiT
obj. act. Verbs‘ obj. act. Verbs‘ obj. act. Verbs‘ obj. act. Verbs‘ obj. act. verbs‘obj. act. verbs
common sense bias| 63.3 67.4 50.8 |53 6.4 5.8 |459 452 248|418 414 21.4|37.0 36.7 17.6 |21.0 21.0 16.2

80.3 83.4 735
+17.0 +160 +227

13.6 16.0 12.2
+83 496 +64

60.7 60.7 422
+148 +155 +174

57.7 58.4 39.4
+159 +17.0 +18.0

494 49.7 31.6
+124 +130 +14.0

252 254 212
+42 +44 450

dataset bias

Table 8.2: Comparison of common sense bias vs dataset bias. We report the performance
of our model in sequence of frame temporal setup and color code with respect to difference to
common sense bias. It shows that the overall performance growth is significant for all concepts,
including object concepts, indicating that datasets might contain a significant correlation
between labels and visible objects.

“playing piano”), making visible objects equally or more reliable indicators of a class than
activities. This becomes clear when we consider the verbs-based representation. Here, the
performance drops significantly for most action classification datasets, except for SSv2 and
MiT. Also, in the case of text-to-video retrieval, it shows that objects are better indicators than
activities for some datasets (MSRVTT, DiDeMo, ActivityNet), and activities are better indicators
for others (YouCookz2, LSMDC, S-MiT).

8.4.4 Common Sense vs. Dataset Bias

We further consider common sense bias compared to dataset bias for the action classification
datasets in Table Overall, across all benchmarks and concepts, dataset bias is significantly
higher than common sense bias, and the results indicate that considered benchmarks also
contain a dataset-specific object bias in the training set. The performance on UCF using only
objects increases from 63.3pp to 80.3pp, and even on SSv2, which was developed to minimize
object representation bias, using only correlation of seen objects in the train set to the classes,
we were able to predict 13.6pp of videos correctly. This significant increase based on available
object information only shows that some actions might be connected to unrelated objects that
hint at a certain class without being directly associated with it.

8.4.5 Temporal Representation Bias

Finally, we consider representation bias with respect to the temporal aspect in Table
Namely, we consider which temporal representations, single frame vs. multiple frames,
best-score frame vs. middle frame, as well as average-over-frames vs. sequence-of-frames
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\UCF SSv2 K400 Ké6oo K700 MiT\MSR DDM ActN LSMDC YC2 S-MiT
61.3 6.0 39.7 356 31.1 20.1|234 198 13.5 127 6.1 35.5
66.5 7.4 48.0 433 387 214|334 291 215 183 8.9 46.1
66.7 6.8 46.6 42.1 37.1 23.4|31.9 265 266 164 8.6 438
66.3 6.4 48.0 44.1 39.0 22.6/36.6 272 266 170 84 459

middle-frame
max-score frame

avg.-over-frames
seq.-of-frames

Table 8.3: Evaluation of temporal representation bias. We report the performance of our
model in objects+composition+activities concepts setup and common sense bias setup.

‘UCF SSv2 K400 Ké6oo K7oo MiT‘MSR DDM ActN LSMDC YC2 S-MiT
Fleiss’ kappa ‘86.1 77.8 91.2 90.7 92.5 91.2‘ 92.0 91.7 90.9 92.5 91L.3 Q3.2
% object-biased samples‘ 73 7 55 55 48 24 ‘ 28 23 20 11 6 36

% of full test split ‘
in UTD-split 27 93 45 45 52 7672 77 80 89 94 64

Table 8.4: UTD-splits statistics. Fleiss” kappa coefficient measures the agreement among 9
models used to create UTD-splits.

embeddings, perform best. For all datasets except ActivityNet, max-score-frame performance is
comparable (< 3.5% difference) to multiple frames performance (average of frames/sequence
over frames). Moreover, for SSv2, Kineticsgoo, DiDeMo, LSMDC, YouCook2, and S-MiT, we
found that max-score-frame is a better indicator of class/captions than all frames.

8.4.6 UTD-splits

Since our analysis reveals significant object bias in benchmarks, we generate object-debiased
UTD-splits for considered benchmarks, as described in Section Namely, we remove
object-biased samples where nine models that use different prompts in the text embedding
model or trained on the bootstrapped train set uniformly agree that the sample can be predicted
correctly based solely on objects. Table 8.4/ summarizes the percentage of object-biased samples
identified in the datasets, the level of model agreement (measured by Fleiss” kappa coefficient,
which is notably high), and the number of samples retained from the original datasets.

8.5 BENCHMARKING VIDEO MODELS

In this section, we benchmark state-of-the-art video encoders on considered datasets and their
UTD-splits.

8.5.1 Setup

Video Models. We consider state-of-the-art video encoders with varying model sizes and
pretraining configurations with open-sourced weights. For action classification, we benchmark
24 different variants of VideoMAE [TSWW?22], VideoMAE2 [WHZ™ 23], All-in-one [WGY 23],
Unmasked Teacher (UMT) [LWL"23], VideoMamba [LLW "24], and InternVid [WHL™" 23]
families. For text-to-video retrieval, we consider 17 video-language models of UMT [LWL 23],
VideoMamba [LLW " 24], and InternVid [WHL™ 23] families. In total, we analyze 30 models



116 CHAPTER 8. UNBIASING THROUGH TEXTUAL DESCRIPTIONS: MITIGATING
REPRESENTATION BIAS IN VIDEO BENCHMARKS

UCEF- UCE- SSva- SSva- K400- K4o00-
UCF UTD- UTD- SSv2  UTD- UTD- K400 UTD- UTD-

split  s. balanced split  s. balanced split  s. balanced
videomae-B-K400 89.2 « 81.3_79 82.8 44 54.2 521 54 53.0_12 64.3 495 148
videomae-B-UH 88.4 792 95 80.4_go 56.2 54.0 72 549_13 64.3 49.6_147
videomae-L-UH 95.7  90.9_438 91.0_47 67.3 654_19 66.2_11 75.8 63.3_125
videomae-H-UH 95.2  90.9_43 91.0_42 67.4 655_19 66.3_11 76.5 63.7_128
videomaev2-B-Ky10-fnK710 | 99.0 98.1_g9 97.6_14 | 571 54754  559_12 | 850 [ZIONEHN 755 95
allinone-B-WV2M+CC 84.5 729 116 262 225 37 24.7 15 66.9
allinone-B-WV2M+HT 81.4 68.3_131 227 193 34 21.3_14 61.4
allinone-B-WVa2M+HT+CC+YTT+ | 81.3 22,0 188 3, 20.7 13 61.2

umt-B-K710 91.3 | 76.8_145 824 g9 50.6 479_,7 491 15 77-7 63.7 140
umt-B-K710-fnK710 99.0 96.8_3, 97.1 19 49.4 46.6 33 481 13 85.6 76.2 94
umt-L-K710 95.7  87.2_35 89.2 45 59.4 57.0_p4 58.1_13 84.0 73.0_110
umt-L-K710-fnK710 98.9 96.7_3, 971 13 57.9 555 54 56.7 12 89.0 81.6 74
videomamba-vm-K400 90.9 _ 81.0_99 35.9 32.6_33 344 45 75.3 60.5_118
videomamba-vm-5M 93.7 | 82.0_117 86.7_70 485 456 29 469 16 77-5 64.0_135
videomamba-vm-17M 93.2 | 80.5 127 84.3 g9 47.4 447 57 459 15 77.7 63.6_141
videomamba-vm-25M 94.3 | 83.0-113 86.5_78 487 459 53 47.1 16 78.4 64.6_138
internvid-B-10M-FLT 94.0 | 81.1 159 84.7 93 48.1 452 59 46.7 14 78.6 64.9_137
internvid-B-200M 94.5 | 829 116 85.2 93 54.4 51.8 74 52.8_1¢ 80.0 66.8_132
internvid-L-10M 93.2 | 80.2_439 85.3_79 52.6  50.0_2¢ 51.1_15 77.4 63.8_136
internvid-L-WebVid1ioM 94.1 | 82.5 116 86.3_73 54.9 524 55 534 15 78.9 65.7 132
internvid-L-10M-DIV 94.8 | 83.2 116 87.6_7, 51.7 488_59 50.1_1¢ 80.3 67.4_129
internvid-L-10M-FLT 95.5 « 86.3_92 88.4_ 7, 53.6 50.9_57 52.1_15 81.9 69.6_123
internvid—L—soM 95.2 85.5_9_7 88.4_53 60.6 58.2,24 59.371_3 8143 69.1_12_2
internvid-L-200M 96.8  90.5_43 91.9_49 631 61.07; 61.9_1, 84.6 73.9_107

Table 8.5: Benchmarking video models in action classification. We report accuracy on full
test/val sets and our debiased UTD-splits. The accuracy differences with respect to the full
test/val sets are color-coded.

and list all considered variants in Appendix

Implementation Details. To evaluate action classification performance in a standard aligned
setup, we follow the VideoGLUE benchmark of using a frozen video backbone and
lightweight pooing head as a test of the strength of video model representation. To adapt each
video backbone for a specific dataset, we create a model that 1) uses frozen video backbone to
extract spatio-temporal features, and then 2) uses a single attention pooling layer [YGZ 23] to
aggregate spatio-temporal features into a single vector representation and 3) a single linear
projection layer to classify on the required number of classes. We train the model on a full
train split of the corresponding dataset. For video model evaluation in text-to-video retrieval,
we reported their zero-shot performance on our debiased splits. We follow the corresponding
model recipes in using re-ranking and how many examples are reranked. We report the
accuracy for classification and the recall@1 for text-to-video retrieval. Additional details are

provided in Appendix

8.5.2 Results

We evaluate the performance of video models for action classification on the UCF, SSv2,
and K4o0 datasets and their UTD-splits in Table and for text-to-video retrieval on the
MSRVTT, DiDeMo, and ActivityNet datasets and their UTD-splits in Table Performance
for other datasets is reported in Appendix Across all models, performance drops notably
on debiased splits (except for SSv2), suggesting that current models strongly rely on object
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MSR- DDM- ANet-

MSR UTD- | DDM UTD- | ANet UTD-

split split split
umt-b-sM 30.0 20595 | 302  20.6_96 | 28.6 223 43
umt-b-17M 35.6 | 26393 | 37.7 | 27.6-101 | 342 27.3_49
umt-b-25M 35.3 248 105 | 342 24696 | 25.1 19.7 54
umt-1-5sM 34.8 249 99 | 335 218 117 | 34.8 287 61
umt-1-17M 43.6 311 155 | 46.3 [ 35.6-107 | 45.9 @ 38.7_72
umt-1-25M 423 306117 | 43.6 [ 33.5_101 | 36.7 304 43

videomamba-vm-sM | 33.3 | 28.0_103 | 37.1  27.1_100 | 37.1  30.1_7p
videomamba-vm-17M | 34.9 = 25594 | 40.6 | 289_117 | 40.4 < 33.0_74
videomamba-vm-25M | 34.9 @ 25594 | 41.4 [305-109 | 41.1 | 33.8_73

internvid-B-10M-FLT 37.9 (254 155 | 28.6 | 172 114 | 244 18.8_554
internvid-B-200M 38.1 | 247 434 | 302 | 194 198 | 262 201 43
internvid-L-10M 267 187 g0 | 226 156_79 | 21.5 16.3_5,
internvid-L-WV1ioM 26.5  17.6_g9 22.2 | 13.8_g4 | 23.1 17.5_554
internvid-L-1oM-DIV | 37.3 [ 242 437 | 269 [159 119 | 232 17.7 55
internvid-L-10M-FLT 387 1 263 124 | 29.2 | 188_104 | 245 19.0_55
internvid-L-50M 32.4 | 220104 | 265 | 18352 | 244 18.0_64
internvid-L-200M 382 248 134 | 30.3 | 202407 287 221 46

Table 8.6: Benchmarking video-language models in text-to-video retrieval. We report accuracy
on full test/val sets and our debiased UTD-splits. The accuracy differences with respect to the
full test/val sets are color-coded.

representation bias. Evaluation on UTD debiased splits shows a higher range of scores of
models, revealing that some models (e.g. all-in-one models) were more heavily relying on
object bias rather than utilizing action/motion cues for video understanding. Further, we can
observe that the best performance flips for some models for the debiased case compared to the
full test set, e.g., for videomae-B-K400 compared to videomamba-vm-K400 on the UCF dataset.

Additionally, by comparing the performance decline between the original datasets and the
UTD-splits, we can assess models’ sensitivity to object bias. Overall, we see in the case of action
classification, Table that VideoMAE models are most robust to object bias, whereas Allinone
models are most impacted by object bias. We also note that performance drops correlate
between the UTD-split and UTD-split-balanced versions. We can further observe that larger
backbones/architectures, and to a certain extent, more training data, lead to a reduced bias
compared to smaller models, e.g. InternVid and VideoMAE. This pattern does not hold for
text-to-video retrieval, shown in Table Here, larger backbones and backbones trained with
more data turn out to have higher object bias than smaller models or models trained with
less data (see InternVid). We attribute this behavior, to the fact that retrieval models leverage
information from both the vision as well as the text backbone. Thus, if larger text backbones
also learn more object properties or a larger vocabulary of objects, this might further encourage
object-centering learning in the visual stream as well.

8.6 CONCLUSION

In this chapter, we presented a new way to examine representation biases in video classifica-
tion and retrieval datasets by leveraging recent, powerful VLMs and LLMs with no human
involvement. Our investigation confirms that most video datasets are heavily focused on object
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recognition. Based on our bias analysis, we propose a method to reduce object bias in these
benchmarks, enabling more robust video understanding evaluation. With that, we are able
to benchmark state-of-the-art video models and show an analysis of the object bias in these
models. We hope that our findings, together with the presented benchmark, offer valuable
insights for the future development of more robust video understanding benchmarks and
models.

To summarize, in this part of the thesis, Part we address the data aspect of model
development by improving both training and evaluation datasets without human annotation.
In the next part, Part we continue developing models without human supervision and
focus on dense prediction capabilities, namely spatial and spatio-temporal localization.



GROUNDING WITH MULTIMODAL
MoDELS WiTHOUT HUMAN SUPERVISION

In the final part of the thesis, we study how to enable dense
properties in representations trained without any human annotations
using only free multimodal supervision. Specifically, we address the
tasks of spatial and spatio-temporal grounding in videos.

In Chapter[g) we propose a new framework for spatio-temporal action
grounding that learns solely from noisy multimodal supervision,
specifically instructional videos accompanied by subtitles. To assess
this task under challenging, realistic conditions, we also release a
new benchmark with dense spatio-temporal annotations in long,
untrimmed, multi-action instructional videos.

In Chapter we further explore how to uncover the activity-
grounding abilities of frozen pretrained multimodal models without
additional training or finetuning and propose the first training-free
method for spatial action grounding.
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in video data, based on verbal descriptions only. Models for this task are usually

trained with human-annotated sentences and bounding box supervision. This work
addresses this task from a multimodal supervision perspective, proposing a framework for
spatio-temporal action grounding trained on loose video and subtitle supervision only, without
human annotation. To this end, we combine local representation learning, which focuses
on leveraging fine-grained spatial information, with a global representation encoding that
captures higher-level representations and incorporates both in a joint approach. To evaluate this
challenging task in a real-life setting, a new benchmark dataset is proposed, providing dense
spatio-temporal grounding annotations in long, untrimmed, multi-action instructional videos
for over 5K events. We evaluate the proposed approach and other methods on the proposed
and standard downstream tasks, showing that our method improves over current baselines
in various settings, including spatial, temporal, and untrimmed multi-action spatio-temporal
grounding.

SPatio—temporal grounding describes the task of localizing events in space and time, e.g.,

This chapter is based on the CVPR 2024 paper [CSR724]. As a second author, Nina
Shvetsova contributed to weekly scientific discussions, writing of the paper, and creating the
figures.
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Training Setup: Unlabeled videos with narrated instructions

/
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"To this we willadd - "... you can use the |
one carrot chopped forks to pull it a bit =Y
into jong jullien ..." appart..." :

o> il
it so it mixes

Evaluation Setup: Referential queries - "Crack egg", "Mix egg", etc.
. background "Crack egg" background "Mix egg" background .

Task: Spatio-Temporal Grounding - Find the temporal boundary of a
queried action in an untrimmed video and spatially localize the action.

Figure 9.1: Learning Spatio-temporal grounding in untrimmed videos. In training, we learn
from unlabeled videos without human annotation. In evaluation, we perform spatio-temporal
grounding using an action description such as “crack egg” as a query. The model needs to
localize both the action’s temporal boundary and spatial region in the long untrimmed video.
We visualize the heat-map from the annotation points as well as derived bounding boxes.

9.1 INTRODUCTION

Spatio-temporal grounding (STG) describes the challenging task of locating events in space
and time within video data based on text referential expressions. Methods in this field usually
rely on a combination of spatio-temporal bounding box annotation, together with a human-
generated caption, describing the visual content of the bounding box JylYM22],
which limits their generalizability beyond the given training scenario. Compared to that,
as a second line of work, multimodal self-supervised learning tries to leverage “free” data
sources, such as video and automatic speech recognition (ASR) captions from large-scale
instructional videos to learn representations without human annotation [MZA™ 19, MAS™ 20,
ARS™ 20, AYQ™" 21, (CRD"21]. The resulting models achieve state-of-the-art performance on
zero-shot tasks such as cross-modal video retrieval or classification and also for zero-shot
temporal action segmentation and detection based on free text queries [ZAC" 19a, KIRG19),
TDR " 19} [CRD" 21} SCR"22], but usually lack spatial localization abilities. A third line of work
focuses on label-free spatial grounding, e.g. by training on image-caption [AKB' 19, YGW 22,
ILZZ 22, WLL 22} [ZYZ " 22] or video-caption pairs SXGX19]]. The goal is to correctly
localize a referential expression in an image or each video frame, e.g., via a bounding box or a
heatmap. However, those methods are not optimized to detect whether an event is present in a
video. The assumption is thus that the evaluated expression is visible in the image or in all
video frames.

The following work aims to bring together those ideas to address the task of spatio-temporal
action grounding from multimodal supervision in untrimmed videos. We propose a grounding
approach that uses video-text pairs based on ASR transcripts in instructional videos and learns
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the spatial representation of free-text events as well as their temporal extent, as shown in
Figure To this end, we leverage two different representations of the visual data: a global
feature representation based on full-frame information to define the temporal extent of an
event and a local representation based on frame-wise grid features for spatial localization.
The motivation for this dualism is that while the local representation captures the spatial
correlations between vision and text input, this can be too fine-grained to learn a holistic
representation of the frame, while the global representation can be assumed to capture a
more compact, aggregated view compared to local data and thus to provide a more reliable
cue for the task of temporal localization. However, compared to the hand-annotated video-
caption setup of most spatio-temporal grounding methods, the ASR text can be noisy as not
all comments refer to visible events. Further, as there is only a loose temporal correlation, the
described activities might not be precisely aligned, can be scattered over multiple frames, or
not be present at all [MAS™ 20, [HXZ22]. Therefore, we propose to specifically select frames
to capture only those useful for training. To this end, we look for frames that match the
vocabulary of the respective text, leveraging a selection strategy by Sinkhorn optimal transport
[Cut13]. This allows us to train a model that can localize actions in space and time within
videos without labeling supervision.

To evaluate spatio-temporal grounding in untrimmed videos, a new benchmark, Ground-
ingYouTube, is proposed. It is based on the existing MiningYouTube dataset [KIRG19]] and
extended with spatio-temporal localization information. This setup differs from other bench-
marks such as [TPS™21, [CMLW19, [ZLC18b] in two ways: first, by using multiple center point
annotations, it focuses on the grounding of referential actions itself instead of interacting
humans or objects which are usually labeled; second, the dense annotations of multiple actions
in the video allow us to benchmark action grounding in long, realistic untrimmed videos
compared to existing, often pre-clipped benchmarks[CMLW19, [ZZZ"20]. The benchmark
provides queries for 512 different event types and over 5K spatio-temporal annotations, as
shown in Figure A comparison of current datasets is shown in Table

To evaluate the proposed approach as well as the new benchmark, the system is trained
on the HowTo100M dataset [MZA™19] and compared to state-of-the-art methods based on
full, weak, and self-supervision for spatial and temporal, as well as combined spatio-temporal
grounding tasks. It shows that existing methods usually do well in one of the two aspects,
spatial or temporal grounding. In contrast, the proposed method can combine spatial and
temporal aspects.

We summarize the contributions of this work as follows:

* We propose a framework for spatio-temporal grounding in untrimmed videos based
on weakly aligned multimodal supervision without human annotation, employing a
combination of global and local representation learning to learn the spatio-temporal
extent of actions.

¢ To facilitate this task, we propose a frame selection strategy based on Sinkhorn-Knopp
Optimal transport that improves the quality of the acquired learning samples, leading to
more effective supervision.

¢ We provide a new benchmark and annotations to evaluate this challenging problem on
real-world multi-action instructional video data.
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Dataset Annotation

Spatial Temporal
V-HiCo object bb + human bb -
AVA-Kinetics object bb + human bb -
ActivityNet entities object bb + human bb -
THUMOS14 - action boundaries
ActivityNet - action boundaries
HACSSegment - action boundaries
YouCook II - multi-action boundaries
Cross-Task - multi-action boundaries
COIN - multi-action boundaries
EPIC KITCHENS-100 - multi-action boundaries
Ego4D - multi-action boundaries
JHMDB51-21 human tubes -
UCF101-24 human tubes action boundaries
Daly human tubes action boundaries
Vid-STG human tubes action boundaries
HC-STVG human tubes action boundaries
AVA human tubes action boundaries
YouCook-Interactions action bb -
GroundingYoutube (ours) | action bb + center points multi-action boundaries

Table 9.1: Comparison of spatial, temporal, and spatio-temporal grounding datasets.
V-HiCo [LDT21], AVA-Kinetics [LTR"20], THUMOS14 [[Z]"17], ActivityNet [CHEGCN15b], Ac-
tivityNet entity [ZKC'19], HACSSegment [ZTTY19], YouCook II [ZXC18|], Cross-Task [ZAC " 19a],
COIN [TDR " 19|, EPIC KITCHENS-100 [DDE"22], Ego4D [GWB™22], JHMDB51-21 [JGZ ™ 13], UCF101-
24 [SZS12] Daly [WMSi6|], Vid-STG [ZZZ'20], HC-STVG [TLL"21], AVA [GSR"18], YouCook-
Interactions [TPS™21].

9.2 RELATED WORK

9.2.1 Supervised Spatio-temporal Grounding

Spatio-temporal Grounding refers to the problem of localizing a sequence of bounding boxes
(a spatio-temporal tube) for a target object described by an input text. This problem has been
addressed by various approaches TubeDETR [YMS™22], STCAT [JylYM22], STVGBert [SYX21],
STVGBert [SYX21], STGVT [TLL"21], STGRN [ZZZ*20], Visil [KZPPK19]. These methods
rely on proposal networks such as Faster R-CNN [RHGS15] or MDETR [KSL"21] to predict
bounding box coordinates for learning text-to-region interaction. All those approaches rely
on supervised training with the human-annotated sentence and bounding box supervision,
provided, e.g., by datasets such as VidSTG [ZZZ " 20], HC-STVG [TLL™21]. While those datasets
provide a temporal aspect, temporal detection is usually limited to identifying the start and end
frame of a single action in a video. Compared to that, an untrimmed setting usually comprises
multiple actions in a longer video that can be separated by longer background sequences. This
conceptually differs from previous works [CMLW1g] that typically use short videos of around
5-10 seconds. Other datasets such as ActivityNet entities [ZKCT19] provide only bounding
boxes for noun phrases in the captions, namely the objects, which is related to object detection
task and does not capture any spatial or temporal extent of actions.
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9.2.2 Multimodal Self-supervised Learning

The field of multimodal self-supervised learning aims to learn data representations by leverag-
ing large amounts of unlabeled data with multiple modalities. Early works [WBU11| FCS™13]
started by projecting images and text into a joint visual-language embedding space, where em-
beddings of semantically similar pairs are close. Those ideas have now grown into systems such
as MIL-NCE [MAS™20] using the HowTo100M dataset [MZA™ 19] to train a video-language
embedding space from 1.2 million instructional videos paired with text descriptions from ASR.
Follow-up works, including [ARS™ 20, /AYQ" 21, RBH 21, (CRD™ 21, SCR™22] show that using
videos without annotation enables an effective multimodal embedding space via contrastive
learning.

Based on those advantages, approaches started to address the problem of Spatial Video
Grounding from multimodal self-supervised aiming to identify spatial locations in a trimmed
video based on text descriptions without the need for bounding box annotation during
training. One of the early works studied this task in the context of weakly supervised
learning where we learn grounding with human-annotated captions of the video [ZLC18b].
In this context, works [TPS™ 21} SXGX19] have focused on object grounding benchmarks such
as YouCook2-BoundingBox [ZXC18|], which provides bounding box annotations for visible
objects in cooking videos. Other works such as GLIP [LZZ 22|, RegionCLIP [ZYZ"22], and
others [YHW 22, [ZZH"22] combine the principles of large-scale vision language training
with bounding box finetuning on object detection datasets [GDG19, LMB™ 14]. Recently, the
YouCook-Interactions dataset [TPS"21] and CoOMMA [TPS™21] have been proposed for the
spatial grounding of objects and actions with multimodal self-supervision from HowTo100M
videos. These works assume that the video is temporally clipped with respect to the grounding
phrase.

Compared to that, Temporal Video Grounding aims to determine the set of consecutive
frames corresponding to a text query in an untrimmed video [JLZ" 14, SPAT 21| [CTY21], thus
predicting temporal boundaries of action instances. Recent work such as MIL-NCE [MAS™ 20],
MCN [CRD™ 21|, and VideoCLIP [LHH22|] utilize large-scale pretraining for grounding actions
temporally via text-to-frame similarity on video datasets such as MiningYouTube [KIRG19]
or CrossTask [ZAC " 19a] without proposals. However, these methods lack spatial localization
ability [ZXH™ 20, [ZZZI 21].

9.3 METHOD

9.3.1 General Setup

The goal of the proposed method is to temporally and spatially localize actions based on
free-text queries in untrimmed videos. To this end, two representations are learned, a local and
a global one. We start with narrated video clips, each associated with a corresponding visual
representation and text narration. Namely, for each clip X = {V, S}, let V stand for the video
clip and S for the text narration sentence generated by the automatic speech recognition (ASR)
system. Each clip V consists of U x N spatio-temporal tokens {v,,}, where u € {1,..,U}
represents the number of frames in the video and n € {1, ..., N} represents the number of
spatial grid region tokens or features in a frame. The text sentence S consists of K words
{s1,...,sx}. We represent localized features by the tokens from each modality, and the global
features {V, S} are acquired either by mean-pooling over the local features (S3D) or by using
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Figure 9.2: Spatio-temporal grounding approach. (a) We aim to select frames with groundable
objects and actions. To this end, projected text features are matched with respective frame
features. (b) Sinkhorn optimal transport is then leveraged to optimize the selected frames wrt.
the text input. (c) Based on the selected frames, a global representation is learned to allow for
temporal localization, as well as (d) a local representation to ground the action description in
the spatial region.

the [CLS] token from the transformer (CLIP) as in [RKH"21b]. We learn transformations
f:V — RY to a d-dimensional representation f(V) € R? from the global representation V,
and ¢ : S — RRY, to produce similar d-dimensional text global embeddings: ¢(S) € R?. Similar
to {f,g}, we note {f, ¢’} to be the transform for localized features, where local features {v,s}
are also projected as d-dimensional representations.

9.3.2 Representation Guided Frame Sampling

Learning from multimodal self-supervision is challenging since the narration is likely to be
noisy, thus containing more information than the actual task descriptions due to poor temporal
alignment or cut scenes [HXZ22], which is the key differences between weakly supervised
vision-caption grounding and multimodal self-supervised grounding. This work pursues a
frame selection strategy to improve object grounding and temporal alignment during training.
We start from a longer sequence U, where U > T, which includes the video frames before and
after the ASR boundaries that could contain actions or objects in the sentence. Our goal is
to find T frames out of the U frames that are most relevant to the actions and objects in the
sentence S. We formalize it as an optimal transport problem utilizing the Sinkhorn-Knopp
algorithm [[Cut13].

Optimal transport for text-to-frame assignment. To acquire the optimal assignment from
word features to video frames, an assignment matrix Q is computed from each video and
ASR pair as shown in Figure|9.2(a). This cross-model optimal transport mechanism is applied
to assignment Q from the projected cross-model similarity P between word tokens and each
video frame, where P = ¢(S)® f(V)" € R*¥*U. To compute the assignment matrix, the
text and video projection layers from the global representation in Figure [9.2(c) are used
to project multimodal features into a common space for feature similarity calculation. We
investigate various granularities of the features where we compute the similarity between
the text features at the word (local) / sentence (global) level and the visual feature at frames
(global) / spatiotemporal tokens (local) level to acquire P, as shown in Table To ensure that
the word-to-frame assignment contains more diversity instead of just saturated assignments to
a single video frame, we add a constraint by Sinkhorn that requires label assignments to be
equally distributed across various video frames representing diverse object/action concepts.
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Figure 9.3: Spatio-temporal inference. Both representations are used for spatio-temporal
grounding: Starting by predicting the action boundary, spatial grounding is performed on the
selected frames using the predicted label to find corresponding regions.

Details of the Sinkhorn optimal transport are included in Appendix

9.3.3 Local Representations for Spatial Localization

To capture multimodal interaction with finer granularity, we need to learn the projection
between tokenized features as shown in Figure [9.2(d). We extract spatio-temporal region
features vy, from the video. Also, we extract word features sy which represents the feature
from word k. All tokenized features are projected through a linear layer. To compute attention
between the tokenized features, we stacked two cross-modal attention layers with a self-
attention layer in the middle, as illustrated in Figure|9.2|(d). Cross-modal attention is computed
similar to the standard attention mechanism [LCH"18]. Given a spatio-temporal token vy,
from a video, we compute the attention score to all of the words s, where k € {1,...,K} in the
exp (erk)
Tkt exp(enk)
then acquire a contextual video token feature 7y, = Zle &4k Sk, Which encoded text contextual
information. Note that the contextual vector is represented by aggregating the representations
from the other modality. Follow the standard self-attention computation [VSP"17] K, Q, V

N
represent the features for the keys, queries, and values as: Attn(K, Q, V) = softmax < (?/di:) %4

ASR sentence S by ay,, = in the same video clip, where ey, = cosine(vs,, sy). We

where dy is the dimension of the key. In our case, we feed each contextual feature {7,,5;} right
after the first cross-attention layer to the K, Q, V' to acquire its self-attended representation. The
localized attention model was trained using contrastive loss.To represent the video clip V and
ASR sentence S, we mean-pool over the spatio-temporal tokens in video V = =& YN 3, and
words § = %Z,Ile 5k respectively. Let (V(l), S (l)) be the /-th training example pair. We adopt
the Noise Contrastive Estimation (NCE) loss [GH10] and the localized attention losses L;qq :

1 B eVl'S_li(s 6‘7['5_175
_EZ log — | + | log— R (9.1)
=1 eVl.S,—(S_'_ Z eV]émp'Sl EVI'SI_5+ Z eVl'S:(mp)
k=1 k=1
k#l k£l

where B is the batch. V;mp and S_,imp represent imposter samples, and ¢ is a margin hyperpa-
rameter.
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9.3.4 Global Representations For Temporal Localization

We learn the global representation of a video clip and a sentence by contrastive loss, as shown
in Figure c). We again use the NCE loss function [GHio]. The global contrastive loss
Lciovar follows the formulation as Equation |9.1) while using the global representations V and
S, which are the [CLS] tokens or mean-pooled features from both modalities, instead of the
local representations. Projecting the global features to the same space ensures that the features
across different modalities are comparable. Since global representations encode information
from the entire video, it is essential in encoding temporal information for the later downstream
tasks. The final model is optimized by the sum of both losses as L, = Liocal + LGiobal-

9.3.5 Inference for Spatio-Temporal Grounding

To perform spatio-temporal grounding on untrimmed videos, we start from temporal action
detection as shown in Figure Given a pool of possible action descriptions on the left and
an untrimmed video, we perform feature similarity matching using the global representation
([CLS] token or mean-pooled feature) per frame with a threshold T to filter backgrounds. We
pick the action class with the largest similarity score per frame. Later, we use the predicted
action class and feed it into the local representation branch to compute spatial grounding. We
follow [AZ20] to compute feature similarity between visual tokens and text tokens through
the cross-attention and self-attention. In the end, we acquire an attention heatmap for later
downstream evaluation. More information on inferencing are in Appendix

9.4 GROUNDINGYOUTUBE BENCHMARK

Current downstream datasets either provide spatial [TPS™ 21|, or temporal annotation [KIRG19],
or spatio-temporal annotation [ZZZ"20] but only for short video clips with few frames before
and after the action takes place. These datasets do not provide the opportunity to evaluate both
aspects, spatial and temporal grounding, in an untrimmed long video manner. We, therefore,
extend one of the current benchmarks, MiningYouTube [KIRG19], with 250 untrimmed videos
with a duration of around 3-5 minutes and an average of 41.6 labeled action instances per
video. Note that each video contains various classes. As the dataset already provides dense
temporal annotations, we annotate the respective temporal action segments in the dataset with
spatial information.

Annotating the spatio-temporal extent of actions can be challenging as there is no clear
visible outline as, e.g., in object annotation, nor is there a unique signal to indicate the temporal
begin and end points. Similarly, grounding systems do not produce pixel-exact bounding
boxes, but rather indicate regions of interest. Detector-free spatial grounding models [ADA™ 21]]
address this fuzziness by relying on pointing game accuracy, thus only using the center point
of the heat map for evaluation. Lending on this idea, annotators were asked to mark the
presumed center point of the action. Compared to bounding boxes, center point annotation
can be advantageous because annotators are not visually distracted by object outlines, so it is
more likely that the most important region will be selected. We capture five annotations per
frame, resulting in a density-based heatmap.

Starting from 5,091 clips showing one of the 512 action classes, we adopt the methodology
used for temporal action localization developed in [GSR™ 18] and label one frame per second,
resulting in 26,987 labeled frames. We annotated all frames with five repeats per image,
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Figure 9.4: Visualization of the point annotation and automatic bounding box generation
from points. The red point represents the mean of the five annotation points. The points
annotation captures diverse patterns in various action types.

resulting in five annotations per frame and 134,935 point labels in total. To evaluate using
bounding boxes [KWFS17], we get the union of all annotated points with additional distance
to construct the bounding box as shown in Figure More information on the annotation
process, bounding box derivation, and dataset analysis is provided in Appendix

9.5 EXPERIMENTAL EVALUATION

9.5.1 Datasets

Training Data: HowTo100M dataset contains 1.2M instructional videos along with their
corresponding automatically generated speech (ASR). The narrations may be inaccurate and
do not always accurately depict the video scene.

Downstream Datasets: GroundingYoutube (GYT) is used to evaluate the task of multi-action
spatio-temporal grounding as described in Section MiningYoutube (MYT)
provides temporal annotation and is limited to the domain of cooking instruction videos.
YouCook-Interaction (YC-Inter) is an extension of the YouCook2 dataset
for cooking instruction providing bounding boxes for 6K selected frames. The bounding
boxes usually comprise the hand and the tool mentioned in the respective sentence-wise
annotation. To further benchmark on general video domains on the V-HICO dataset [LDT*21]
with 6.5k videos with human-object interaction bounding boxes annotations, and Daly action
dataset [WMS16], featuring videos consisting of daily actions such as “brushing teeth”.
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GroundingYoutube
. . mAP
Method Backbone Dataset Supervision Mod. IoU+Point

01 02 03 04 05 0105
CoMMAT [TPST21] S3D HT250K Self VT 1.02 218 1.72 1.11 0.93 0.37 1.26
MIL-NCE [MAS™20] S3D* HT100M Self VT 4.67 33.94 25.16 12.65 3.42 041 15.11
Ours S3D HT100M Self VT 9.12 42.70 35.49 25.16 16.22 10.05 25.92
GLIP [LZZ"22] Swin-L*  Cap24M Weak IT 1.24 283 2.10 1.52 0.96 037 1.56
CoMMAT¥ [TPST21] CLIP HT100M Self VT 1.68 351 232 188 099 o040 1.82
CLIP [RKH™21b] CLIP HT1o00M Self IT 3.59 29.54 22.15 9.16 248 0.39 12.74
RegionCLIP [ZYZ"22] ResNet-101* CC3M Weak IT 5.65 35.65 27.43 15.69 4.31 0.86 16.78
Ours CLIP HT100M Self VT 10.09  42.81 36.05 25.84 17.10 11.35 26.63
Ours CLIP* HT100M Self VT 11.53  43.64 36.94 26.78 19.45 14.61 28.26
MIL—NCE(temp.)+RegionCLIP(spa.)‘ - - - VT 9.21 40.54 34.97 22.38 13.79 9.18 22.33

Table 9.2: Spatio-temporal grounding on GroundingYouTube full videos. The proposed
model learns global representations encoding global information and spatial correspondences
across modalities, achieving a better performance in spatio-temporal evaluation compared to
models trained on only spatial or temporal grounding. Mod.=Modality (V: video, I: image, T:
text), * indicates finetuned backbone, t denotes weights shared by the authors, ¥ trained with
CLIP backbone.

9.5.2 Baseline Methods

Temporal: MIL-NCE [MAS"20] utilizes S3D [XSH"18] and word2vec [MCCD13].
CLIP [RKH"21b], an image-text model with transformer. Spatial: CoMMA [TPS™21], SSL
model (+ for weights shared by the authol!| t trained with CLIP); GLIP [LZZ 22], Region-
CLIP [Z2YZ"22], SOTA weakly supervised grounding model. Spatio-temporal: We construct
MIL-NCE+RegionCLIP following the inference pipeline in Figure TubeDETR [YMS™22]
and STCAT [JylYM22] are supervised. More descriptions of the baselines are given in Appendix
Details of the implementation and experimental settings can be found in Appendix|(G.2.2
Inference setups for each baseline are described in Appendix

9.5.3 Downstream Tasks

We considered the following downstream tasks to evaluate spatio-temporal grounding abilities
of various models (detailed description is included in Appendix[G.2.4):

(i) Spatio-temporal grounding in untrimmed video is evaluated on the proposed Grounding
Youtube dataset. The entire video and the respective pool of action instructions were provided.
The model needs to localize each action step in time (start-time/end-time) and space (location
in the video) as described in Figure We evaluate in two metrics: IoU+Pointing game
combines the evaluation setting from the spatial grounding [AKB™ 19] and temporal grounding
[KIRG19] metrics. For each video frame, the prediction is correct when the model predicts
the correct action for the frame. Also, given the predicted action as a query, the maximum
point of the heatmap aims to lie within the desired bounding box. We then compute the
Intersection over Union (IoU) over all the predictions with the GT to acquire the final score. We
also compute video mAP following previous evaluation [GSR™ 18], where we set IoU threshold
between GT and predicted spatio-temporal tubes. A prediction is correct when it surpasses
the IoU threshold. We then compute the mAP over all classes. We form a 3D prediction mask

"We thank the authors for providing code and weights.
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YC-Inter GroundingYT  V-HICO Daly

Method ‘ Backbone Data  Super. Mod. Acc Acc  mAP ‘ Acc mAP | Acc mAP
MIL-NCE [MAS™ 20] S3D* HT1iooM  Self VT 23.67 |2745 821 |12.65 11.23 | 13.84 24.23
CoMMA [TPS*21] S3D HT250K  Self VT 48.63 | 47.68 2338 |40.97 21.45 |54.48 33.39
Ours S3D HT1iooM  Self VT 53.98 | 60.62 44.93 | 44.32 24.31 | 66.35 45.93
CLIP [RKH™21b] CLIP HTiooM  Self 1T 14.10 | 12.50 3.49 |29.23 1251 | 18.02 27.28
CoMMA? [TPS*21] CLIP HT100M  Self VT 52.65 |47.56 36.42 |55.20 34.54 | 61.06 44.37
RegionCLIP [ZYZ722] | RN50x4* CC3M  Weak IT 51.56 |52.84 23.42 |57.92 37.82 | 67.12 48.62
GLIP [LZZ " 22] Swin-L*  Cap2gqM  Weak IT 52.84 |53.62 24.73 | 66.05 41.17 - -

Ours CLIP HT100M  Self VT 57.10 | 55.49 43.12 | 60.71 39.28 | 70.08 50.56
Ours CLIP* HTiooM  Self VT 58.35 |56.98 45.32 | 62.34 41.56 | 71.35 52.78
TubeDETR [YMS™" 22| MDETR  Vid-STG  Full VT 51.63 |53.24 41.76 |63.23 40.87 |84.21 62.98
STCAT [JylYM22] ResNet-101  Vid-STG  Full VT 54.47 | 55.90 44.21 | 6534 41.10 |85.42 63.94

Table 9.3: Video spatial grounding. We evaluate the accuracy of the pointing game and the
mean average precision. We listed CNN-based methods on top and transformer-based methods
in the middle. Models learning global representations (MIL-NCE, CLIP) don’t perform well on
localization tasks, while our model outperforms other grounding methods. Super.=Supervision,
Mod.=Modality (V: video, I: image, T: text), * indicates finetuned backbone, t denotes weights
shared by the authors, ¥ trained with CLIP backbone.

following Figure |9.3|and compute IoU between our 3D heatmap and 3D tube.

(ii) Spatial grounding is given a text description to localize the region in the trimmed video. It
is evaluated using the pointing game accuracy. If the predicted point lies in the ground truth
bounding box, the result counts as a “hit" and counts as “miss" otherwise. The final accuracy
is calculated as a ratio between hits to the total number of predictions %. We also

report the mean average precision (mAP) following the settings from V-HICO [LDT™21].

(iii) Temporal grounding provides videos with the respective actions and their ordering,
including the background. The goal is to find the correct frame-wise segmentation of the video.
We follow the inference procedure in [KIRG19] to compute the alignment given the similarity
input matrix. The task is evaluated by intersection over detection (IoD), defined as % the
ratio between the intersection of ground-truth action G and prediction D to prediction D, and

the Jaccard index, which is an (IoU) given as gg—g.

9.5.4 Comparison to State-of-the-Art

(i) Spatio-temporal grounding in untrimmed video: We first compare the proposed method
with other approaches designed for spatial or temporal grounding in Table It shows
that models without specific loss designs for spatial grounding (MIL-NCE [MAST20],
CLIP [RKH™21b]) show good mAP scores but lower pointing game accuracy. Out of the
two weakly supervised methods, GLIP [LZZ"22] and RegionCLIP [ZYZ™22]), trained with
aligned image-text, RegionCLIP show significantly better performance in this setting, while
both perform in a similar range in the spatial grounding scenario (see Table[9.3). We attribute
this behavior to the fact that RegionCLIP distinguishes frames with relevant queries better from
background than GLIP, leading to better temporal localization. We finally compare the strong
baseline MIL-NCE+RegionCLIP, which combines two approaches specialized in temporal and
spatial aspects, to our task. It shows that the proposed method improves over all other baselines
underlining the need to incorporate global (temporal) and local (spatial) representations.



132 CHAPTER 9. WHAT, WHEN, AND WHERE? SELF-SUPERVISED
SPATIO-TEMPORAL GROUNDING IN UNTRIMMED MULTI-ACTION VIDEOS
FROM NARRATED INSTRUCTIONS

Method | Backbone Data Super. IoU  IoD
Mining: MLP [KIRG19)] TSM MiningYT ~Weak 9.80 19.20
CoMMA [TPS™ 21] S3D HT250K Self 2,05 5.63
RegionCLIP [ZYZ"22] | RNs50x4* CC3M Weak 10.96 16.86
MIL-NCE [MAS™ 20] S3D* HT100M Self 18.69 26.74
Ours S3D HT100M Self  19.18 27.65
Ours CLIP HT100M Self 19.88 28.50
Ours CLIP* HT100M Self 20.33 29.67

Table 9.4: Temporal Grounding on MiningYoutube. Spatial-focused model CoMMA is not
trained for temporal detection, which results in lower performance. In contrast, the proposed
model combines global and local representation, resulting in better temporal localization than
one alone. Super.=Supervision, * indicates finetuned backbone.

GroundingYT MiningYT YC-Inter. GroundingYT MiningYT YC-Inter.
Spatio-temporal Temporal Spatial Spatio-temporal Temporal Spatial
w/o Sinkhorn with Sinkhorn

None 17.43 18.34 57.42 - - -

Global T - Global V 18.24 19.38 56.31 18.96 19.89 57.34
Global T - Local V 18.01 19.31 57.56 18.53 19.35 57.67
Local T - Global V 18.05 19.85 57.34 19.32 20.36 58.13
Local T - Local V 18.31 19.48 57.86 19.43 20.16 58.51
Average over last two 18.36 19.68 57.77 \ 19.45 20.33 58.35

Table 9.5: Frame selection: (a) Sinkhorn selection results in better supervision. (b) We investi-
gate all possible combinations of global and local representations for frame selection similarity
matching. We found keeping the local text representation is crucial, and a combination of local
and global representation leads to the best spatio-temporal grounding result.

(ii) Spatial grounding: Second, we compare the performance of the proposed framework
to other methods on the task of spatial grounding, including models with weak supervision,
as well as models trained in a fully supervised setting in Table In the instruction video
domain (GYT and YC-Inter), the proposed approach achieves the best result among all weakly
and self-supervised trained methods. In the general domain (V-HICO and Daly), the method
also achieves competitive results, showing the generalizability of the model to other domains.
Note that in the Daly dataset, the classes are verbs, which are not detectable by the object-
focused model GLIP. Compared to their weakly trained counterparts, fully-supervised model
(TubeDETER [YMS™22], STCAT [JylYM22]) achieve competitive performance in the general
domain (V-HICO, Daly) and slightly lower performance in instruction domain (GYT, YC-Inter)
due to the domain gap with respect to the training data.

(iii) Temporal grounding: We evaluate temporal grounding in Table Here, it shows that
global representations also profit from local representation learning.This hypothesis is further
validated in the ablation studies in Table where we ablate both losses for all three settings
and show a consistent improvement in the joint loss formulation.

9.5.5 Ablation Study

We perform ablation studies with respect to all three settings, spatio-temporal grounding,
as well as spatial and temporal grounding alone, reporting performance for spatio-temporal
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Add powder Whisk mixer Fry pancake Serve pancake

GLIP

Ours

Figure 9.5: Visualization on GroundingYoutube. Red box: annotation. Heatmap: prediction.
Baseline GLIP focuses on objects such as power, mixer, and pancake. Our method focuses on
actions such as whisk and serve.

GroundingYT MiningYT YC-Inter.

Spatio-temp Temporal Spatial
only Local loss 7.29 5.23 55.29
only Global loss 9.28 19.12 36.23
w/ Both loss 19.45 20.33 58.35

Table 9.6: Loss ablations: both losses contribute to the final loss, and the existence of global
loss helps the localization task.

grounding on GroundingYT using mAP with IoU@o.4, on temporal grounding using MiningYT
IoU, and on spatial grounding using YC-Inter. pointing game. Additional ablations are in
Appendix

Frame selection strategy. We perform an ablation on the possible frame selection strategies
for our method (Figure [9.2fb) and Section [9.3.2). In Table None uses all frames within
the ASR boundary (U = T) as our video training data. Global represents the [CLS] token in
text and video. Local uses the words and spatio-temporal tokens. In the setting Sinkhorn was
not applied, the top T frames with the highest similarity score were selected. When we set
spatio-temporal tokens as the selection target, we sum over the scores with respect to each
frame to acquire the frame similarity score. It shows that selecting frames based on Sinkhorn
selection leads to consistently better results as it enforces more variety of visual concepts but
also captures frames with possible groundable objects. It further shows that word tokens
are more suitable than the global text CLS token for frame selection. Finally, we see that
depending on the task (spatial vs. temporal), a local resp. global representation is better, and a
combination of both works best for spatio-temporal grounding. We provide runtime analysis
of such frame selection strategy in Appendix|G.3.1}

Global and local loss. As mentioned in the spatio-temporal evaluation, both features contribute
to the final grounding result. We test the model by ablating out each loss. Table [9.6 shows
that each loss not only contributes to the spatio-temporal grounding on the GYT, but also that
the whole is more than the sum of its parts (losses) since this task requires both spatial and
temporal detection. The reduced impact of the global loss in the case of YC-Inter is that this is
a pure spatial grounding dataset (no background frames) without temporal detection, and the
local loss plays a more critical role. We observe the same patterns in the temporal grounding
result for MYT, where spatial localization is not directly contributing to the final performance.
We tried out the same ablation using in the S3D backbone in Appendix
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9.5.6  Qualitative Results

We visualize our spatio-temporal result in Figure For the GLIP model, we output the
bounding box with the highest confidence score and visualize its center point. We found GLIP
model focuses on the salient object while our model focuses more on human-object interaction.

9.6 CONCLUSION

In this chapter, we presented an approach for learning spatio-temporal grounding solely from
noisy multimodal supervision. In addition, we introduced the GroundingYoutube dataset,
which provides dense spatio-temporal point and box annotations for untrimmed, multi-action
videos. Our method includes a frame selection mechanism that identifies frames with ground-
able objects to adapt the learning process for untrimmed videos. Furthermore, we jointly learn
global representations, which capture temporal information, and local representations learning
fine-grained multimodal interactions between video and text. We conducted extensive exper-
iments and our approach shows state-of-the-art performance in spatio-temporal grounding,
as well as temporal and spatial grounding alone. In the next chapter, Chapter |10, we extend
this research and show how the activity-grounding capacity of frozen pretrained multimodal
models can be revealed without any additional training.
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shot tasks, including training-free localization and grounding, primarily focusing on
localizing objects in images. However, leveraging those capabilities to localize actions and
events in videos is challenging, as actions have less physical outline and are usually described
by higher-level concepts. In this work, we propose VideoGEM, the first training-free spatial
action grounding method based on pretrained image- and video-language backbones. Namely,
we adapt the self-self attention formulation of GEM [BPFK24] to spatial activity grounding.
We observe that high-level semantic concepts, such as actions, usually emerge in the higher
layers of the image- and video-language models. We, therefore, propose a layer weighting
in the self-attention path to prioritize higher layers. Additionally, we introduce a dynamic
weighting method to automatically tune layer weights to capture each layer’s relevance to a
specific prompt. Finally, we introduce a prompt decomposition, processing action, verb, and
object prompts separately, resulting in a better spatial localization of actions. We evaluate
the proposed approach on three image- and video-language backbones, CLIP, OpenCLIP, and
ViCLIP, and on four video grounding datasets, V-HICO, DALY, YouCook-Interactions, and
GroundingYouTube, showing that the proposed training-free approach is able to outperform
current trained state-of-the-art approaches for spatial video grounding.
This chapter is based on the CVPR 2025 paper [VBK™25]. This paper is based on the
master thesis of Felix Vogel. Nina Shvetsova acted as Felix Vogel’s supervisor during this
project.

IMage—language foundation models have shown impressive capabilities across various zero-

135
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Action: ,Whisk eggs*”
! ! !

Verb prompt: Object prompt: Action prompt:
“A photo of a person  “A photo of a person  “A photo of a person
whisk something.” using eggs.” whisk eggs.”

-
bond

Ir
Combined output

Figure 10.1: Prompt decomposition and combination. First, we decompose the action query
into verb, object, and action prompts. For each component, we then predict locations corre-
sponding to the highest values on the heatmaps (red-high, blue-low). To determine the final
location (white star), we calculate the center point of these individual predictions. The red,
blue, and yellow stars represent the predicted locations for the action, object, and verb prompts,
respectively, while the dark green bounding box represents the annotated ground truth.

10.1 INTRODUCTION

Spatial localization of actions in videos has been a long-standing topic in video anal-
ysis [TZCT10, KMSZ12, IGSR"18, MS17, [SIS18, WMS16, SJL13, WHS15, [SIS15]. While
early approaches were trained with human-annotated bounding boxes and mainly fo-
cused on detecting humans and classifying respective actions SZS12|, recent ap-
proaches [CSR™24, WNKT24, TPS™21], including our method from the previous chap-
ter [CSR™24], are trying to leverage the localization properties of vision-language models
without the need of bounding box annotations, learning localization only from image- text or
video-text pairs. However, the localization of actions based on such weak supervision presents
some significant challenges: unlike objects, which usually have a clear, unambiguous outline,
actions often lack such region properties and exhibit diverse, context-dependent semantics. Ad-
ditionally, actions often refer to interactions between entities and can comprise multiple objects
or people over different timespans as shown in Figure This variability makes it hard to
capture the various visual representations of an action, especially based on web-crawled image-
or video-text pairs. As a result, spatial video grounding methods [CSR™ 24, [SXGX19,
still need to be specifically trained, e.g. with a localization loss, to perform spatial localization.

Compared to that, another line of work focuses on training-free localization of semantic
concepts in images [BPFK24, LWDL23| ZLD22] by proposing various training-free adaptations
of vision-language models to perform object localization. Namely, CLIPSurgery
proposes an alternative pathway based on value-value attention which was extended by
Grounding Everything Module (GEM) to a self-self attention pathway. While those
methods work well for object localization in image data, action localization requires models to
capture contextual cues beyond object boundaries.
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To address this problem, we introduce VideoGEM, the first training-free method for
spatial activity grounding in videos. Inspired by GEM [BPFK24], which focuses on spatial
object localization, VideoGEM extends this approach to spatially localize activities within
video content. First, we extend the self-self attention pipeline to process multiple frames
for action localization on video data for applying video backbones. In this setup, self-self
attention automatically spans multiple frames, aggregating attention across both space and
time. However, pretrained image-language but also video-language backbones struggle to
capture abstract concepts such as actions. To address this problem, we analyze the self-self
attention pipeline of several backbones, showing that abstract concepts such as actions and
verbs usually arise in higher layers. We, therefore, propose to weight layers of the self-self
attention pipeline based on a mixture of static and dynamic weights: while static weights give
more weight to higher layers, dynamic weights are adjusted based on the relevance of a layer
for each prompt.

We further observe that vision-language models often show a strong object bias when they
are prompted with verb-object combinations [YBK™23b, [BPFK24} [VSKK22]. To counteract this
and focus the model on both verb and object, we propose a prompt decomposition. To this end,
the verb and object of the action description are extracted and separately prompted in addition
to the original action. We then compute the center points of the resulting individual predictions
for verb, object, and action, and consider the weighted mean of all three center point predictions
(see Figure [10.1). This accounts for the fact that verbs might focus more on hands, while object
heatmaps automatically capture the object.

We evaluate our approach on three pretrained backbones, CLIP [RKH"21b], OpenCLIP
[SBVT22], and ViCLIP [WHL" 23, XGH™21|] and on four action grounding datasets, V-HICO
[LDT*21], Daly [WMS16], YouCook-Interactions [TPS™21], and GroundingYouTube [CSR™ 24].
It shows that VideoGEM allows image and video backbones to spatially ground actions in a
training-free zero-shot manner and that they are able to outperform models specially trained
for this setup. We further analyze the impact of the proposed components, including the effect
of video vs image processing for self-self attention as well as the impact of layer weighting and
prompt decomposition, showing how those factors contribute to the final performance.

We summarize our contributions as follows.

¢ We propose VideoGEM, the first training-free method for spatial action grounding in
videos that adapts self-self attention to the video domain.

¢ To capture higher-level sematic concepts such as actions, we propose a mixture of static
and dynamic weights that prioritizes layers according to their relevance for capturing
such concepts.

* We propose prompt decomposition to address the object bias in vision-language models,
allowing self-self attention to consider actions, verbs, and objects independently.

¢ We show that VideoGEM outperforms even finetuned localization methods and provide
extensive analysis of all the components.
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10.2 RELATED WORK

10.2.1 Spatial Video Grounding

Spatially localizing actions in videos without the need to explicitly label respective instances has
drawn significant attention in the last years. As one of the first works, CoOMMA ( Contrastive
Multilayer Multimodal Attention) [TPS™21] proposes a multilayer cross-modal attention net-
work that obtains an attention heatmap via attention rollout, where the predicted location
is the maximum attention. Moreover, the authors propose the YouCook-Instructions dataset,
based on YouCookz [ZXC18], to evaluate spatial grounding for models pretrained on YouTube
cooking data. Compared to that, TubeDETR [YMS™22] uses a space-time decoder, decoding
the video-text features into a spatiotemporal object tube which includes box annotations
per frame. STCAT [JylYM22] proposes a Spatio-Temporal Consistency-Aware Transformer
that also uses a vision and text encoder, followed by cross-model interaction. To create the
object tube, the authors generate multi-modal templates to guide the decoder, followed by
a prediction head. Recently, VideoGrounding-DINO [WNK™24] extends GroundingDINO
[LZR" 23] to videos. Finally, What-When-Where [CSR™24] proposes a global and local loss
together with a frame selection mechanism to detect actions in untrimmed videos in space and
time. The authors also evaluate on a new benchmark, GroundingYouTube, which is based on
MiningYouTube [KIRG19], to evaluate spatiotemporal grounding in untrimmed videos, and
also use the annotated segments to evaluate spatial grounding alone. In contrast, our method is
training-free, using the original backbone weights without additional finetuning, whereas the
previous methods rely on additional training of either a new projection head or the finetuning
of the full model.

10.2.2 Training-free Vision-Language Grounding

The success of large-scale vision-language models like CLIP has generated significant interest
in applying them to tasks such as open-vocabulary object localization. In this context, a
special line of methods focuses on training-free localization [ZL.D22, LWDL23| BPFK24], thus
adapting pretrained vision-language models to handle localization tasks without changing
the weights of the pretrained model. MaskCLIP [ZLD22] achieves this by removing the
Multi-Layer Perceptron (MLP) in the vision transformer’s final layer, using the last value
projection to capture dense patch-level features. Building on this, CLIPSurgery [LWDL23]
introduces a parallel “surgery pathway” alongside the standard CLIP vision transformer (ViT)
backbone, which operates with value-value attention instead of the usual query-key attention
and connects outputs from multiple layers through residual connections. Consistent with
MaskCLIP [ZLD22], CLIPSurgery omits the final MLP, directly applying value-value attention.
GEM [BPFK24] further improves the concept of value-value attention by generalizing it to
self-self attention, not only using value-value attention but also query-query and key-key
attention together with a set of regularizations. We extend the GEM model and the self-self
attention mechanism by adapting it to video input and introducing a weighting and a prompt
decomposition mechanism, applying it to action localization.
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10.3 METHOD

In the following, we first review the GEM self-self attention pipeline in Section We then
discuss its extension to videos in Section the proposed layer weighting in Section
and the prompt decomposition in Section

10.3.1 Background (GEM)

In the original ViT paper [DBK™20], the attention operation is computed as follows:

XW, (XW )T
A = softmax <M> ,

T (10.1)

O=A-(X-W,),

where X = (x;)i<y € RN*? represents the patch tokens output from the ViT, N is the number
of visual tokens, d is the dimension of each token and W,;, Wy, W, € RI*(*dn) are the projection
matrices, where h is the number of heads in the attention and d}, is the dimension of each
head. The Grounding Everything Module (GEM) [BPFK24] introduces a parallel pathway that
operates alongside the original trained ViT while sharing its weights. This pathway replaces
the standard self-attention mechanism with a self-self attention operation defined as follows:

XWoroi) XWoi) T
A, = softmax <( P O])<T proj) ) , (10.2)

where Woproj € {Wq, Wi, W, }, and T is the temperature. The self-self attention is applied

iteratively ] times on L? normalized visual tokens. For input visual tokens X € RN*4, we
denote PU) as the output of the self-self attention at iteration j:

(P(O) _ Xmej
wapm]'HZ
. (=D (pG-INT .
PU) = softmax <P(£)> pU—1), (10.3)
o_ P
[PO|2

The final output O, is obtained by applying the attention matrix to the values:

D . (pUNT
O,; = softmax (I’E{I’)) -V. (10.4)

The final self-self attention output is obtained by averaging the query-query, key-key, and

value-value attention: © o Ouo)
+ O +
Ogey = ——————. (10.5)

This formulation enables the patch tokens alignment with the Vision-Language Model (VLM)
text encoder. Localization heatmaps can then be constructed by computing the cosine similarity
between the text embedding of a prompt and the corresponding patch token representations.
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Figure 10.2: Left: VideoGEM pipeline. VideoGEM takes a video and its corresponding narra-
tion as input. Our Weighted GEM processes the input video alongside the vision transformer
to generate the representative patch tokens. Decomposition of the input narration into verb
prompt, object prompt, and action prompt (see Section for details) are passed through
the text encoder to obtain three [EOS] tokens, respectively. Then, three heatmaps are calculated
as a similarity between patch tokens and the respective [EOS] tokens. We then aggregate the
heatmaps into one final prediction by centering the individual predicted locations. Right:
Layer weighting. In our Weighted GEM architecture, we apply a combination of static and
dynamic weights. Dynamic weights are applied to the last D layers, while static weights are
applied to the last K layers, with K > D. Additionally, the attention map X- X is weighted by
a corresponding static weight w.~X. All weighted outputs from the self-attention blocks are
then summed with the weighted X:~K attention map to produce representative patch tokens.
The output patch tokens of weighted GEM are used for similarity calculation with the text,
resulting in an attention heatmap.

10.3.2 GEM for Videos

We extend GEM to handle video inputs by adapting it to video-language models, using the
ViCLIP backbone as an example. Given a video input, ViCLIP processes a sequence of T = 8
frames F = {f1, ..., fr}. Each frame f; is divided into N patches, resulting in a total of T x N
patch tokens. These tokens are processed jointly across all frames through the transformer
layers, allowing the model to capture both spatial and temporal relationships.

For a given input sequence, the patch tokens from all frames are concatenated into a
single sequence X € R(T*N)*4 where d is the embedding dimension. The self-self attention
mechanism is then applied to this combined sequence of tokens. After that, we compute the
cosine similarity between each patch token and the prompt embedding of the text encoder,
resulting in a similarity score matrix § € R(T*N). To generate the final localization output,
we focus on a target frame f; positioned such that we maintain temporal context from both
past and future frames. The similarity scores for frame f; are reshaped and interpolated to
match the spatial dimensions of the input frame and min-max normalized to produce the final
attention heatmap. Note, that the temporal information of the video is solely considered by the
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video backbone.
10.3.3 Layer Weighting

In the original GEM formulation, the self-self attention outputs are combined through residual
connections, effectively giving equal importance to all layers in the final prediction. However,
we observe that higher-level concepts, particularly actions, predominantly emerge in the higher
layers of the network. Based on this, we propose a combination of static and dynamic weights
to prioritize the contributions of different layers. We extend the definition of X from the
previous section, to X! € R(T*N)*? which represents the I-th transformer block output, where
l € {1,..,L} and L is the total number of transformer blocks. Let Y/ € R(T*N)*@ denote the
output of the I-th transformer block before the residual connection. Similarly, let Z! € R(T*N) x4
represent the output of the parallel self-self attention pathway at layer I before the residual
connection. Then, when applied to the last K layers of the ViT, the output of GEM can be
reformulated as follows: L

Ocem = X5+ Y 7. (10.6)

I=L—K+1
Static Weighting. We first introduce static weights to assign specific importance to individual
layers. For layer [, the static weight is defined as w! for I € {L — K, ..., L} resulting in the new
output: L
Ogtat = wE X XK Y wl. 7l (10.7)
I=L—K+1

Practically, w! increases monotonically with 1.
Dynamic Weighting. We further introduce dynamic weights that adapt to the semantic
requirements of each input prompt by analyzing each layer’s contribution to the model’s
understanding of the prompted concept.

Let xcrs = Xé € R? denote the [CLS] token representation from the final layer, which can
be decomposed into the sum of residuals from all layers: xcrs = 2%:1 Yé = Zlel YZCLS' The
text embedding of the prompt obtained from the text encoder is defined as erps € RY. We
measure each layer’s importance by evaluating how its removal affects the alignment between
visual and textual representations, for details see Section Let s = (st~ P*1, ., sb) be the
similarity vector where we compute the similarity score for layer I as:

; (xcrs — YL, o) - eros

- , (10.8)
Ixcrs — Yersllz - lecosll2
The dynamic weights for the last D layers with D < K are computed using the similarity vector
s through a softmax operation with temperature 7;. We define the dynamic weight for layer
le{L—D+1,..,L}as:
w!, = softmax;(—s - T4), (10.9)

then the final output for dynamic weights is computed as:

L-D L
Ouyn = XK 4 Z 7'+ Z wél .z (10.10)
I=L—K+1 I=L—D+1

It is important to note that the [CLS] token representations used for computing similarities
are extracted from the original self-attention pathway rather than the self-self attention. It is
motivated by the fact that the [CLS] token in the original model was specifically trained to
align with the text encoder’s [EOS] token representations during pretraining.
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Combining Static and Dynamic Weights. To leverage the complementary benefits of both
weighting schemes, we propose a unified approach that combines static and dynamic weights
(see Figure[10.2). For a network with L layers, we apply static weights to the last K self-self
attention layers and the previous self attention input while computing dynamic weights for the
last D layers (where D < K). The combined weights wlc forl € {L—K,..., L} are defined as:

1

I -

W — —=4w,; ifl>L—D

wé: s D+ d ! (10‘11)
I

W otherwise

where w! denotes static weight and w!, represents the dynamic weight as defined in Equa-
tion (10.9). We subtract 3 from static weights when dynamic weights are applied to not increase
the sum of weights. The final output incorporating these combined weights is computed as:

L
Ocomp = wCL’K XEK Z wé 7! (10.12)
I=L-K+1
This weighted combination allows the model to adaptively balance the static prior knowledge
about layer importance with dynamic, prompt-specific adjustments, particularly in higher
layers where semantic concepts emerge.

10.3.4 Prompt Decomposition for Action Grounding

Action descriptions typically consist of two key components: A verb describing the action itself
and one or more objects involved in the action. To effectively leverage this inherent structure,
we propose a prompt decomposition method that processes these components separately while
maintaining the context of the complete action description. Namely, we decompose each action
query into three distinct components: a verb prompt, an object prompt, and the original action
prompt. For consistent processing, we employ the following template format:

Prompt Templates
® Verb: A photo of a person {verb} something.
* Object: A photo of a person using {object}.

¢ Action: A photo of a person {action prompt/.

In case a component, verb or object, is missing or cannot be extracted, we use fallback
templates, “A photo of a person doing something.” for missing verbs and “A photo of a person.” for
missing objects. For each prompt, we compute the similarity between its text embedding and
the visual tokens, identifying the regions of highest activation. The model then determines a
center point for each attention map, corresponding to the location with maximum similarity
between the text and visual representations.

To combine these separate predictions into a final localization output, we employ a weighted
averaging scheme that prioritizes the action prompt while incorporating information from
the component-specific predictions (see Figures and . Let Coerb, Covjs Cact € R? denote
the predicted center coordinates for the verb, object, and action prompts respectively, and
Woerh, Wopj, Wact € R their corresponding weights, where we assign higher weights to action
prompts. The final prediction c4,.. is computed as:

Cdec = Woerb * Cverb + Wobj * Cobj + Wact * Cact (10.13)
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Model Backbone Backbone Pretraining Data Grounding Training Data ‘ VH Daly YC gYT ‘ Avg.

Models trained for grounding with localization supervision:

TubeDETR' [YMST22] ResNetio1 [HZRS16], ImageNet, Visual Genome, VidSTG - - 51.63 - -
RoBERTa [Liuig| Flickr, COCO

STCAT! [JylYMz2] ResNet1o1 [HZRS16], - VidSTG - - 55.90 - -
RoBERTa [Liu1g]

VideoGrounding- Swin-L; 0365, OL, GoldG, CapgM, VidSTG - - 57.73 - -

DINO [WNK™24] BERT [DCLT18] COCO, RefC

GLIPY [LZZ"22] Swin-L* [LLC"21] - FourODs,GoldG,Cap24M | 66.05 - 52.84 53.62] -

Models trained for grounding with vision-text pairs only:

CoMMA? [TPST21]  CLIP WIT-400M HT100M 55.20 61.06 52.65 47.56 | 54.12

RegionCLIP* [ZYZT22] RN50x4* WIT-400M CCsM 57.92 67.12 51.56 52.84| 57.36

WWW- CLIP WIT-400M HT100M 60.71 70.08 57.10 55.49| 60.85

CLIP [CSR™24)

WWW- CLIP* WIT-400M HT100M 62.34 71.35 58.35 56.98| 62.26

CLIP [CSR¥24)

No training for grounding:

CLIP WIT-400M - 67.79 78.52 50.08 36.92| 58.33
GEM [BPFK24] OpenCLIP LAION2B - 68.28 74.05 56.87 32.91| 58.03
ViCLIP InternVid-FLT-10M - 65.08 73.75 53.62 51.28| 60.93
CLIP WIT-400M - 76.90 84.53 52.57 47.46| 65.37
VideoGEM (ours) OpenCLIP LAION2B - 76.42 80.32 60.05 45.33 | 65.53
ViCLIP InternVid-FLT-10M - 75.75 78.25 55.10 57.21| 66.58

Table 10.1: Accuracy of VideoGEM compared to the State-of-the-Art. VideoGEM includes
prompt decomposition, and static and dynamic weights. GEM is applied with the same action
prompt as VideoGEM. We compare the accuracy on V-HICO (VH), Daly, YouCook-Interactions
(YC), and GroundingYouTube (gYT). Finetuned backbones are marked with *, t denotes results
from [WNKT24]], ¥ denotes results from [[CSR* 24].

The weighted combination serves two purposes. First, it maintains the primacy of the action
prompt’s prediction while allowing refinement based on component-specific localizations.
Second, if any single component prediction deviates from the true action center, the ensemble
nature of the prediction helps maintain accuracy through the influence of the other components.
This is particularly valuable for complex actions where the verb and object locations might
provide complementary spatial information.

Extracting Verbs and Objects. For datasets with a label structure of “verb_object” verb and
object can be directly retrieved. For natural language annotations as in YouCook-Interactions,
we select the verbs and objects as the ones that are most likely visible in the input. To this end,
we extract all verbs and objects from the action description with a natural language processing
(NLP) tool. We then generate an individual prompt for each verb and object and apply the
respective vision-language backbone to determine which verb and object show the highest
similarity to the input.

10.4 EXPERIMENTAL EVALUATION

10.4.1 Datasets

We evaluate four video datasets for action grounding. Since our proposed method is training-
free, we only consider the test set of the datasets for our evaluation, if there is one.

V-HICO (Videos of Humans Interacting with Common Objects) [LDT"21] has a test set
containing 608 videos with annotated bounding boxes for a human performing an action and
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the object on which the action is performed. It consists of 244 object classes and 99 action
classes with a total of 756 action-object pairwise classes. Following the evaluation of [CSR™24]
we use the union of the human and object bounding boxes as ground truth for V-HICO.

DALY (Daily Action Localization in YouTube videos) [WMS16] annotates 510 YouTube videos
with ten action classes.

GroundingYouTube [CSR™24] is based on the MiningYouTube dataset [KIRG1g] which con-
tains 250 cooking videos from YouTube. GroundingYouTube provides spatio-temporal annota-
tions including bounding boxes for actions.

YouCook-Interactions [TPS™21] is based on the validation set of YouCook2 [ZXC18] that
contains 457 videos. It provides spatial bounding box annotations for interactions with labels
as natural language sentences.

10.4.2 Implementation Details

We use GEM with K = 7 self-self attention layers and | = 1 iterations according to GEM
[BPFK24], using the static weights: ws; = [0.3,0.4,0.5,0.6,0.7,0.9,0.9,0.9] for the seven self-self
attention layers, and its initial self attention input. Note that wj starts at index L — K. We further
apply dynamic weights for the last D = 3 layers. We use a temperature of t; = 20 for dynamic
weights according to Equation for all datasets and models. For prompt decomposition we
apply the weights wyr, = 0.2, wyp; = 0.2, waer = 0.6 according to Equation We evaluate
on ViCLIP, OpenCLIP, and CLIP as backbones in a training-free manner meaning that they
are not specifically trained for action localization. For ViCLIP, we sample 7 frames around the
labeled frame to get a video input. 4 frames are sampled before, 3 frames are sampled after the
labeled frame. Accuracy is used as the main evaluation metric. A prediction is correct if the
predicted location is inside the ground-truth bounding box, otherwise it is false. The accuracy
is calculated as the proportion of the correct predictions.

10.4.3 Comparison to State-of-the-Art

We first compare the proposed approach to trainable video grounding methods as well as to the
vanilla GEM approach in Table To the best of our knowledge, all existing video grounding
models are either specifically trained for action grounding or have a finetuned backbone for
action localization, whereas our setup is training-free.

First, we show that on average our VideoGEM outperforms all other methods by more than
3% with any of the three backbones. Looking at the different backbones in detail, we notice
that especially CLIP and OpenCLIP, so backbones specialized for objects, perform well on the
V-HICO and Daly datasets, while ViCLIP significantly outperforms all other backbones on
GroundingYouTube. We attribute this to the fact that V-HICO and Daly focus mainly on object
annotations, while GroundingYouTube mainly focuses on annotations based on the center
point of the action, therefore, stronger deviates from object-centered bounding boxes. Moreover,
YouCook-Interactions and GroundingYouTube only contain videos from the specialized cooking
domain, while V-HICO and Daly contain more general actions. General actions might be
easier recognizable in a zero-shot object-centric setting without specific domain knowledge.
Compared to the original GEM pipeline, we show that VideoGEM always improves over GEM
independently of the dataset and the backbone that is chosen.
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Figure 10.3: Importance of GEM layers. The accuracy of GEM with one removed layer is
calculated. The removed layer index is on the x-axis where 1 is the final layer of GEM going
down to 8 which is the initial self attention input to GEM.

10.4.4 Ablation Study

Layer Importance. Figure [10.3| we first visualize the per-layer impact by excluding single layers
from one to eight layer from GEM. We observe that the accuracy is lower when the final layers
of GEM are excluded compared to excluding early layers. This might lead to the assumption,
that reducing the number of GEM layers would boost performance as well. Compared to
that however, Figure shows the results when adding up to seven layers with zero layers
corresponding to the output of the backbone without GEM. It shows that the performance
of GEM depends on the overall number of self-self attention layers and that the accuracy
increases for more layers saturating at a depth of seven that we use for all our experiments,
also suggested by the original GEM paper [BPFK24]. This strengthens the concept of static
weights, suggesting that higher layers generally capture complex concepts better than earlier
layers, justifying why they should be weighted higher in the final decision. Earlier layers on
the other hand can still capture important concepts such that they should not be excluded
entirely, but just given less importance for the final decision.

Layer Weighting. To assess the effect of different weighting strategies, we compare static,
dynamic, and combined weights (Equation and with using no weights
in Table observing a performance increase by about 1% on average for both backbones
compared to no layer weighting. We observe that the effect of dynamic weighting depends on
the backbone as it relies on representative [CLS] tokens for the final layers. If the [CLS] token is
primarily formed in the last layer, the benefit of dynamic weights is reduced, as seen with the
ViCLIP backbone. However, with OpenCLIP, we observe consistent improvements. Notably, on
the Grounding YouTube dataset as the most distinct from other object-centric datasets, dynamic
weights boost performance by more than 3%. We provide further insights in Appendix

Prompt Decomposition. We evaluate the effect of prompt decomposition in Table by
applying VideoGEM without prompt decomposition for only a verb, object, or action prompt,
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Figure 10.4: Influence of the number of GEM layers. Up to seven layers are added for GEM
starting with a self-self attention layer for the final Transformer block. With zero layers, the
output equals to the output of the backbone without GEM.

compared to our proposed prompt decomposition method including all prompts. Averaged
over all datasets, using prompt decomposition improves over using only a single (verb, object,
or action-) prompt by over 5% independently of the used backbone. Each prompt alone
achieves strong performance, supporting the approach of first independently processing
prompts and only then aggregating their individual predictions. Our method demonstrates
their compatibility for recognizing complex activities effectively.

Additionally, we compare different merging strategies in Table for obtaining the
tinal prediction given the three attention heatmaps for the verb, object, and action-prompt.
VideoGEM that averages the predicted positions, is evaluated against averaging or multiplying
heatmaps elementwise. The ratio of weights for the verb, object, and action prompt is always
1 : 1 : 3 independent of the merging strategy. Compared to standard GEM, all merging
strategies improve significantly. That suggests that decomposing the prompt into its relevant
parts enforces the model to focus on every important part compared to only using the full
prompt where the model can neglect the verb and mainly focus on the object [YBK™23b)
BPFK24, VSKK22]. Moreover, averaging positions boosts performance much further compared
to merging heatmaps (additively, or multiplicatively). This can be explained by two effects.
First, it centers the action by predicting a position between the main parts of the action making
it more robust. Second, it has self-correcting abilities. If one prediction is slightly off, the
other predictions can drag the wrong prediction back to the others. It can thus be seen as an
ensemble model having three votes for the correct prediction instead of just one, improving
robustness and accuracy.

Image vs. Video Data. To determine the importance of video data for action grounding, we
compare ViCLIP for video and image input in Table ViCLIP takes eight images as input.
In the image setting, we give the same image repeated eight times as an input. For the video
setting, we use subsequent frames as input according to Section Using video input
outperforms its image-based counterpart independently of using standard GEM or VideoGEM
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Backbone Weights‘ VH Daly YC gYT ‘ avg

none 74.79 76.84 54.38 56.39 | 65.60
. dyn 74.49 76.85 54.62 56.47 | 65.61
VICLIP stat 76.18 78.38 5502 56.75 | 66.58

s+d 75.75 78.25 55.10 57.21 | 66.58

none 77.86  79.27 509.20 40.17 | 64.13

dyn | 7841 79.07 59.77 43.29 | 65.14

OpenCLIP stat 76.12 80.30 61.82 42.96 | 65.30
s+d 76.42 80.32 60.05 45.33 | 65.53

Table 10.2: Influence of different layer weighting strategies. VideoGEM with prompt decom-
position is applied without layer weighting (none), only static (stat), only dynamic (dyn), or
combined weights (s+d) on V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingY-
ouTube (gYT).

Backbone Mode‘ VH Daly YC gYT ‘ avg

verb | 64.72 76.21 36.54 31.26 | 52.18
obj | 6230 6871 54.94 46.78 | 58.18
act | 6568 74.17 52.97 51.99 | 60.95

all | 75.75 78.25 55.10 57.21 | 66.58

verb | 69.60 80.24 43.45 21.60 | 53.72
obj 65.44 77.00 51.21 34.20 | 56.96
OpenCLIP
P act | 66.77 74.87 57.36 38.38 | 59.35
all | 76.42 80.32 60.05 45.33 | 65.53

ViCLIP

Table 10.3: Influence of prompt decomposition. VideoGEM with static and dynamic weights
is applied without prompt decomposition to only verb, object (obj), or action (act) prompts.
The results are compared to VideoGEM with static and dynamic weights as well as prompt de-
composition (dec) on V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube
(gYT).

by almost 1% on average. While the video input increases accuracy on YouCook-Interactions
and GroundingYouTube compared to the image input, it performs similarly on V-HICO and
Daly. This can be attributed to the more static actions in V-HICO and Daly like "snapping
fingers” for V-HICO or "Drinking” for Daly, while f.e. “chopping” or "arranging” in cooking
videos as in YouCook-Interactions or GroundingYouTube is more dynamic. Note, that the only
difference between the video and image input is, that the image input repeats the same image
8 times, while for video input surrounding frames are used. If the actions are static and the
surrounding frames are very similar, the video and image input are also very similar resulting
in only minor performance differences.
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Backbone Mode‘ VH Daly YC gYT ‘ avg

none | 6568 74.17 52.97 51.99 | 60.95

VICLIP mul | 66.16 76.72 55.91 4887 | 61.92
avg | 6544 7599 56.75 49.96 | 62.04

ours | 75.75 78.25 55.10 57.21 | 66.58

none | 66.77 74.87 5736 38.38 | 59.35
mul | 68.28 80.36 5840 34.18 | 60.31

avg | 68.40 78.94 58.04 35.34 | 60.18
ours | 76.42 80.32 60.05 45.33 | 65.53

OpenCLIP

Table 10.4: Influence of merging strategies for prompt decomposition. VideoGEM (ours)
combines verb, object, and action prompt predictions with a weighted average of the predicted
positions. This combination technique is compared to the element-wise multiplication (mul)
and element-wise averaging (avg) of heatmaps before taking the highest attention value of
the resulting heatmap as prediction. None corresponds to the baseline evaluation without
prompt decomposition for action prompts with combined weights. We use V-HICO (VH), Daly,
YouCook-Interactions (YC), and GroundingYouTube (gYT) for testing.

Model Data ‘ VH Daly YC gYT ‘ avg
vid | 65.08 73.75 53.62 51.28 | 60.93
GEM .
img | 65.20 74.00 52.17 48.80 | 60.04

VideoGEM = Vid | 7575 7825 5510 57.21 | 66,58
img | 74.19 78.47 54.86 55.08 | 65.65

Table 10.5: Influence of video input. VideoGEM with ViCLIP as backbone is evaluated on
image and video inputs. For reference we also evaluate GEM with ViCLIP as a backbone. We
evaluate on V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT).

10.5 CONCLUSION

In this chapter, we introduced VideoGEM, the first training-free method for spatial action
grounding in videos. We proposed a weighting technique using static and dynamic weights to
assign greater importance to layers that capture conceptually relevant information for complex
activities. Additionally, we introduced prompt decomposition to fully leverage action prompts,
helping to reduce object bias in standard image- and video-language models. Remarkably,
our training-free VideoGEM outperforms all previous state-of-the-art methods that rely on
finetuning backbones for spatial action localization tasks.

It is important to note that, in this chapter, we focus on spatial grounding in a training-free
setting, temporal grounding is not addressed. We leave the training-free spatio-temporal
extension for future work.

In this part, Part[[V} we considered two methods for activity grounding in video without
any human annotations. This part concludes the main body of the thesis. In the next section,

Chapter we discuss the main conclusions of the thesis and outline directions for future
work.
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In this thesis, we explored how to build robust computer vision models for image and
video understanding without relying on human annotations, as human-labeled datasets are
costly to create at scale, often contain noise and systematic biases [TE11], and follow annotation
protocols shaped by human conventions [BSoo]. Training without human annotations opens
the door to learning directly from raw signals, leveraging the natural structure of data. This not
only enables scaling beyond the limits of human labels but also fosters models that are more
flexible, less biased, and better aligned with the richness of real-world data. However, doing so
raises several challenges across the model lifecycle. This thesis examined four such stages:

D

I

(1)

(V)

Pretraining representations without human supervision (Part [[). We studied how to
learn strong unimodal and fused multimodal representations from unlabeled images and
naturally co-occurring web signals (video—audio—text). We explored contrastive objectives
for learning coherent embedding neighborhood and fusion architectures that support any
combination of input modalities and enable robust multimodal fusion.

Finetuning multimodal models without human supervision (Part[fl). Large pretrained
vision-language models offer strong zero-shot performance, yet still lag behind models
trained with full supervision. In this thesis, we took first steps toward adapting vision-
language models to downstream tasks/domains without paired supervision using only
unlabeled vision data and/or downstream language data.

Improving data quality without human supervision (Part [[l). Model robustness is
constrained by the quality of the data used for training and evaluation. We developed
methods to automatically clean and enrich training data at scale (e.g., denoising noisy web
video narrations) and to assess and mitigate biases in evaluation benchmarks, without
manual labeling.

Grounding with multimodal models without human supervision (Part [[V). Dense
semantic tasks are essential because they specify where and when evidence occurs. We
explored spatio-temporal and spatial grounding of actions in videos without bounding-
box or moment annotations, using weak, freely available multimodal signals.

149
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This chapter discusses the key ideas developed in this thesis in Section summarizes
main conclusions and the connections across chapters in Section and reflects on future
research directions and the broader view of this topic in Section [11.3}

11.1 KEeY IDEAS AND INSIGHTS

We addressed the overarching goal of building robust vision systems without human annota-
tions, from the data perspective through to dense tasks, by exploiting noisy, web-scale multimodal
supervision and language as a reasoning space, as well as advanced learning objectives, architectures,
and pipelines. In the following, we present the key ideas and insights developed in this thesis
in more detail.

(I) Web multimodal data beyond modality alignment. We found that naturally co-occurring
web signals (e.g., video—audio—text) have a supervision not only to train unimodal
encoders with contrastive objectives, as in prior work, but also to learn modality fusion
(Chapter |4) and enable models with dense capabilities such as spatio-temporal grounding
or spatial grounding (Chapter 9] and [10). Moreover, generalized multimodal models, e.g.,
CLIP [RKHT21b], also serve as effective pseudo-supervision for domain- or task-specific
adaptation (Chapter [5and [p), which allows finetuning for a particular task or domain
without paired human annotations.

(I) Language as an operating space. We found that language is a powerful intermediate
space for reasoning about vision. Zero-shot LLMs can process automatically recognized
speech from long videos and produce high-quality human-written-like descriptions
without even seeing the visual data (Chapter [7). Isolating specific concepts in text is
also easier than in a video/image, that combined with strong LLM reasoning abilities
supports systematic analysis of representation biases of visual dataset purely within the
language space (Chapter|[§). We believe that reasoning in the language space can provide
a powerful interface for developing vision models.

(IIT) Objectives, architectures, and pipeline design. We developed advanced losses and
architectures tailored to annotation-free training scenarios: a group-ordering contrastive
loss based on differentiable sorting that improves the local neighborhood structure of
the embedding space (Chapter [3); a modality-fusion architecture and training objec-
tive that enable fusion of any combination of modalities using only noisy multimodal
supervision (Chapter [4); local and global objectives and architectures that enable spa-
tio-temporal grounding using only noisy web multimodal supervision, without any
grounding annotations (Chapter [g); training-free architectural modifications that enable
spatial action grounding in frozen multimodal models (Chapter [10). We also develop
pipelines for adapting models to action recognition and text-video retrieval without
paired downstream data (Chapter [5| and [p).

11.2 SuMMARY OF KEY CONCLUSIONS

This section revisits the conclusions of each chapter in more detail and outline the connections
between chapters, before discussing future work in Section [11.3}
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11.2.1 Pretraining Representations Without Human Supervision

In Part I} Pretraining Representations Without Human Supervision, we focused on multi-
modal and self-supervised learning to develop powerful representations for image and video
recognition.

In Chapter [3} we revisited the standard contrastive objective and introduced group ordering
constraints, implemented via differentiable sorting [SPK™23]. Our new objective improved the
local neighborhood structure of the embedding space and consistently outperformed the
pairwise contrastive objective on all k-NN metrics, including retrieval and classification tasks.
While our new loss is potentially transferable to multimodal representation learning for
pairwise modality alignment, it did not by itself resolve the problem of fusion across multiple
modalities.

Therefore, in Chapter [4} we moved beyond pairwise modality alignment in multimodal
learning and proposed a modality-agnostic fusion transformer that can fuse arbitrary combinations
of input modalities, such as video, audio, and text [SCR™22]. This transformer was trained with
our combinatorial loss over all modality subsets, using only noisy web-scale supervision from
instructional videos and yielded a strong joint embedding despite noise in text subtitles and
imperfect modality alignment, improving retrieval and action localization by leveraging fused
modalities. While in this chapter we showed that noisy, naturally co-occurring video—audio—text
signals in instructional videos provide a strong basis for learning effective fused representations,
further in Chapter [7| (Part[[II) we showed that automatically improving textual narrations in
instructional videos yields significant gains. In Chapter [f] (Part[[I), we also demonstrated that
adapting models to the target domain’s text style, without paired human annotations, further
boosts retrieval performance in that domain.

11.2.2 Finetuning Multimodal Models Without Human Supervision

In Part @ Finetuning Multimodal Models Without Human Supervision, we focused on
finetuning multimodal models for specific tasks and domains without labeled data. Prior work
has largely relied on supervised datasets for finetuning. Here we developed the first methods
that remove this requirement.

In Chapter |5} we addressed the challenge of adapting image-language models for video un-
derstanding, namely zero-shot action recognition and showed that adaptation can be achieved
using only unlabeled videos and language priors [LKST23|]. Constructing rich text bags per
video from action dictionaries, large language models world-knowledge, and image captioners,
utilizing image-language models for text bag filtering, produced substantial gains in zero-
shot and few-shot action recognition and even closed or surpassed the performance of fully
supervised baselines. This chapter adapted image-language models to reduce object bias
and improve action recognition, however, since action labels are short and well-defined, this
approach did not yet address tasks that heavily rely on textual style, e.g, text-video retrieval.

Therefore, in Chapter [6] we studied finetuning vision-language models for text-video
retrieval, where models must adapt to diverse text styles across domains. We were the first
to address a challenging setting in which only target-domain text queries are available for
finetuning and no in-domain videos are provided. We found that the style of text queries is a
key factor in retrieval and proposed In-Style method that preserves the style of the target text
queries and transfers it to uncurated web videos using pretrained vision-language models as
pseudo-supervision, leading to substantial performance gains and narrowing the gap to fully
supervised training [SKSK23].
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11.2.3 Improving Data Quality Without Human Supervision

In Part I, Improving Data Quality Without Human Supervision, we investigated strategies
to enhance the quality of training and validation data without human input in order to build
more robust vision models.

In Chapter[7, we found that improving the textual supervision of large-scale instructional
video datasets is crucial for effective multimodal pretraining. We leveraged LLMs to generate
high-quality captions from noisy, misaligned ASR narrations and refined temporal alignment
using a trained-in-the-loop video-language model, resulting in our new video-audio-text
HowToCaption dataset, pretraining on which significantly boosted model performance, including
modality-agnostic fusion transformer developed in Chapter |4} compared to the original noisy
supervision [SKH™24].

In Chapter |8, we found that many video benchmarks are limited by representation biases
which can unintentionally favor models with good static recognition over activity understand-
ing. We introduced the first scalable method to systematically analyze different representation
biases by transforming videos into textual descriptions and analyzing them with LLMs that
revealed that most benchmarks are heavily object-centric [SNS™25]. We further proposed
UTD-descriptions and UTD-splits, datasets of structured video descriptions and object-debiased
test splits for 12 considered video benchmarks, that showed that most current models strongly
rely on object cues. We hope that, together, these resources provide a stronger foundation for
evaluating and developing models with genuine video understanding capabilities.

11.2.4 Grounding with Multimodal Models Without Human Supervision

In Part Grounding with Multimodal Models Without Human Supervision, we investi-
gated strategies to equip multimodal models with action grounding capabilities.

In Chapter [g) we demonstrated that noisy instructional videos can also serve as a resource
for learning spatio—temporal action grounding. Specifically, using noisy multimodal data
we jointly learned global temporally aware representations and local fine-grained spatial rep-
resentations that enabled robust spatio-temporal grounding [CSR™24]. We also introduced
the GroundingYouTube benchmark, which, to our knowledge, is the first to provide dense
spatio—temporal point and box annotations for actions in untrimmed, multi-action videos.

In Chapter we further revealed that the action grounding capabilities of pretrained
multimodal models can be unlocked without any finetuning. To our knowledge, our VideoGEM,
inspired by GEM [BPFK24|] was the first training-free method for action grounding in videos.
Our static-dynamic layer weighting scheme prioritized relevant features for identifying ac-
tivities that lack a clear physical outline, and the prompt decomposition method reduced
object bias present in standard image- and video-language model, which, despite requiring no
additional training, surpassed all prior methods that rely on finetuning for action localization.
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11.3 FUTURE DIRECTIONS

In this thesis, we focus on advancing vision models without relying on human annotations.
Our work is centered on developing methods for learning from annotation-free multimodal and
unsupervised data, with the ultimate goal of building robust vision models. In the following,
we now outline potential future directions within this scope, discuss broader challenges, and
note preliminary progress toward addressing them.

11.3.1 Data: Building Robust Pretraining and Evaluation Corpora

Just as data quality is crucial in supervised training, it is equally important in multimodal and
unsupervised training, where noisy, low-quality, or biased samples can hurt generalization and
significantly slow down convergence. Therefore, in this section, we outline potential future
directions on the data side for developing more effective and robust vision models.

11.3.1.1  Balancing Diversity, Alignment, and Informativeness

Background. In Chapter [7, we demonstrated that improving the textual quality of instructional
video data leads to substantial performance gains [SKH™24]. Recent work has also shown that
dataset quality can matter as much as dataset size: LAION-5B introduced CLIP-based filtering
and aesthetic scoring [SBV " 22], which was refined in LAION-Aesthetics. DataComp [GIF 23],
DINOv2 [ODM 23], and DINOv3 [SVS™25] all emphasize the importance of constructing
balanced, clean, and diverse datasets using techniques such as deduplication, resolution filters,
and text filters (e.g., removing overly short, overly long, or uninformative captions), and CLIP-
based similarity filtering. Other approaches [LLXHz22a), [LTH"24]] aim to improve alignment
through re-captioning, where pretrained captioning models generate new, better-aligned textual
descriptions.

Future Directions. While aforementioned strategies have demonstrated notable benefits in
training efficiency, they also come with drawbacks. For instance, filtering with CLIP scores can
discard long-tail examples that include rare but valuable vocabulary. Similarly, removing short
or long captions and relying on re-captioning can reduce linguistic diversity. As we found
in Chapter [} the text style of training data is highly important for some downstream tasks, e.g.,
retrieval [SKSK23], thus, only retaining “clean” detailed captions may not always be beneficial.
Moreover, most cleaning and alignment pipelines do not consider informativeness of each
sample. Our representation-bias analysis pipeline [SNS™25] in Chapter 8| could be repurposed
for train-time curation, for example, to flag or reweight shortcut-prone samples. Finally, many
strategies still rely on fixed heuristics rather than leveraging direct model signals about which
samples are most informative (as in active learning [EPM"24].) A promising direction is
to design data curation methods that jointly balance diversity, alignment, and informativeness,
incorporating model feedback rather than relying solely on fixed heuristics.

11.3.1.2 Longer Video Sequences and Dense Annotations

Background. Most large-scale video datasets are still dominated by short, clip-centric videos.
For example, a popular WebVid [BNVZ21a] dataset contains only short clips with a single
high-level description and lacks audio, making it insufficient for learning rich temporal and
audio-visual representations. Collecting densely annotated long-form videos with audio from
the internet is particularly challenging. Instructional videos, while being a promising source
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due to their inherently dense narration, are also very noisy. In Chapter [7] we explored uti-
lizing LLMs to convert subtitles into proper dense captions [SKH™24]], but this approach is
limited to instructional videos only. Recent work has also explored re-captioning strategies
for specific clips of long internet videos, such as InternVid [WHL " 23], VAST [CLW " 24], and
Panda-70M [CSM™ 24|, yet these efforts typically cover only sparse segments from longer
videos, and relying on image-based captioning models can miss important temporal infor-
mation. FineVideo [FMT ™" 24] takes a step forward by constructing a 44K video dataset using
Gemini [CBS™25] and GPT [HLG " 24] models to create detailed descriptions of long videos
with multiple quality-control stages, yielding more diverse and balanced supervision that
captures not only dense captions but also information about scenes and characters. However,
44K samples remain far too small to serve as a pretraining resource at scale, and building such
datasets requires substantial computational resources. Therefore, there is still a need to find
scalable ways to curate large-scale data for long-form video understanding.

Future Directions. Building on prior progress in dense annotation of long videos, including
our ASR-based method [SKH™24] presented in Chapter [, an important future direction is to
investigate effective ways of integrating multimodal signals (e.g., speech, audio cues, contextual
text, image captions and short video clip captions) to automatically generate dense supervision
for long-form videos at web scale, enabling models to move beyond static shortcuts toward
richer temporal understanding. Another promising avenue is to rethink annotation strategies,
for example by designing hierarchical approaches that combine sparse high-level supervision
(e.g., chapters, summaries) with dense localized signals (e.g., actions, narrations), allowing to
keep both global context and fine-grained detail, extending [FMT " 24].

11.3.1.3  Toward Genuinely Multimodal Datasets

Background. While most large-scale multimodal datasets are limited to two modalities, for
example, image-text (e.g., LAION [SVB"21b, LAI24]), video-text (e.g., WebVid [BNVZz21al), or
video—audio (e.g., AudioSet [GEF " 17], VGGSound [CXVZ20b]), datasets with more modalities,
e.g., video—audio—text datasets, are rare and often constrained. For example, YouTube-based
datasets such as HowTo10o0M [MZA™ 19], HD-VILA [XHZ"22], YT-Temporal-18oM [ZLH" 21a],
which contain video, audio, and text in the form of ASR subtitles, are dominated by instructional
content with speech-heavy audio and noisy text supervision, introducing domain bias. This
limitation hinders the development of methods that exploit more than two modalities and
highlights the need for large-scale, genuinely multimodal datasets.

Future Directions. Ideally, a multimodal dataset for pretraining vision systems would at
minimum integrate visual, auditory, and textual signals in a coherent manner: video frames
capture appearance and motion, audio adds cues from ambient sounds, background music,
and speech, and text (e.g., dense descriptions, metadata, tags, subtitles) provides high-level
and fine-level semantic grounding. Additional modalities, for example, 3D cues such as depth
or stereo, may further enrich spatial understanding. But the key challenge is to ensure that all
modalities, such as vision, audio, and language, are synchronized and semantically meaningful,
for example, by validating and improving textual supervision [SKH24], as demonstrated
in Chapter [7} An important future direction is building such datasets at scale, that would
enable models to move toward a more holistic multimodal understanding.

11.3.1.4 Debiasing Evaluation Benchmarks

Background. In Chapter 8, we addressed representation bias in video benchmarks and proposed
a first scalable pipeline to detect and mitigate representation biases across three dimensions:
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concept bias (e.g., object bias), temporal bias (e.g., single-frame bias), and common-sense vs. dataset
bias [SNS™25]. However, our study covered only action recognition and text-to-video retrieval
tasks.

Future Directions. Going forward, a potential future direction is to broaden the bias anal-
ysis and debiasing presented in Chapter (8 to other downstream tasks, e.g., video question
answering, which is nowadays a key evaluation task for multimodal large language models,
video captioning, and spatio-temporal grounding. Another direction is to refine temporal bias
analysis beyond the single-frame vs. uniform multi-frame setting by estimating the minimal
temporal context needed and comparing needed architectural mechanisms such as early fusion
or late fusion for temporal aggregation. Finally, systematic representation bias analysis can be
extended to other modalities, for example, it would be both interesting and important to study
undesirable representation biases in image and audio datasets.

11.3.2 Models: Learning Efficient Multimodal Representations

Learning multimodal representations requires not only large amounts of diverse data but also
models that can process and integrate this data efficiently. In this section, we further outline
future directions for model development for pretraining robust multimodal representations.

11.3.2.1  Objectives for Multimodal Dense Features

Background. In this thesis, we relied on contrastive objectives for large-scale multimodal (Chap-
ter [4) and unimodal (Chapter [3) pretraining [SCR™22, SPKT23]]. Contrastive learning is a
powerful tool, however, the contrastive loss is usually applied to the image/video/text/au-
dio embeddings, but compressing the image/video/text/audio information into a single
embedding limits the model’s ability to learn the fine-grained features needed for dense
tasks. Reconstruction and generative objectives, e.g. autoencoders [VLBMo8, KW13], masked
token prediction [HCX ™22, ZWW 21, BDPW21, ADM™ 23], autoregressive next-token predic-
tion [RNSS18|, BMR " 20], or denoising diffusion [HJA20, RBL™ 22, HSG™22], train models to
predict full or partial content from context. These objectives encourage models to preserve
spatial details and capture part-whole structure in the learned features, and typically yield
better representations for dense tasks, e.g. detection or semantic segmentation. However, these
objectives are still rarely used for multimodal pretraining at web scale, where they could also
improve cross-modal alignment [GFI" 23, ARG 25, GRL™ 22, |SMV " 19]. Moreover, while the
success of LLMs is largely based on large-scale autoregressive pretraining, yet many mul-
timodal LLMs simply add non-text inputs on top of pretrained LLMs. They typically feed
image/video/audio inputs via adapters/resamplers [WBT 24, LZG 24, [ZLB23b|, LLWL23(],
leveraging language reasoning but without teaching the model to predict visual or audio tokens,
and therefore miss out on reasoning in these modalities.

Future Directions. One potential future direction is to move beyond the contrastive objective
for multimodal pretraining at web scale, e.g., presented in Chapter |4} and to explore generative
and reconstruction objectives more deeply in a multimodal setup to improve cross-modal
alignment and reasoning. For example, autoregressive next-token pretraining could move
beyond producing a single-modality output (as in current LLMs or multimodal LLMs that
generate only text tokens conditioned on other modalities) to generating sequences that interleave
text, vision, and audio tokens. Such a setup would require the model to predict not only words
but also pixels and waveforms, thereby encouraging richer reasoning over video and audio
modalities.
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11.3.2.2 Reasoning Beyond Single Image/Clip

Background. State-of-the-art multimodal foundation models mostly reason about a single
image or a single short video clip [WBT "24, (CWW ™24, WLL"24]]. Despite the context windows
getting bigger, pretraining is still mostly single-image- or clip-centric, and backbones are
trained to analyze one item, e.g., an image or a video clip, at a time. As a result, they struggle
to compare or combine information across multiple images or videos. For example, they often
fail to reason over sets of images, decide whether two videos show the same action. This
limits applications such as tracking a story across shots or understanding a movie plot that
spans many scenes. While there has been some recent progress in adding some multi-image
pretraining, for example, in LLaVA-OneVision [LZG"24] or VideoLLaMA3 [ZLC " 25] models,
the dominant pretraining data still focuses on single-item reasoning, and robust cross-image or
cross-video reasoning remains limited.

Future Directions. In Chapter 7} we used an LLM to reason over many video clips in the text
form using their textual narrations, which enabled us to improve our task performance by
leveraging broader contextual information [SKH™24], looking ahead, we also need models that
reason over longer horizons across multiple images and videos, not just one image or a short
video clip as typically done in recent models [WBT 24, CWW ™24, WLL" 24]. This points to
objectives that reward cross-item comparison and temporal understanding.

11.3.2.3  Efficient Architectures

Background. Vision data, especially video, is highly redundant: neighboring patches in
images and consecutive frames in video often contain very similar content [FLH 22, RPAT" 21,
TSWW22]]. Yet most current vision backbones, trained at scale with multimodal and self-
supervised methods, still rely on standard ViT architectures that process every patch with
heavy self-attention [WLL " 24, WHZ" 23} SVS™ 25], which makes training and inference slow
and expensive. While multiple efficiency methods have been explored, such as compress-
ing redundant patches into a single token [CZL"24], token merging [BFD"22], or token
pruning [YVAT22) RZL"21], they are often applied post hoc on trained models and there-
fore can lead to performance drops or are leveraged mainly for ImageNet-scale pretraining.
While there is also a growing interest in applying token reduction methods to multimodal
LLMs [ZLC 25, LSZ" 25, XWY " 25, [CGWY25], however, reductions are commonly performed
on ViT output tokens after heavy computation has already been spent in the vision encoder.
Moreover, efficiency methods are rarely adopted during web-scale pretraining for video or
multimodal representation learning, despite their potential to produce more efficient backbones,
accelerate training, and lower compute costs.

Future Directions. A promising direction is to integrate efficient image and, in particular,
video architectures directly into large-scale multimodal and self-supervised pretraining, such
as explored in Chapter [3{and 4l Concretely, encoders could learn to drop, merge, or compress
redundant content and allocate compute adaptively. An important research question is how
to incorporate these mechanisms into current self-supervised objectives without degrading
downstream performance. This could reduce training costs, yield stronger, more scalable
multimodal representations, and improve temporal reasoning in videos by utilizing longer
videos in pretraining.
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11.3.3 Analysis and Adaptation of Learned Representations

Building robust vision models requires understanding the properties and relationships between
learned representations and knowing how to transfer them across modalities and tasks. In this
section, we discuss future directions in systematic analysis of pretrained representations and
annotation-free adaptation to new tasks and domains.

11.3.3.1 Adaptation of Learned Representations without Annotations

Background. In Chapter 5] and Chapter [6| we took initial steps toward adapting foundation
models to new domains without paired in-domain, human-annotated data. For action classifica-
tion and text-to—video retrieval, we showed that using only unpaired language plus unlabeled
videos (Chapter [5) or even only in-domain text queries (Chapter [6) can close a meaningful
part of the performance gap to fully supervised finetuning [LKS™" 23} [SKSK23]. However, our
studies were limited to vision-language modalities and two tasks (classification and retrieval),
and methods still assumed access to substantial in-domain data, videos or text.

Future Directions. A natural next step is to extend model adaptation without human supervi-
sion [LKS™ 23} [SKSK23], presented in Chapter [5|and @ beyond vision-language to additional
modalities and beyond classification/retrieval to tasks such as captioning, VQA, or grounding.
An interesting future direction is also to probe the boundaries of the required amount of in-domain
data: quantify how many unlabeled examples (e.g., how much in-domain text) are needed for
effective adaptation, namely exploring low-data/few-shot training settings.

11.3.3.2 Towards Systematic Representation Analysis

Background. State-of-the-art multimodal and self-supervised methods combine diverse self-
supervised objectives with varying multi-stage pretraining recipes, model sizes, architectural
choices, dataset sizes and compositions, and data curation heuristics [WLL" 24, ZGY 24,
ODM 23, SVS™25, ZWW 21, RKH" 21d]. Experimental evaluations often mix many of these
factors, and reported results are usually obtained under different training characteristics (e.g.,
training datasets, model sizes, training recipes, etc.) and compute budgets. Moreover, hyperpa-
rameter tuning and prompt design are frequently performed on subsets of the downstream
datasets themselves, which can inflate scores and undermine the validity of cross-paper com-
parisons. This makes it difficult to disentangle which factors contribute most to downstream
performance and generalization, and which factors are responsible for specific properties of
the learned representations.

Future Directions. Therefore, a valuable future direction is to build a controlled comparison
suite for self-supervised and multimodal pretraining methods, e.g, presented in Chapter
and @ that varies only one factor at a time (e.g., objective, data, architecture, scale), use the
fixed hyperparameter tuning protocol with a limited tuning budget, and pair it with a unified
test bench that probes different complementary properties, e.g, dense prediction, temporal
reasoning, multimodal alignment, and generalization. Such a comparison suite would enable
fairer comparison of different representations and a clearer understanding of their properties,
strengths, and weaknesses.
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11.3.4 A Broader View on the Topic

Our broader long-term goal is to build robust, efficient vision systems that learn without
human labels by using the signals the world already provides (e.g., video, audio, text, depth,
and other streams), integrate information from long multimodal inputs, ground their decision
with evidence, and adapt to diverse tasks and new, changing environments without additional
human supervision. Reaching this goal requires developing learning paradigms for training
multimodal foundation models that embed world knowledge and can reason beyond individual
instances, comparing and integrating information across multiple multimodal inputs, such as
several video and audio tracks, multiple photos or graphics, text data, and other inputs. To
operate over such long multimodal contexts, models must be both data- and compute-efficient,
they should process redundant information in compact and structured forms, encoding knowl-
edge in ways that retain the richness while reducing unnecessary computation. Importantly,
predictions must be grounded in space and time, so that conclusions are interpretable and
supported by observable evidence. Ultimately, to build a holistic understanding of the world,
such systems must continuously absorb new information, adapt to novel tasks, and remain
resilient to distribution shifts — all without relying on manual annotations.
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APPENDIX — LEARNING BY SORTING: SELF-SUPERVISED
LEARNING WITH GROUP ORDERING CONSTRAINTS

This appendix contains supplementary material related to Chapter [3} [Learning by Sorting]
ISelf-supervised Learning with Group Ordering Constraints| of this thesis. We first discuss relations
between the GroCo loss, the contrastive loss, and the triplet loss in Section Then we
provide additional experimental evaluation results in Section and qualitative analysis in
Section Then we describe odd-even sorting networks in Section Finally, we cover
additional implementation details in Section
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A.1 DiscussioN oF GROCo/CONTRASTIVE/ TRIPLET Loss RELATIONS

In this section, we discuss the similarities and differences between the GroCo loss, the con-
trastive loss, and the triplet loss. For comparison purposes, let’s consider a simplified version of

losses when there is only one positive example x” and one negative example x” for the anchor
X7 xP

— =2 and
[ESIEY!

x". We denote the distance from the anchor x* to the positive sample x” as d¥ =
aT ,n .
the distance from the anchor x“ to the negative sample x" as d" = ——=—%—. Then contrastive

ESIEAN
InfoNCE loss (with respect to the anchor x?) is defined as:

exp(—d? /1)
exp(—dr/T) +exp(—d"/T) (A.1)
=log (1 +exp(—(d" —d") /1)),

Lcontrastive = — 10g

where T is a temperature hyperparameter (Figure [A.1a).
The triplet loss is defined as:

LTriplet = max (dp —d"+r, 0) =

(A.2)
= max (r — (d" —d?),0),

where r is a margin hyperparameter (Figure [A.1b).
For the GroCo loss, a permutation matrix P € R>*2 corresponds to only one conditional
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(a) Contrastive InfoNCE loss (b) Triplet loss (c) GroCo loss

Figure A.1: Comparison of the contrastive loss, the triplet loss, and the GroCo loss in a simple
scenario with only one positive example and one negative example for an anchor image. We
denote the distance from the anchor to the positive sample as d” and the distance from the
anchor to the negative sample as d". We note that in the simple case of only one positive
and one negative, all three losses try to maximize the difference between the distances to the
positive and negative examples (d" — d?). The temperature 7, the margin r, or the inverse
temperature § define the flatness of the loss curve depending on the difference (d" — d”).

swap operation and is defined as:

Py =Py =f(d"—dl) = %arctan(ﬁ(d” —dP))+0.5,

1 (A.3)
P12 = P21 = f(dp — dn) = ; arctan(ﬁ(d” - dn)) + 05,
where f is an inverse temperature. Therefore, the GroCo loss is defined as:
LGroco = E —210g(l arctan(p(d" — d?)) + 0.5) —
roCo 4 T
—210g<1 - %arctan(ﬁ(dp —d")) — O.5>> = (A-4)

= — log(% arctan(B(d" —d¥)) + 0-5>,

where B is an inverse temperature hyperparameter (Figure [A.1c).

In Figure we show the loss curves with different values of respective hyperparameters.
We note that in this simplified example with only one positive and only one negative, all
three losses try to maximize the difference between the distances to the positive and negative
examples (d" — dP). The temperature 7, the margin r, or the inverse temperature  define the
flatness of the loss curve depending on the difference (d" — d”).

However, in the case with more negative/positive examples for the anchor image, different
losses integrate information from multiple negatives/positives in different ways. For triplet
loss, there are various strategies to sample one positive example and one negative example for
the anchor image [SKP15| XSLP20]. The complete loss is defined as the sum (or average) of the
losses for the chosen triplets }_;; max (r — (d — d;’), 0). On the other hand, the contrastive loss
aggregates multiple negatives by contrasting the positive example to all negative examples,
resulting in sum under logarithm: log (1 + Y ;exp(—(d! —d”)/t)). And in contrast to an
explicit sum over a predefined number of negatives, the GroCo loss aggregates multiple
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positives and negatives via the permutation matrix, conditionally swapping neighboring
elements, and later applies the group ordering supervision, enforcing the distance between
positive and negative groups.

A.2 ADDITIONAL EXPERIMENTAL RESULTS

In this section, we provide additional experimental evaluations:

Augmentation Strategy. In Table[A.1a| we evaluate the performance of the model with respect to
different augmentation strategies for view sampling. We follow two setups: 1) the augmentation
strategy as used in the SimCLR [CKNH20] method with a random resized crop, color jittering,
and gaussian blur, grayscaling and horizontal flip and 2) the augmentation strategy as used in
the DINO [CIM™21] method that extends the SImCLR list of augmentations with solarization.
SimCLR augmentations are considered as “stronger” compared to DINO augmentations since
they include a larger range of cropping sizes (8% -100% of original image compared to 14%-
100% in DINO augmentations) and larger range values in color jittering. We observe that the
stronger SIMCLR [CKNH20] augmentations are more beneficial for the SimCLR method than
the weaker DINO augmentations, while for the proposed method, the DINO augmentation
strategy is more beneficial. However, the difference between augmentation strategies diminishes
with increasing number of training epochs and is no longer measurable at 400 epochs. For a
fair comparison, we use the SimCLR augmentation strategy in all reproductions of the SimCLR
method reported in the main part of the thesis.

Projection Dimensionality. We also ablate our method with respect to the dimensionality of
the projection space (or the latent space), where distances between samples are computed to
calculate a training loss. Table shows that increasing dimensionality of the projection space
increases performance in general, which is more noticeable for the k-NN performance. Note
that we do not change the dimensionality of the embedding space (output space of the encoder
that is used for the k-NN evaluation and linear evaluation), which is always 2048-dimensional.

Importance of Negatives. We also evaluate the importance of utilizing strong negatives for
the successful training of our model. We train the model using ten random negatives instead
of the top-10 strongest negatives as a negative group and report performance in Table
We observe that leveraging the strongest negatives increases performance across all metrics,
demonstrating the importance of hard negatives during training with the GroCo loss, similarly
as the contrastive loss benefits from hard negative sampling [RCSJ20].

k-NN in Projection Space. We also evaluate the k-NN performance in the projection space
(or the latent space) where the training loss is applied. We compare k-NN performance in
the projection and representation spaces in Table We observe that for both methods,
k-NN performance is higher if we use embeddings from the representation space even though
we train the model to compare embeddings in the projection space. This could be explained
by the fact that the embedding space contains more general image representations since the
representations in projection space could be overfitted to the respective augmentations and
there become agnostic to some image attributes (like color, since we train the model to match
views with different color jittering parameters).
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. k-NN Evaluation  Linear Evaluation
Method Augmentations Epochs k=t k=10 k=20 | Top-1 Top-5
SimCLR as in SimCLR [CTM " 21] 100 46.0 515 519 | 65.7 86.7
SimCLR as in DINO [CTM™21] 100 433 486 49.1 | 63.7 85.4
GroCo  asin SimCLR [CTM"21] 100 54.0 59.0 59.4 | 68.4 88.3
GroCo  asin DINO [CTM "21] 100 55.3 60.3 605 | 69.2 88.4
GroCo  asin SimCLR [CTM*21] 200 56.7 61.6 61.8 | 69.8 89.1
GroCo  asin DINO [CTM"21] 200 57.7 62.4 62.7 | 70.4 89.5
GroCo  asin SimCLR [CTM"21] 400 58.3 633 638 | 71.1 89.7
GroCo  as in DINO [CTM " 21] 400 58.7 634 63.6 | 71.0 89.7

(a) Augmentation strategy

k-NN Evaluation Linear Probing

Projection dim Embedding dim k=1 k=10 k=20 ‘ Top1 Top-5

128 2048 53.7 585 58.7 | 68.1 88.0
512 2048 55.2 59.8 60.1 | 69.0 88.5
2048 2048 55.3 60.3 605 | 69.2 88.4

(b) Projection dimentionality

k-NN Evaluation Linear Probing
k=1 k=10 k=20 | Top-1 Top-5

10 random negatives
top-10 strongest negatives

39.5 45.0 45.3 | 60.1 82.7
55.3 60.3 60.5 | 69.2 88.4

(c) Importance of negatives

k-NN Evaluation

Method Space k=1 k=10 k=20

SimCLR Projection Space 35.8 41.6 423
SimCLR Representation Space | 46.0 51.5 51.9

GroCo Projection Space 51.4 56.9 57.3
GroCo Representation Space | 55.3 60.3 60.5

(d) k-NN evaluation

Table A.1: Additional Experiments. The best results are bolded. Options used to obtain the
main results are highlighted. Backbone=Resnet50, Views=2x 224, #epochs=100.

A.3 QUALITATIVE ANALYSIS OF LEARNED REPRESENTATION SPACE

We also additionally perform a qualitative analysis of learned representation. In Figure we
visualize representations for images from four classes of different types of cats and four classes
of different types of dogs. We find that our method produces much more visually separable
clusters with respect to “inter-class” variations (cats vs dogs) and “intra-class” variations
(between different classes of cats) than the SimCLR baseline.
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Figure A.2: t-SNE visualization of learned representations of Imagenet validation images from
four classes of different types of cats (Egyptian cat, Persian cat, Siamese cat, Tabby cat) and
four classes different types of dogs (Pomeranian dog, African hunting dog, Tibetan mastiff,
English setter) for the SimCLR method and the proposed method. For visualization we use
models with Resnets50 encoder trained for 100 epochs with a batch size of 1024 and 2 x 224
views.

A.4 ODD-EVEN SORTING NETWORK

An odd-even sorting network, or odd-even sort, is a sorting algorithm from classic computer
science literature [Knug§]. Sorting networks, or networks for sorting, are a family of sorting
algorithms that consist of the fixed sequence of comparisons, in a sense that the next comparisons
(elements on which positions are compared) does not depend on the result of previous
comparisons. An odd-even sorting network is a simple example of this family of algorithms.
The odd-even sorting network compares neighbored elements starting from odd and even
indices alternating on each step, and requires n steps to sort a sequence of n elements. We
present a pseudocode of the odd-even sorting network in Algorithm |1 We also additionally
illustrate the odd-even sorting process in Figure
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Algorithm 1 Python pseudocode of an odd-even sorting network for sorting an array of
numbers in non-descending order

# arr: array to sort
# n: length of array

for s in range(1, n + 1):
if s %2==1:
for i in range(o, n - 1, 2):
if arr[i] > arr[i+a]:
arr[i], arr[i+1] = arr[i+1], arr[i]
else:
for i in range(z, n - 1, 2):
if arr[i] > arr[i+a]:
arr[i], arr[i+1] = arr[i+1], arr[i]

Input: step 1 step 2 step 3 step 4 Output:

M | e 1
2] 1 2
@B | 4 4
4 | 2 6

Figure A.3: An illustration of an odd-even sorting network for sorting four elements in non-
descending order with an example of sorting of [6, 1, 4, 2] array.

A.5 IMPLEMENTATION DETAILS

Linear Evaluation Details. For linear evaluation, we train a linear classifier on frozen rep-
resentations in a fully-supervised way, using the training set of ImageNet for training and
the validation set for evaluation. We follow the training protocol of SImCLR [CKNH20] and
SimSiam [CH21b] and train a linear classifier for go epochs using the LARS optimizer [YGG17]
with the batch size of 4096, the momentum of 0.9, the linear rate of 1.6 (following the
rule: learning rate = 0.1 x batch size/256), without a warmup and weight decay. Follow-
ing [CKNH20] and [CH21b], we use weak data augmentation (only random cropping with
horizontal flipping) and apply gradient stopping on the input of the classifier to prevent
updating the encoder.

SimCLR with Multiple Positives. To train SimCLR with more than one positive view per
anchor, we apply contrastive loss for all possible positive pairs, considering all views from other
images in the batch as negatives (with a batch of B examples with have m(B — 1) negatives
views). Let x/ denote the i’th view of the b’th image in a batch, and Px,;_; denote a set of positive

samples for the anchor x?, and N, denote a set of positive samples for the anchor x}. Then,
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the loss is calculated as

’ 1 ZB: 1 i L g (
SimCLR — & — M -
Bimm= ‘ Pu|l vep,
1 1 (A.5)
exp(—d(x},y)/7)
exp(—d(x},y)/T) + Lzen, exp(—d(x},2)/7) )

where T is a temperature parameter. This extension of the SimCLR framework for m > 2 views
per image is the same as used in the SWAV evaluations [CMM ™ 20]. Note that in the multi-crop
scenario, we use only full-resolution global views as positive examples following “local-global”
correspondence idea [CMM ™20, CTM™21].






APPENDIX — EVERYTHING AT ONCE — MULTI-MODAL
FusioN TRANSFORMER FOR VIDEO RETRIEVAL

This appendix contains supplementary material related to Chapter |4} |[Everything at Once 4
IMulti-modal Fusion Transformer for Video Retrieval, of this thesis. First, we provide additional
experimental results in Section then, we perform a qualitative analysis of zero-shot text-
to-video retrieval in Section and finally, we provide more implementation details in

Section [B.3}
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B.1 ApbpiTioNAL EXPERIMENTAL EVALUATION

CLIP Backbone. We additionally tested our model with stronger visual and text backbones.
Namely, we used CLIP backbones (Contrastive Language-Image Pretraining) [RKH21b]
pretrained on the large Wikipedia-based image-text WiT dataset. We used the ViT-B/32 model
and extracted one 512-dimensional feature per second for video and one 512-dimensional
feature per word for text. For both modalities, we adopt features after projection into the multi-
modal embedding space. Performance of zero-shot text-to-video retrieval and text-to-video
retrieval after finetuning is presented in Table We note that using CLIP features is especially
beneficial for the MSR-VTT dataset, but performance on YouCook2 also improves compared
to R152 + RX101 and word2vec backbones. We also note that performance on MSR-VTT after
finetuning is coming close to the performance of the CLIP4CLIP [LJZ"21] model that, however,
is not directly comparable to ours. Compared to CLIP4CLIP, we are not finetuning backbones
and we also are using a smaller MSR-VTT train subset for finetuning (7,000 clips compared to
9,000 clips).
Action Segmentation. Following [CRD™21] we additionally report temporal action segmenta-
tion performance on the CrossTask and Mining YouTube datasets as proposed in [KIRG19]. We
measured a frame-wise video segmentation performance given the order of actions in a video.
Following inference procedure [KIRG19] we computed temporal alignment of video frames
based on similarity matrix to text labels by a Viterbi-decoding. Before decoding, we transferred
the similarity matrix to class probabilities by applying softmax with temperature 0.05 across
all labels over all videos (as we did in NCE during training). Segmentation performance is
measured by an intersection over union loU = gg—g — the ratio between the intersection of
ground truth action G and prediction D and the union of them — as well as an intersection over
detection IoD = ¢0P,

In Table we show IolU and IoD for temporal action segmentation with a recall for
step action localization. We observe that our method shows a marginal boost in temporal
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Method Visual Text ET YouCook2 MSR-VTT
Backbone Backbone R@51t R@ioT R@st R@iof

Ours R152+RX101 word2vec 40.7 51.3 23.8 31.8
Ours CLIP word2vec 42.7 54.0 29.0 38.7
Ours CLIP CLIP 42.6 54.3 32.5 42.4
CLIP4CLIP CLIP CLIP - - 57.0 66.9
Ours Ri152+RX101 word2vec v 59.1 70.9 52.1 63.7
Ours CLIP wordavec v'  62.1 72.6 60.7 72.7
Ours CLIP CLIP v o621 72.9 62.7 75.0
CLIP4CLIP CLIP CLIP v - - 70.7 80.5

Table B.1: Text-to-video retrieval on the YouCook2/MSR-VTT in zero-shot and finetune settings
with CLIP backbones. As the video representation, we again use va — the fused video and
audio modalities. FT: finetuning on downstream task. We include CLIP4CLIP [LJZ"21] for
completeness but do directly compare because of different pretraining and a different MSR-VTT
train subset.

CrossTask Mining YouTube
Method Recallt 10Dt IOU? | Recallt 10Dt IOU?T
Mining YouTube [KIRG19] - - - - 19.2 9.8

MCN [CRD"21]
Ours

35.1 33.6 222 18.1 32.0  23.1
39.3 325 185 19.4 32.7 231

Table B.2: Evaluation of zero-shot action segmentation on the CrossTask/Mining YouTube. We
report results for “R152 + RX101” visual backbone (the same as used in MCN [CRD " 21]).

action segmentation on the Mining YouTube dataset while it does not benefit on the CrossTask
dataset. However, we note that the segmentation evaluation procedure relies on the given
order of steps in a video, while in the CrossTask dataset about 30% steps are missed and step
orders are not always correct [ZAC T 19b], so we consider the step action localization recall as a
primary metric for this dataset, where our method improves performance by 4% with respect
to MCN [CRD™21] baseline.

CrossTask Specific Results. To further analyze step action localization performance, we
considered recalls for every specific task of the CrossTask dataset in Table We note that our
method shows a significant boost in almost all cooking-related categories, like “Make Banana
Ice Cream” or “Grill Steak” while does not improve performance in not-cooking categories
“Change Tire,” “All Oil to Car,” and “Build a Shelves.” The MCN method, which also utilizes
audio channel, similarly demonstrate a lower performance in “Change Tire” and “All Oil to
Car” tasks compared to video-text-only the CrossTask [ZACT19b] and HT100M [MZA " 19]
baselines. We can assume that this happens due to the fewer car-related video clips in the
HowTo1o0M dataset (7.8M) compared to food-related clips (54.4 M).

Fusion Transformer Ablation. We also ablate our Fusion Transformer with respect to the
number of transformer blocks and the number of heads of multi-headed attention in Table
Due to resource constraints, for an increase in the number of transformer blocks, we should
linearly decrease either the number of heads or the training batch size (the large batch size
is essential due to contrastive training). We observe that the best performing configuration
consists of 1 transformer block and a maximum number of transformer heads (64 heads) that
tits into resources, however, we assume the model can further boost performance by increasing
the number of transformer blocks leveraging more resources.
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Method S EOS2 03 E0S2UE =2 <2355 85 58 5k 35 33 =€ 33 34 (<
Fully-supervised baseline[ZAC*lgb’[‘lg.I 25.3 38.0 37.5 25.7 28.2 54.3 25.8 18.3 31.2 47.7 12.0 39.5 23.4 30.9 41.1 53.4 17.3 ‘31.6
CrossTask [ZACT19b] 13.3 18.0 23.4 23.1 16.9 16.5 30.7 21.6 4.6 19.5 35.3 10.0 32.3 13.8 29.5 37.6 43.0 13.3 [22.4
HT100M et al. [MZA " 19| 33.5 27.1 36.6 37.9 24.1 35.6 32.7 35.1 30.7 28.5 43.2 19.8 34.7 33.6 40.4 41.6 41.9 27.4 (33.6
MCN 25.5 31.1 39.7 32.7 35.4 36.8 29.0 40.0 28.4 33.8 45.7 27.5 36.1 34.9 39.6 42.6 43.0 29.1 [35.1
Ours 30.5 41.2 46.5 46.6 38.9 32.0 19.5 48.9 25.8 33.6 44.7 29.1 40.7 36.9 50.7 44.1 63.1 33.6 (39.2

Table B.3: Step action localization performance on the CrossTask [ZAC™ 19b] dataset: recalls
corresponding to every specific task.

#blocks #heads hiddens. Dbatch size R g;%lccl){gfo + ‘ R @I\;[,?R_;ggfo 1
1 64 4096 224 x 10 | go.7 51.3 23.8 31.8
2 64 4096 224 x5 37.3 47.6 23.2 32.5
2 64 4096 112 x10 | 38.6 49.8 20.8 28.6
2 32 2048 224 x 10 38.1 49.1 22.6 30.9
4 16 1024 224 x 10 35.4 46.8 23.7 31.7

Table B.4: Evaluation of different fusion transformer architectures. #blocks stands for a number
of transformer blocks, #heads — for a count of attention heads; hidden s. denotes a hidden size
of the transformer layers (that linearly depends on the number of heads); batch size denotes a
training batch size where x x y means that we use a batch of x videos and randomly sample y
clips per video.

Text-Audio Disentangling and Loss Weighting. We also show the importance of disentangling
audio with respect to text while training on the HowTo100oM dataset, as well as the importance
of using a larger text-video loss weight in the loss function in Table Since text is obtained by
applying an ASR system to the audio track, to avoid text being learned just as an audio narration,
we shift the audio clip randomly by half of clip length (4 seconds out of 8 seconds) with respect
to the video and text boundaries in “disentangled text-audio.” To further regularize text-audio
learning, in “+ loss weighting” we used a larger weight for a text-visual loss A; , = 1 compared
to other loss components Ay ; = At s = At o = Ay ta = Ag o = 0.1 (similarly to [ARS™ 20]).
Table shows that both adaptations are beneficial for training on the HowTo10ooM dataset.
Relative Positional Encodings. As demonstrated in the paper, we found that absolute positional
embeddings are not beneficial for our model. Apart from them, we also tested relative positional
encodings, namely the Rotary Position Embedding (RoPE) [SLP™21], that are shown to better
generalize to longer inputs at test time. We incorporated RoPE into our attention block, where
we independently apply RoPE to each sequence of text, video, or audio tokens. However,
as presented in Table we also found that RoPE does not benefit our model. But a more
complex strategy that e.g., adds information about alignment tokens from different modalities
(similarly to the RoPE 2D case) may lead to performance improvement.

B.2 QUALITATIVE ANALYSIS

We also qualitatively analyze the zero-shot retrieval capacity of our model on the YouCook2
dataset in Figure We observe, that for all shown examples retrieved clips are semantically
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Confisuration YouCook2 MSR-VIT
ontiguratio R@s57 R@iof | R@5T R@1of
aligned text-audio 37.8 47.2 14.0 20.0
disentangled text-audio 37.2 45.7 17.9 25.0
disentangled text-audio + loss weighting | 40.7 51.3 23.8 31.8

Table B.5: Evaluation of disentangling of audio and text while training on the HowTo10o0M
dataset as well weighting components in the loss function. Aligned text-audio and disentangled
text-audio were trained without loss weighting, disentangled text-audio + loss weighting — with
Mo=1, A0 =At s = At va = Ay ta = Ag_to = 0.1 as proposed.

YouCook2 MSR-VTT
Configuration R@s1 R@ioT R@s51 R@iof
RoPE [SLP"21] 40.4 51.2 23.1 31.6

no positional emb.  g0.7 51.3 23.8 31.8

Table B.6: Evaluation of Rotary Position Embedding (RoPE).

related to the given text query. Even when a correct video does not occur in the top-5 retrieval
results, top-5 videos correspond to the text input: for example, for a query “bring a large pan
of water to boil” our model predicts videos with boiling water in a pot.

B.3 IMPLEMENTATION DETAILS

Audio Backbone. Following [RBH™21, CRD 21|, as an audio backbone, we use a trainable
CNN with residual layers adopted from [HRST18] that takes log-mel spectrograms with 16
kHz sampling rate, 25 ms Hamming window, 10 ms window stride, and 40 Mel filter bands.
Note that this backbone is not pretrained. Since architecture used in [RBHT 21, (CRD"21]
extracts 6 1024-dimensional features per second, we adapt the last two residual blocks to extract
~1.5 4096-dimensional features per second (the same as our video backbone). We illustrate
architecture in Figure While training on 8-seconds clips, we used 7.7 seconds of audio,
that results exactly in 12 audio tokens.

Ablation Architectures. In Figure [B.3| we illustrate 4 architectures considered in our ablation
studies: a) no transformers: our architecture without transformer layer, trained with three
pairwise contrastive losses; 2) single modality transformer: leveraging three separate modality-
specific transformers; 3) fusion transformer: the proposed modality agnostic transformer, but
trained with three pairwise contrastive losses without fused modality components; 4) fusion

T.7sec 768 x40 768 x 128 384 x 128 384 x 128
192 x 256 192 x 256

96512 48, 1024

24 x 2048 12 x 4096
[ ]

Residual Layer

weiboljoadg

| i
Residual Layer Residual Layer

| |
| Residual Layer

L L

Residual  Residual Residual Residual
Layer Layer Layer Layer

Figure B.1: The schematic visualization of audio backbone network (the illustration is inspired
by [RBH"21]).



B.3. IMPLEMENTATION DETAILS 221

transformer + combinatorial loss: the proposed architecture that utilises the modality agnostic
transformer with combinatorial input, trained with combinatorial loss.

finetuning Details. During finetuning on the YouCook2 and MST-VTT datasets, we set
Mo =Aoa=Atg=At va = Avta = As_to = 1, and train the model for 5 epochs with a learning
rate of 1le~> and a batch size of 256 on the YouCook2 dataset, and for 25 epochs with the
learning rate of 5¢~° and the batch size of 128 on the MSR-VTT dataset.

Training Time Training our model on the HowTo100M dataset takes approximately 2 days on
four Nvidia V1oo 32GB GPUs. finetuning on the YouCook2 and the MSR-VTT takes less than
30 minutes.
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Top 5 Retrieved Videos

Text Query
heat the oil and
fry the falafel balls|
until golden brow.

fold the foil
around the sandwic

mix the yeast sugaf
and water

Text Query

cook the macaroni

in boiling water

spray the chicken
with cooking spra
and cook the chicke
in the oven

combine diced toma

(b) Examples of clips retrieved in the top-5 results (@R <= 5)

Text Query Top 5 Retrieved Videos

- Bnng nnotier po of Water U0 bR

bring a large pan
of water to boil

when air bubbles for|
flip the bread over

add worcestershire saff#
to the pot

take out the wrappe
ingredients add boili
water and cover
the jar

(c) Examples of clips not retrieved in the top-5 results (@R > 5).

Figure B.2: Qualitative evaluation. Examples of zero-shot text-to-video retrieval on the
YouCook2. Each row shows the top-5 retrieved videos for a given text query. The cor-
rect video is highlighted with a red color.
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Figure B.3: Comparison of different architectures considered in ablation studies. Note that in
illustration of the fusion transformer in (c) and (d), not all blocks are always active, using green
rectangles we consider the video embedding computation in (c) and video-audio embedding
computation in (d).






APPENDIX — MATCH, EXPAND AND IMPROVE:
UNSUPERVISED FINETUNING FOR ZERO-SHOT ACTION
RECOGNITION WITH LANGUAGE KNOWLEDGE

This appendix contains supplementary material related to Chapter 5} [Match, Expand and Improve]
\Unsupervised Finetuning for Zero-Shot Action Recognition with Language Knowledge, of this thesis.
First, we introduce dataset statistics in Section [C.1), then, we provide more implementation
details in Section and finally, we provide additional results in Section
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C.1  DATASET STATISTICS

Kinetics-400 (K400) [KCST17] is the most popular benchmark for action recognition tasks,
containing around 240K training videos in 400 classes. The dataset consists of YouTube videos
with an average length of 10 seconds. We use the training set of K400 for finetuning CLIP.
UCF1o1 [SZS12] is collected from YouTube videos, consisting of 13K videos from 101 classes.
There are three splits of training data (~ 9.4K) and validation data (~3.6K). Following XL-
CIP [NPC*22] and ViFi-CLIP [RKM™22], we report the average performance on the three
validation splits.

HMDB51 [K]JG'11] consists of 7K videos comprised of 51 action classes, collected from
YouTube videos and movie clips. There are three splits of training data (~ 3.5K, 7o videos
per class) and validation data (~1.5K, 30 videos per class). Following [NPC"22, RKM"22], we
report the average performance on the three validation splits.

Kinetics-600 (K600) [CNBH™18] is an extension of K400, consisting of 650K videos in 600
classes. Following [CH21a, NPC" 22, RKM™22], we use the 220 classe that are not included
in K400 for zero-shot action recognition. There are three validation splits, each containing 160
classes randomly sampled from these 220 classes. We report the average performance on the
three validation splits, each containing around 14K videos.

MiniSSvz [CPR"21] (87 classes, 93K videos) is a subset of Something-Something v2
(SSv2) [GEKM T 17a] (174 classes, 220K videos). SSvz is an egocentric motion-based action

In the evolution from K400 to K600, there are renamed, removed and split classes. See details in Appendix B
in [CH21al.
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CLIP

ViFi-CLIP

MAXI

(a) clap (b) kick ball

Figure C.1: Attention heatmaps on actions which have a verb form (lemma or gerund) directly
included in the K400 dictionary. We compare among CLIP (2nd row), ViFi-CLIP (3rd row) and
our MAXI (4th row). Warm and cold colors indicate high and low attention. MAXI has more
focused attention on hands (for clap) and legs (for kick ball).

dataset, which has a large visual domain shift to K400. Furthermore, the action classes are
detailed descriptions of fine-grained movements, in a largely different language style than the
K400 action dictionary, e.g. Failing to put something into something because something does not fit,
and Lifting a surface with something on it but not enough for it to slide down. For zero-shot action
recognition, we evaluate on the validation split of MiniSSv2 (12K videos). For few-shot action
recognition, we follow [RKM™ 22] and evaluate on the validation split of SSv2 (25K videos).
Charades [SVW™16] is a long-range activity dataset recorded by people in their homes based
on provided scripts for home activities. There are ~10K videos in 157 classes. The average
video length is 30 seconds. Each video has annotations of an average of 6.8 action instances,
often in complex co-occurring cases. The validation split consists of 1.8K videos. We report the
mean Average Precision (mAP) for the multi-label classification task.

Moments-in-Time (MiT) is a large-scale action dataset of 3-second YouTube video
clips, which cover actions in 305 classes, performed by both humans and animals. The
validation split consists of 30K videos.

UAV Human (UAV) [LLZ" 21b] is an action dataset recorded with an Unmanned Aerial Vehicle
in unique camera viewpoints. There are 155 action classes. Actions in different categories
are performed by a fixed group of subjects in the same background scenes. This leads to an
extremely low object-scene bias and a large shift to the domain of K400 and CLIP. We evaluate
on the RGB videos and report the average performance on the two official validation splits,
each consisting of ~ 6.2K videos.

C.2 IMPLEMENTATION DETAILS

In addition to the details mentioned in the main part of thesis, we cover more implementation
specifics here.

CLIP matching. The CLIP matching step is for consuming the language source of the predefined
action dictionary D. We use CLIPE| with the ViT-B/16 visual encoder [DBK21al]
to match each video with texts in the predefined action dictionary. To improve the matching

2CLIP model source


maxi:https://openaipublic.azureedge.net/clip/models/5806e77cd80f8b59890b7e101eabd078d9fb84e6937f9e85e4ecb61988df416f/ViT-B-16.pt
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ViFi-CLIP CLIP Frames

MAXI

Figure C.2: Attention heatmaps on novel actions which do not have any verb form included in
the K400 dictionary. We compare among CLIP (2nd row), ViFi-CLIP (3rd row) and our MAXI
(4th row). Warm and cold colors indicate high and low attention. MAXI has more focused
attention on hand and arm for wave, and on the area of mouth for chew.

quality for Text Bag Construction, we perform prompt ensembling over the 28 prompt tem-
plates| which are proposed by CLIP for Kinetics videos. Important to note, during inference
we follow the exact protocol of ViFi-CLIP and use only a single prompt.

GPT-3 text expansion. We employ the GPT-3 text-davinci-0o3 model [BMR* 20]. We set the
temperature to 0.4. We generate 5 verb phrases using the input instruction - Generate 5 phrases to
describe the action of <action> in simple words. Here for a video x;, <action> is the best matched
text #; from the predefined action dictionary.

BLIP captioning. We use BLIP model [{| [LLXHz22al] with ViT-L/16 as the image captioner. For
each video, the image captioning is performed on 8 uniformly sampled frames. The frames are
resized into 384.

Text augmentation. We use the natural language processing tool spaCyp]| to parse the verbs
and verb phrases from the descriptions. We perform augmentation by converting the verbs
into forms of lemma and gerund (present participle) and include results in the text bag.
Training. We employ CLIP with the ViT-B/16 visual encoder. We follow the full-finetuning
configuration of [RKM™22] to finetune both the visual and text encoder. During training, we
follow the configuration of [RKM™22, NPC™22] for visual augmentation of multi scale crop,
random flipping, color jitering and gray scaling. We do not perform augmentations of MixUp
or CutMix.

As different videos have varying numbers of texts in their bags, we randomly sample
Npag texts from the originally constructed bag in each training iteration. For multiple instance
learning, we use all the Ny, words in a text bag to form Np,g text prompts for each video.
The text prompt is in the format of <textr> + <text2>. The first part <textr> is uniform
for all the Np,s text prompts. Specifically, we use a hand-crafted prompt template a photo of
<action>, where <action>> is the best-matched text #; from the predefined action dictionary
(see Equation in the main part of the thesis). <textz2> is an individual text from the text
bag. To avoid duplication, we do not use f; as <text2>.

Inference. We follow [NPC'22, RKM"22] and sample a single view via sparse temporal

3https:/ /github.com/openai/CLIP/blob/main/data/prompts.md
4BLIP model source
5spaCy https:/ /spacy.io/


https://github.com/openai/CLIP/blob/main/data/prompts.md
maxi:https://storage.googleapis.com/sfr-vision-language-research/BLIP/models/model_large_caption.pth
https://spacy.io/
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sampling and spatial center crop. The same single prompt template is used in inference.

C.3 ADDITIONAL RESULTS

C.3.1 Attention Heatmaps

To gain more insights into the performance improvement of MAXI, we compare the visualiza-
tions of attention heatmaps across several approaches in Figure Figure and Figure
CLIP is the original CLIP [RKH™21a] without any finetuning. ViFi-CLIP [RKM 22| finetunes
CLIP via supervised classification on K400 with ground truth annotations. MAXI is our
approach of unsupervised finetuning with language knowledge.

We obtain the attention maps by computing the cosine similarity between the patch token
features from the visual encoder and the text feature from the text encoder. We visualize the
attention maps in several action classes from the downstream datasets used for the zero-shot
action recognition task. Based on the relationship between the zero-shot action class and the
K400 action dictionary used for training, we categorize the visualizations into 3 groups: (1)
In-dictionary action classes which have a verb form (lemma or gerund) directly included in the
K400 action dictionary, e.g. clap and kick ball in Figure (2) Novel actions classes which do
not have any verb form included in the K400 action dictionary, e.g. wave and chew in Figure
(3) General actions whose verb form is a basic component of several actions in the K400 action
dictionary, e.g. catch, hit, jump and run in Figure
In-dictionary action classes. In Figure we visualize two samples of the action clap and
kick ball. clap has the same lemma as clapping in the K400 dictionary, while kick ball has related
actions of kicking field goal and kicking soccer ball in the K400 dictionary. We see that CLIP has
incorrectly high attention on object (Figure a), 2nd row) or background scene (Figure [C.1|b),
2nd row). ViFi-CLIP has cluttered high attention on both the subjects and the background
scenes. On the contrary, MAXI has more focused attention on the hands (for clap) and legs (for
kick ball).

In our GPT-3 text bag of clapping, related words such as clap, smacking hands, slapping
palms and clapping hands are included. This strengthens the association between the action
clap and the body part of hands, and leads to more accurate attention. Furthermore, in BLIP
caption verb text bags, the verb clap appears several times in frame captions of K400 videos of
clapping, giving or receiving award and applauding. This further improves the understanding of
clap. Similarly, in BLIP frame captions, kick is an even more basic verb with large amount of
occurrences.

Novel action classes. In Figure we compare the attention maps for the novel verbs wave
and chew that do not appear in the K400 action dictionary. We see that for wave, CLIP and
ViFi-CLIP have attention on the background scene or on the head, while MAXI has correct
attention on the hand and arm. For chew, CLIP has more attention on the hair and ViFi-CLIP has
attention on a large area of the face. On the contrary, MAXI has consistent focused attentions
on the area of the mouth where the action chew happens.

The verb wave appears in BLIP caption verb text bags of several K400 videos of clapping,
applauding, celebrating. The verb chew appears in captions of K400 videos of eating carrots, eating
spaghetti, eating watermelon and baby waking up. The additional language source improves the
knowledge of actions that never appear in the K400 action dictionary.

General actions. In Figure we illustrate the attention maps for four general verbs catch,
hit, jump and run. These verbs are basic components of several actions in the K400 dictionary,
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ViFi-CLIP CLIP Frames

MAXI

ViFi-CLIP CLIP Frames

MAXI

(d) run

Figure C.3: Attention heatmaps on actions which have a verb form (lemma or gerund) directly
included in the K400 dictionary. We compare among CLIP (2nd row), ViFi-CLIP (3rd row) and
our MAXI (4th row). Warm and cold colors indicate high and low attention. MAXI has more
concentrated attention on the part where the action happens, e.g. catching ball with hands
(Figure [C.3(a), 4th row), hitting drum with stick (Figure [C.3|b), 4th row), legs and feet jump on
stairs (Figure[C.3{c), 4th row), and attention on the running body (Figure [C.3(d), 4th row).
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Action dictionary Dictionary size ~ UCF1o1 HMDB51 Kéoo MiniSSv2 Charades UAV Human Moments-in-time
CLIP(w/o finetune) Zero-Shot  69.93 / 92.7 38.02 / 66.34 63.48 / 86.80 3.96 / 14.42 19.80 1.79 / 7.05 20.11 / 40.81
K400 400 78.18 / 96.03 50.35 / 77.10 70.78 / 92.17 5.74 / 17.70  23.89 3.06 / 9.46 22.41 / 45.83
K400+WebVid2.5M 800 75.99 / 96.00 45.97 / 73.94 69.14 / 91.13 4.81 / 15.79  22.67 2.11 / 8.00 20.92 / 43.99
K400+WebVid2.5sM 1200 75.72 / 96.02 45.51 / 73.97 69.36 / 91.11 4.21 / 15.15 22.35 2.39 / 7.98 21.29 / 44.33
K400+WebVid2.5sM 1600 76.14 / 96.01 44.84 / 71.79 69.23 / 91.10 4.42 / 14.71  22.89 2.14 / 7.71 20.69 / 43.59

Table C.1: Robustness of finetuning with noisy action dictionaries. We add noisy verbs parsed
from the WebVid2.5M dataset into the original K400 action dictionary. We report the zero-shot
transfer performance (mAP on Charades and Top1/Tops accuracy on other datasets). We set
the text bag filtering ratio p = 50% for improved text bag quality.

Temp. attention layers UCFio1 HMDBs1 K6oo MiniSSv2 Charades UAV Human Moments-in-time

None 78.17 52.24 71.43 6.37 23.79 2.72 22.91
2 77.38 51.83 70.41 5.98 22.87 2.90 22.51
6 75.91 51.92 69.23 6.09 21.78 2.52 22.52

Table C.2: Cross-frame temporal attention modules. we report the zero-shot transfer perfor-
mance after finetuning CLIP on K400. We train with text bags of GPT3 verbs and BLIP verbs.
We set the text bag filtering ratio p = 90%. Adding temporal attention module does not lead to
performance improvement.

e.g. catching fish, catching or throwing frisbee, hitting baseball, jumping into pool and running on
treadmill. In these samples, CLIP and ViFi-CLIP have cluttered attention on the background
scene or objects. MAXI has more concentrated attention on the part where the action happens,
e.g. catching ball with hands (Figure a), last row), hitting drum with stick (Figure b),
last row), legs and feet jump on stairs (Figure [C.3(c), last row), and attention on the running
body (Figure[C.3(d), last row).

These verbs are very general and could have highly diverse instantiations. E.g. hit (drum)
in Figure [C.3(b) is not close to hitting baseball on K400. jump (on stairs) in Figure|C.5|c) is not
close to jumping into pool or bungee jumping on K400, even if they share the same verb. In our
GPT-3 verb bag and BLIP caption verb bag, there is a large amount of these verb instances that
facilitate the comprehensive understanding of these general verbs. This leads to better focus
even in unusual complex scenes, e.g. jumping on stairs (Figure [C.3{c)).

C.3.2 Robustness Against Noisy Action Dictionary

In Table [5.5/in the main part of the thesis, we explored the robustness of our finetuning pipeline
against noisy action dictionaries. In case of an over-specified dictionary, we added noisy verbs
and verb phrases into the original K400 action dictionary. The noisy verbs are parsed from the
captions in the WebVid2.5M dataset [BNVZ21a]. Here we further increase the ratio of noisy
verbs, and add 800 and 1200 verbs into the dictionary, resulting in 1200-class and 1600-class
spaces.

In Table we report the zero-shot transfer performance of models finetuned with the
resulted 1200-class and 1600-class space. We set the text bag filtering ratio p = 50% for
improved text bag quality. We see that even with extremely noisy dictionary where 50% to 75%
of words do not match with the video data, our finetuning still results in a robust zero-shot
transfer performance to unseen datasets. The robustness is the consequence of the fact that we
collect knowledge from multiple language sources and learn from them via Multiple Instance
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BLIP Frame Captions BLIP Verb Bag GPT-3 Phrases GPT-3 Verb Bag

a close up of two hands holding each other covering smearing cream rub, put, smear, coating creamspreading cream, coat,
a close up of a person's hands on a table make rubbing cream putting, coating, applying cream, apply, applying,
a woman making a stop sign with her hands hold putting cream smearing, rubbing cream, rubbing, putting cream,
a woman covering her face with her hands holding spreading cream spreading, smearing cream, spread
a young girl covers her face with her hands cover coating cream
a woman holding her head in her hands making

a woman holding her hands to her face
a young girl covers her face with her hands

Dunking BasketBall

8

£

<

&

BLIP Frame Captions BLIP Verb Bag GPT-3 Phrases GPT-3 Verb Bag
a group of men playing a game of basketball jump slamming the basketball stuffing, jam, stuff, jamming, hitting, throwing the ball
a group of men playing a game of basketball dunking stuffing the ball in the hoop, hitting the rim, throw, jamming the ball,
a man that is standing in the air with a basketball playing throwing the ball in the hoop hit, throwing, dunking, stuffing the ball, dunk, slam,
a basketball player jumping up to dunk the ball stand jamming the ball slamming the basketball, dunking basketball, slamming
a group of men playing a game of basketball play hitting the rim
a man holding a tennis racquet on top of a court hold
a man standing on top of a basketball court dunk
a group of men playing a game of basketball holding
jumping
standing
High Jump
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BLIP Frame Captions BLIP Verb Bag GPT-3 Phrases GPT-3 Verb Bag

a woman in a white tank top and black shorts running on a track jump leap over a bar clearing, soar over a bar, jump high, soar, clear a bar,
a woman in a white tank top and black shorts running on a track running clear a bar jumping, vaulting, clear, soaring, vault, high jump, vault
a woman in a white shirt and black shorts running on a track do jump high over a bar, leap over a bar, jump
a woman doing a high jump on a track run vault over a bar
a blurry photo of a woman running on a track jumping soar over a bar
a woman jumping over a hurdle on a track doing

a blurry photo of a woman running on a track

a woman doing a trick on a gymnastics mat

Figure C.4: Examples of video frames, BLIP frame captions, GPT-3 phrases, together with the
derived BLIP verb bag and GPT-3 verb bag. The videos are from the K400 dataset.

Learning. Note that the zero-shot transfer does not have consistent change in performance
across the downstream datasets, as different datasets have different language domain shift to
the action dictionary used for training.

C.3.3 Examples of Language Sources

Similar to the cooking egg example in Figure [5.2|in the main part of the thesis, we illustrate
more examples of video frames, BLIP frame captions, GPT-3 phrases, together with the derived
BLIP verb bag and GPT-3 verb bag in Figure The videos are from the unlabeled K400
dataset which we use for training.
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C.3.4 Parameter-Free Temporal Module

As mentioned in Section in the main part of the thesis, we explore a parameter-free
temporal-aware module on the CLIP model. We modify the multi head attention mod-
ule [VSP"17] in the visual encoder of CLIP to be temporal aware. Originally, the attention

:
on the frame t is computed via A;(Qy, K¢, V) = softmax Q‘tgt Vi, where Q;, K; and V; are the
query, key and value from frame t.

We explore to compute the cross-frame attention via

ZieI(Qt'Kt+iT)/|I|Vt

AL(Qt, Kiyilier, Vi) = softmax 7

(C.1)

where we set [ = {—1,0,1}. In this case, we use the keys from the frame t — 1, t and f + 1 to
compute the attention for frame ¢.

We apply the cross-frame attention on the last 2 and on the last 6 transformer layers in the
visual encoder of CLIP. In Table we report the zero-shot transfer performance. We see
that in comparison to the variant without any temporal attention module, using cross-frame
attention does not lead to performance improvement. K400 is of far smaller scale in comparison
to the original CLIP domain. Finetuning from the CLIP model weights with a modified
architecture could result in the case that the model drifts far away from the wise CLIP source
domain. The results are consistent with the claims in [RKM™22] that a sophisticated temporal
module does not necessarily lead to performance improvement.



APPENDIX — IN-STYLE: BRIDGING TEXT AND
UNCURATED VIDEOS WITH STYLE TRANSFER FOR
TEXT-VIDEO RETRIEVAL

This appendix contains supplementary material related to Chapter [6] [[n-Style: Bridging Text and]
\Uncurated Videos with Style Transfer for lext-Video Retrieval| of this thesis. We first elaborate on
some discussions in Section [D.1} further, we provide In-Style Method details in Section and
implementation details in Section and finally, we provide more qualitative evaluations in
Section [D.4] and discuss limitations in Section
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D.1  ApprtioNaL DIsCUSSIONS

Text Query Style. Figure and Figure show the respective word clouds for the five
datasets with and without stop words. In Table we show five different text examples from
the different datasets considered in this paper to further highlight the differences in the text
styles.

Model Generalization. In the following, we discuss the generalization performance of the
model trained on different text styles (Table |6.2| in the main part of the thesis.) When we
consider models trained only with one text style (text queries that are only from one dataset) in
the top half of Table it shows that the mean retrieval performance is higher for the queries
with the style of MSR-VTT, DiDeMo, or LSMDC datasets. Interestingly, MSVD-style text
queries, which are similar to MSR-VTT queries in terms of sentence structure (Table and
usage of stop words (Figure and Figure [D.2), show similar MSR-VTT retrieval performance
compared to DiDeMo and LSMDC-style text queries, and moreover, lower performance on
the DiDeMo, and LSMDC datasets. We hypothesize that longer and more descriptive text is
beneficial for model generalization (the MSVD dataset contains the shortest text descriptions of
all datasets).

In Table we also report the number of shared video clips in generated pairs P
with different datasets” text styles. Interestingly, Pe., based on the LSMDC text queries has
the smallest number of pairs in general. Moreover, even though it has low overlap in videos
with Pg, from all other datasets (0.18-0.24, see in Table , LSMDC’s Pg,, shows one of the
highest generalization to the MSVD, DiDeMo, and MSR-VTT datasets. Analyzing examples
in Table we suggest that LSMDC captions are more concise and descriptive in terms of

233
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Dataset  |Examples
1) A bulldozer removes dirt
MSR-VTT 2) An infomercial with a pharmeceutical company talking about an epilepsy drug pending approval

from the FDA
3) Extreme violence scenes with people fighting with each other

in a text) 4) A woman is in front of a whiteboard talking about the numbers written on it
5) A man is playing an instrument
1) Add some herb sprinkle and stir the meat
YouCookz2 |2) Bake the pizza on the grill
(~39 symbols |3) Pour butter into the wok
inatext) |4) Peel an onion and chop into pieces
5) Add the tomato paste crushed tomatoes tomato puree and beef stock to the pan
1) First time we see the dancers go down on one leg the men hit the ground with their sticks. They
first start crouching and hitting the ground with the sticks
2) When the man puts his head down the guitar player is looking up. The guitarist is looking straight
DiDeMo  |up. A man plays the guitar while looking up. The guitarist is looking straight up as he plays.
(~147 symbols 3) Red phone booth is visible a red phone booth is in the scene. A person walks in the middle of the
in a text) camera. A red phone booth can be seen a red telephone booth is on the sidewalk.
4) The camera moves back to the left to the tree. White square exits frame left the camera pans back
the way it came. Square area lines with stones comes into view the fence comes into view.
5) Fog moves in toward the ice skater. a woman spins around several times very fast. A woman
pirouettes as she comes near the camera. Woman spins more than 5 times in a row.
1) A lady is pouring raw strawberry juice into a bowl
MSVD 2) A man is slicing the crust into a potato
(~31 symbols |3) A man lifts three sunflowers
inatext) |4) A man is putting a pan into an oven
5) A boy rides around in circles on a tricycle
1) The dish is covered in saffron and spices.
LSMDC 2) He slaps SOMEONE again.
(~46 symbols |3) He and SOMEONE join forces to grab the cube, which’s connected with several more wire.
in a text) 4) In the race, a rider falls.
5) SOMEONE dashes to a clothes closet and ducks inside. The cup spins across the floor.
1) Someone is demonstrating how to paint a metal sheet on a window
VATEX 2) A person is cooking scallops in the pan over a fire place and then begins to pour them in some

(~71 symbols

water
3) Two women make a video tutorial on how to bake cookies

inatext) |4) A person is throwing garbage into the trash can and talking
5) A woman is outside and preparing an edible meal by inserting herbs into it, then placing them on
the ground
1) In a blender or food processor, puree the first 3 ingredients until smooth
Food.com |2) Combine juice, remaining 2 tablespoons sugar and lemon juice
(~54 symbols | 3) Place chicken on wire rack
inatext) |4) Then toss in the artichokes and serve immediately
5) Cut beef into 3 - inch pieces
1) Do lunges in the park
WikiHow | 2) Cut a large milk jug
(~41 symbols |3) Buy your favorite knit kit
inatext) |4) Trim the lining of your sweater

5) If your child is in a fight, put his hands on the sand

Table D.1: Five random examples of text descriptions in different datasets. With the dataset
name, we also report the median length of a text in the dataset.
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Figure D.1: Word clouds for text queries from different datasets (stop words are included).

object-verb-subject details (who does what in a video). For example, in the 3rd MSR-VTT
example, there is only a general description that people are fighting without specification of
exact people and their actions, and in the 5th example, the caption only says that a man is
playing an instrument, without specification of an instrument. At the same time, in LSMDC
texts, the object-action-subject description is more detailed, such as in the first example, all
consecutive actions are specified, or in the 2nd example, the exact hitting action (“he slaps”) is
specified. Therefore, we hypothesize that a text style with more concise descriptions is better
for model generalization. However, as Table 2 demonstrates, the best mean performance over
all datasets is achieved while training with different target text styles.
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Figure D.2: Word clouds for text queries from different datasets (stop words are excluded).

D.2 IN-STYLE METHOD DETAILS

Captioner. For the captioner, we follow BLIP [LLXH22b] image captioner architecture, which
we extend to video captioning as shown in Figure Namely, we encode m uniformly
sampled frames (we use m = 8 for training and m = 12 for inference) from a video by the
image transformer to obtain frame-wise tokens. Then, we feed this set of encoded tokens
from all the frames into the cross-attention of an image-grounded text decoder. Therefore,
the predicted text is conditioned on multiple video frames at once. The image-grounded text
decoder predicts the next text token given an input of previous text tokens (where the “dec”
token is concatenated to the beginning of the input sequence and denotes the start of the
output). During the inference, the text tokens are generated one by one in an autoregressive
manner.

Dataset ‘MSR—VTT YouCook2 DiDeMo MSVD LSMDC Dataset ‘MSR-VTT YouCook2 DiDeMo MSVD LSMDC

MSR-VTT| 495k 111k 160k 239k 87k MSR-VTT 1 0.23 0.32 0.48 0.18

YouCook 111k 168k 65k 97k 40k YouCook2 0.66 1 0.39 0.58 0.24

Didemo 160k 65k 280k 135k 57k DiDeMo 0.57 0.23 1 0.48 0.2

MSVD 239k 97k 135k 379k 75k MSVD 0.63 0.26 0.36 1 0.2

LSMDC 87k 40k 57k 75k 144k LSMDC 0.61 0.28 0.4 0.52 1
(a) Number of shared video clips (b) Ratio of shared video clips per dataset

Table D.2: Number/Ratio of shared video clips in the datasets” generated pairs Pgey,.
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Figure D.3: Schematic visualization of (a) the video captioner architecture; and (b) the video-
text dual encoder model.

Video-Text Dual Encoder. In the pseudo matching, filtering, and retrieval steps of our In-Style
method, we use the video-text dual encoder model. We initialize the dual encoder model from
image-text pretrained BLIP or CLIP models, which we extend to video-
text models. Specifically, we obtain a video embedding by averaging image representations of
m uniformly sampled frames, as shown in Figure By default, eight frames are used m = 8
during training and m = 12 during evaluation. But m is increased to 64 during evaluation
on the fine-graned DiDeMo dataset as in [LJZ" 22, WLF"23|]. To obtain image representation,
we feed image patches into ViT transformer [DBK™21b], and the “cls” output token is later
projected by a linear projection into common embedding space and further normalized. The
text representation is obtained by projecting and normalizing an output “cls” token in the case
of BLIP and an output “eot” token in the case of CLIP.

D.3 IMPLEMENTATION DETAILS

EOA Model Details. In case of the EOA architecture, we use the model variant
with S3D visual backbone with a frozen S3D backbone pretrained by Miech et al. in
the visual branch and a GoogleNews pretrained Word2vec model in the text branch.
These backbones are fixed and not trained. As initialization, we use EOA weights
pretrained with audio modality, but we discard the audio branch to consider text-video-only
retrieval.

EOA Training Details. We follow to train the EOA model. We compute one
S3D feature per second without any data augmentation; namely, we compute one
feature per 16 frames, sampling frames with 16 fps and 224x224 resolution. We train with
Adam optimizer, no weight decay, and a batch size of 128. We use a temperature of
0.05 in the loss function.

BLIP Evaluation Details. We would like to highlight that while evaluating a model with a
BLIP backbone, we use dual encoder architecture (unimodal encoders), not a cross-attention
architecture (named an image-grounded text encoder in [LLXH22b]), which performance on
MSR-VTT dataset [XMYR16] was reported in the original paper [LLXH22b]. Dual encoder
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models independently encode videos and texts into common embedding space, allowing for fast
retrieval among thousands of videos by pre-computing video embeddings and calculating the
similarity between text and video embeddings with a dot product (cosine similarity) [MAL™21].
Cross-attention architectures compute similarity by propagating video and text together in the
model with cross-attention layers, attending all words and all spatio-temporal video patches to
each other. Cross-attention architecture significantly boosts retrieval performance compared to
dual encoder models [MAL"21]]; however, it demands enormous computational overhead in
the inference phase, requiring propagating all videos paired with a given text query to compute
similarity. In the original paper [LLXH22b|], BLIP performance on the MSR-VTT dataset was
reported with the cross-attention model used to rerank 128 closest videos found by the dual
encoder model. Since the majority of the methods [RKH™21b, SCR™ 22, PHA" 21, MZA" 19,
LJZ"22,|AYQ™ 21| leverage dual encoder architecture for video retrieval due to computational
benefits, for comparison purpose we also base our method on dual encoder models.

D.4 QuaLitaTIiveE RESULTS

Pseudo pairs Pys and generated pairs P,,,. We provide additional qualitative results for
pseudo pairs Pys and generated pairs Pg., with the MSR-VTT dataset in Figure and the
YouCook2 in Figure We observe on various datasets that generated captions capture
content better than in initially obtained pseudo pairs after the matching step. It confirms our
discussion of Table (in the main part of the thesis), that generated pairs Pg.;, on average
provide better improvement than pseudo pairs Pps.

Text-video retrieval. We also demonstrate qualitative results of text-video retrieval on the
MSR-VTT (Figure and YouCook2 (Figure datasets. We found that the proposed
In-Style model retrieves more semantically similar videos to a given query compared to the
zero-shot BLIP model.

D.5 LiMITATIONS

In this work, we rely on the pretrained large image-language models such as CLIP [RKH"21b]
and BLIP [LLXH22b|]. We consider this as an advantage and disadvantage at the same time.
On one side, we show how to adapt such models to the input style of text queries, whereas, on
the other side, we inherit all the biases that such models include [BHA " 21]. Moreover, CLIP
has the property that it can read text from the images [MTB22]; therefore, matching or filtering
steps could suffer from that because some unrelated text (e.g., advertisement) appears on the
frames (e.g., see Figure [D.4).

While our motivation is to avoid annotation costs for aligning text-video pairs, we still rely
on a video collection; namely, we utilize a large-scale dataset of YouTube videos. However,
we note that such videos are easy to collect as they are available on YouTube and are not
preprocessed; therefore, these videos include various types of potential noise from the web,
such as advertisements, camera motion, low-quality videos, and others. Moreover, even though
the distribution of our input text queries is not the same as the distribution of web support
videos, we empirically observe that there is always some overlap between the distributions.
Hence, we do not assume that our In-Style method will be helpful when input queries and test
sets are from absolutely different domains like medicine (input text queries) and wildlife (test).
As we show in our experiments, we obtain the most gain when the input text queries and test
sets are from the same distribution.
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Figure D.4: Qualitative evaluation of Pys and Py, on the MSR-VTT. First, a text query is matched
with one of the videos (a pseudo pair Pys), and then, after the style transfer step, for each video, a new
caption is generated in the same style but with updated content (a generated pair Pgen)
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D.5s. LIMITATIONS 241
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f/_ three men talking about their youtube channel and thanking —\ /_ three men talking about their youtube channel and thanking \
their viewers their viewers

Figure D.6: Qualitative evaluation of text-video retrieval on the MSR-VTT. Retrieval examples
for the proposed In-Style Model and zero-shot BLIP model. Each box shows the top-3 retrieved
videos for a given text query. The correct video is highlighted with a green color.
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In-Style Model Zero-shot
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Figure D.7: Qualitative evaluation of text-video retrieval on the YouCook2. Retrieval examples
for the proposed In-Style Model and zero-shot BLIP model. Each box shows the top-3 retrieved
videos for a given text query. The correct video is highlighted with a green color.



APPENDIX — HOwToCAPTION: PROMPTING LIL.MSs TO
TRANSFORM VIDEO ANNOTATIONS AT SCALE

This appendix contains supplementary material related to Chapter [7, [HowToCaption: Prompting]
ILLMs to Transform Video Annotations at Scale, of this thesis. We first discuss the experimental
results of using MiniGPT-4 [ZCS™ 23] to generate visually grounded captions in Section
Then, we provide additional experimental results in Section Then, we provide additional
implementation details in Section [E.3} statistics of the HowToCaption dataset in Section[E.4 and
qualitative examples in Section Finally, we discuss our method limitations in Section
and responsibility to human subjects in Section
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E.1 GrounbpinGg CAPTIONS TO VIDEO CONTENT WITH MINIGPT-4

Our generated captions with Vicuna-13B are based solely on ASR subtitles. To additionally
ground the produced captions on visual content, we experiment with the recent MiniGPT-4
model [ZCS™23]. The MiniGPT-4 consists of the frozen Vicuna-13B model and a visual encoder
with a Q-Former [LLXH22b|] that projects visual features from an image into tokens in a
language model embedding space that are later treated as word tokens in the Vicuna-13B
model. To ground generated captions on the visual modality, we create a grid image from 4
uniformly sampled frames from a video clip and slightly adapt the prompt to encourage the
LLM to utilize the provided image for generating captions (Table [E.1). We apply our approach
to obtain visually grounded captions with the MiniGPT-4 model and obtain HowToCaption-
grounded. For this dataset, we follow exactly the same hyperparameters that we use for
HowToCaption. In Table we evaluate the downstream retrieval performance of the T-V
model trained on HowToCaption-grounded. The dataset shows mixed results compared to the
HowToCaption; while it is beneficial for the MSR-VTT and the MSVD dataset, performance on
the YouCook2 dataset drops. To facilitate further analysis, we will release both caption sets: the
ASR-based only HowToCaption, produced by the Vicuna-13B, and HowToCaption-grounded,

243
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Vicuna-13B | MiniGPT-4

I will give you an automatically recognized speech
with timestamps and an image with four frames
from a video segment that is cut from a long video.
Write a summary for this video segment based
on both: video frames and speech. Write only
short sentences. Describe only one action per sen-
tence. Keep only actions that happen in the present
time. Begin each sentence with an estimated
timestamp. Here is the image with four frames:
<Img><grid-image here></Img>. Here is the
automatically recognized speech: <ASR with
timestamps>

I will give you an automatically recognized speech
with timestamps from a video segment that is
cut from a long video. Write a summary for this
video segment. Write only short sentences. De-
scribe only one action per sentence. Keep only
actions that happen in the present time. Begin
each sentence with an estimated timestamp. Here
is this automatically recognized speech: <ASR
with timestamps>

Table E.1: Prompts for the Vicuna-13B and MiniGPT-4 models. Difference is highlighted with
bold.

YouCook2 MSR-VTT MSVD LSMDC

Dataset ‘ R1 R5 Rio MR|R1 R5 Rio MR|R1 Rs Rio MR|R1 Rs Rio MR

HowToCaption (Vicuna-13B)
HowToCaption-grounded (MiniGPT-4)

13.4 33.1 44.1 15 |37.6 62.0 73.3 3 [44.573.3 821 2 [17.331.738.6 29
12.4 29.8 39.9 20.5|38.3 62.5 73.2 2 [46.273.9 82.5 2 [16.8 31.0 38.7 27

Table E.2: Comparison of HowToCaption and HowToCaption-grounded datasets obtained
with Vicuna-13b and MiniGPT-4 large language models, respectively. For each dataset, we
train a T-V model and report downstream zero-shot text-video retrieval performance.

produced by the MiniGPT-4.

E.2 ApbpITIONAL EXPERIMENTAL EVALUATION

E.2.1 Dataset Quality

In this section, we provide an additional quantitative evaluation of the quality of captions in
our HowToCaption dataset.

Evaluation Using the HIREST Dataset. First, we evaluate the caption quality using the HIREST
dataset [ZCK™ 23] as the ground truth. The HIREST dataset contains step captions for a small
subset of video clips from the HowTo100M dataset. Since the video clip boundaries of the
HIREST dataset, our HowToCaption dataset, and the HowToiooM dataset differ, we use a
subset of 423 HIREST (video clip, caption) pairs that have corresponding (video clip’, caption’)
and (video clip”, caption”) pairs in the HowToCaption and HowTo100M datasets respectively,
such as the temporal boundaries of (video clip and video clip’) overlaps with > 0.5 IoU, as
well as (video clip and video clip”) overlaps with > 0.5 IoU. Using HIREST captions as ground
truth, we report the quality of captions in the HowTo100M and HowToCaption datasets using
standart metrics such as BLEU@4 and METEOR, as shown in Table Despite the common
disadvantages of classical metrics, which focus more on wording rather than semantics, we
observe consistent improvement in the captions of our HowToCaption dataset over the ASR
subtitles.
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‘BLEU@4 METEOR ROUGE-L CIDEr

HowTo100M with ASRs| 0.4 9.8 11.4 3.1
HowToCaption (ours) 1.0 9.3 13.6 29.6

Table E.3: Caption quality evaluation in the HowTo1ooM and HowToCaption datasets using
the HIREST dataset as the ground truth. We use a subset of 423 HIREST video clip-caption
pairs that temporally overlap with video clip-caption pairs in both the HowToCaption and
HowTo100M datasets with > 0.5 IoU. We report standard text generation metrics.

YouCook2 MSR-VIT MSVD LSMDC  Average

Prompt R10? MR||R10? MR||R10T MR||R10? MR}|R107 MR}

I will give you an automatically recognized speech
with timestamps from a video segment that is cut
from a long video. Write a summary for this video
segment. Write only short sentences. Describe only
one action per sentence. Keep only actions that hap-| 406 19 | 720 3 [81.6 2 |377 30 |[58.0 135
pen in the present time. Begin each sentence with an
estimated timestamp. Here is this automatically rec-
ognized speech: <ASR with timestamps in the format
“n”s: “ASR”> (ours)

Modification: Write a summary for this video segment.

— Write a likely summary for this video segment. 408 185|714 3 |\815 2 1377 30 |579 134

Modification: Write a summary for this video segment.

— Write a creative summary for this video segment. go0 19 1716 3 \812 2 378 27 577 128

Modification: <ASR with timestamps in the format
“n”s: “ASR”> — <ASR with timestamps in the for-| 40.8 185|715 3 |812 2 |[372 29 |57.7 13.1
mat “minutes”:“seconds”: “ASR subtitle” >

Table E.4: Additional experiments with LLM prompts. We report modifications that we have
done in comparison to our default prompt, which is highlighted . With each prompt, we obtain
2M video-text pairs from 100k HowTo100M videos that we later use for T-V model training
(low-recourse setup). Downstream zero-shot text-video retrieval performance is reported.

User Study. To quantitatively evaluate the “human-written”-like quality of our captions, we
performed a user study with 60 random captions: 20 from HowToCaption, 20 ASR subtitles,
and 20 captions from the downstream datasets, namely YouCook2, MSRVTT, MSVD, and
LSMDC (5 captions per dataset), which served as a control group. We asked users to identify
human-written video captions. Using majority voting from 30 participants, 9o% of the control
group, 50% of HowToCaption, and only 15% of ASR captions were chosen as “human-written”
captions. This demonstrates that our captions are significantly more “human-written” than the
ASR subtitles.

E.2.2 Additional Comparisons with SOTA in Text-Video Retrieval

In addition to comparing dual encoder-only models in zero-shot text-to-video retrieval, in Ta-
ble we compare methods that use a visual-text matching head for re-ranking the best
candidates [LXT" 22, CLW " 24|]. Specifically, we evaluate our model with all BLIP architecture
blocks used in video captioning evaluation (as described in Section of the main part of
the thesis and in Appendix by re-ranking 128 best candidates from dual encoder model
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Method V. Encoder YouCook2 MSR-VTT MSVD LSMDC

: Ri Rs Rio MR|R1 R5 Rio MR|R:1 Rs5 Rio MR|R1 Rs5 Rio MR
BLIP* [LLXH22b] ViT-B | 10.7 24.1 32.3 44.5|41.4 63.3 72.8 2 [45.6 71.3 79.7 2 [20.5 36.5 44.2 18.5
BLIP*, HowToCaption-finetuned ViT-B  [18.15 38.68 50.4 10 [44.3 66.6 76.6 2 | 49 76.2 84.2 2 [19.6 34.3 42.9 18
BLIP, COCO-finetuned [LLXH22b| ViT-B - - - - 143.365.6 747 2 |48.775.883.1 2 (22.338.4 44.1 18
Unmasked Teacher-17M [LWL™ 23] ViT-L - - - - 426 64.473.1 - |49.977.7853 - (252 43 505 -
mPLUG, COCO-finetuned [LXT"22]  ViT-L - - - - |443664754 - | - - - - |- - - -
mPLUG-2 [XYY ™" 23] ViT-L - - - - 471697 79 - | - - - - (241438 52 -
VAST [CLW ™ 24] ViT-G - - - - 1493683739 2| - - - - |- - - -
VAST? [CLW ™ 24] ViT-G | 157 352 456 14 [48.571.279.8 2 [50.6 76.2 84.1 1 (23.2 40.9 48.9 12
VAST*, HowToCaption-finetuned ViT-G | 19.7 43.6 53.9 8 |50 73.281.4 1 (54.8 80.9 87.2 1 [27.7 46.554.6 7

Table E.5: Comparison of zero-shot text-to-video retrieval methods with re-ranking. We
include methods that perform a re-ranking of the top-N retrieved candidates using a visual-text
matching head. *BLIPcqpriit-1 (initialization of our model). TText-video model only (without
audio and subtitles).

predictions using a visual-text matching head. Moreover, we finetune the state-of-the-art
text-video VAST model [CLW T24] for gk interactions on the HowToCaption dataset with a
batch size of 64, a learning rate of 5e-06, using 4 frames per video clip, and following other
training/evaluation parameters of VAST. We observe that finetuning on the HowToCaption
dataset boosts the performance of both models. Furthermore, the text-video VAST model
finetuned on the HowToCaption dataset outperforms all other models.

E.2. 3 Additional Results in Prompt Engineering

In Table we provide an additional evaluation of language prompts. First, we experiment
with phrases such as “write a likely summary...” and “write a creative summary...”. While the
keyword “likely” almost does not change downstream performance, the keyword “creative” is
not beneficial for 3 out of 4 datasets. We also experiment with another timestamp format in

1 7

the LLM prompt. Namely, instead of using “n”s (such as os, 65s), we use “minutes”:“seconds”

format (such as 00:00, 01:05). We found that simple timestamp format “n”s results in a higher
performance.

E.2.4 Ablations of Filtering & Alignment Post-processing

We present ablations of our alignment & filtering post-processing in Table In Table
we ablate two modifications of the finetuning and alignment processes for the second round
of filtering & alignment. We observe that the dataset obtained after the second round of
filtering & alignment without these modifications shows lower performance than the dataset
obtained with the first round (using the BLIP model). We attribute this to forgetting during
finetuning. However, we note that both proposed modifications boost performance, as well as
their combination.

In Table we also analyze if more than two rounds of filtering & alignment lead to a
better quality dataset. We employ 20k iterations of finetuning of the T-V model on the obtained
dataset after each filtering & alignment round. We do not observe any performance boost with
more filtering & alignment rounds.

We further ablate the range of alignment time offsets T and filtering threshold « used in
our alignment & filtering method in Table and Table respectively. We found that
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YouCook2 MSR-VIT  MSVD LSMDC  Average

Prompt Riot MR}|R10T MR} |R107 MR/ |R10t MR}|R10t MR}

I will give you an automatically recognized speech
with timestamps from a video segment that is cut
from a long video. Write a summary for this video
segment. Write only short sentences. Describe only
one action per sentence. Keep only actions that hap-| 40.6 19 |[720 3 |81.6 2 |[37.7 30 |58.0 13.5
pen in the present time. Begin each sentence with an
estimated timestamp. Here is this automatically rec-|
ognized speech: <ASR with timestamps in the format
“n”s: “ASR”> (ours)

Modification: Write a summary for this video segment.

— Write a likely summary for this video segment. 408 185|714 3 |\815 2 1377 30 |579 134

Modification: Write a summary for this video segment.

— Write a creative summary for this video segment. 400 19 |716 3 \812 2 1378 27 |577 128

Modification: <ASR with timestamps in the format
“n”s: “ASR”> — <ASR with timestamps in the for-| 40.8 185|715 3 |812 2 |[372 29 |57.7 13.1
mat “minutes”:“seconds”: “ASR subtitle”>

Table E.6: Additional experiments with LLM prompts. We report modifications that we have
done in comparison to our default prompt, which is highlighted . With each prompt, we obtain

2M video-text pairs from 100k HowTo100M videos that we later use for T-V model training
(low-recourse setup). Downstream zero-shot text-video retrieval performance is reported.

alignment with up to T = 10 seconds offsets and filtering with the threshold that selects 25M
most similar video-text pairs result in the highest performance.

E.2.5 Robustness Analysis

We further analyze the robustness of our HowToCaption method to noisy input. First, we
examine how the method performs if the video channel is corrupted, specifically containing only
empty black frames. We replace all 1.2M videos with videos of the same length but containing
only black frames while keeping the original ASR subtitles of the videos. Consequently, the
generated captions from subtitles remain the same, but the videos are corrupted. After our
alignment & filtering procedure, we find that only ~1.8% of generated captions are matched.
Therefore, our method filters out almost all captions for corrupted videos. Furthermore, we
test the case of data where ASR subtitles do not match the videos. For each video among the
1.2M videos, we randomly assign ASR subtitles from another video of the dataset. In this case,
generated captions from subtitles are the same, but they do not correspond to the videos. We
find that after applying the HowToCaption method to such input data, only ~2.4% of captions
are matched after alignment & filtering. Therefore, almost all noisy and irrelevant captions are
filtered, indicating our method’s robustness for noisy data.

E.3 ApDITIONAL IMPLEMENTATION DETAILS

For our T-V model, we follow BLIP’s [LLXH22b] dual encoder architecture with a ViT-B/16 vi-
sual encoder and a BERT}se textual encoder, which are initialized with BLIPcappi1, pretrained
weights. Following BLIP [LLXH22b], we also use an extension of the loss (Equation 1 in the
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YouCook2 MSR-VTT MSVD LSMDC Average
Ri0t MR| | Riof MR] | R1of MR} | Rtof MR] | R1of MR|

Alignment & filtering (using the BLIP) | 424 17 | 717 3 | 822 2 | 385 295 | 587 129

Caption post-processing

Alignment & filtering after second round | 42.4 17 69.4 3 81.2 2 38.1 33 57.8 13.8
+ regularization Ljg, 44.3 15 71.9 3 81.9 2 39.0 28 59.3  12.0
+ averaging similarities of the finetuned . 8 8 6 3
and original model 437 5 72 3 20 2 39- 27 595 1t

+ regularization Lj;e, + averaging similar-
ities of the finetuned and original model | 44.1 15 73.3 3 82.1 2 38.6 29 59.5 12.3
(ours)

(a) Components of our filtering & alignment method.

YouCook2 MSR-VTT MSVD LSMDC Average

Caption post-processing RioT MR| | RioT MR| | Riot MR| | Riof MR| | Riot MR|

Alignment & filtering (using the BLIP) = 1 round | 42.4 17 71.7 3 82.2 2 385 295 | 587 129
Alignment & filtering after 2'nd round (ours) 44.1 15 733 3 82.1 2 38.6 29 59.5  12.3
Alignment & filtering after 4’th round 44.5 15 72.2 3 81.8 2 38.6 29 59.3  12.3

(b) Rounds of alignment & filtering with finetuning of the T-V model after each round.

Alignment time offsets YouCook2 MSR-VTT MSVD LSMDC Average

5€Z,18|<T R1 R5 R1o MR|R1 R5 Ri0 MR|R1 Rs5 Rio MR|R1 Rs Rio MR|R1 Rs5 Rio MR
T = 0 seconds (no align.){12.932.143.5 15 | 38 61.571.9 3 (44.172.981.9 2 [16.831.037.8 30.5(28.049.4 58.8 12.6
T = 10 seconds 13.433.144.1 15 |37.662.073.3 3 |44.573.382.1 2 (17.331.738.6 29 |28.250.059.5 12.3
T = 20 seconds 13.232.042.9 16 [37.962.472.8 3 [44.873.482.2 2 [16.731.939.0 28 |28.249.959.212.3

(c) Range of time offsets during alignment.

Number of pairs after|  YouCookz2 MSR-VTT MSVD LSMDC Average

filtering (varying ) |R1 Rs5 Rio MR‘ R1 Rs Rio MR‘ R1 Rs Rio MR‘ R1 Rs Rio MR‘ R1 Rs5 R1io MR
15M pairs 13.532.243.016.5(37.6 62.272.6 3 |45.173.482.2 2 |16.732.3 38.528.5|28.2 50.0 59.1 12.5
25M pa%rs 13.433.144.1 15 (37.662.073.3 3 [44.573.382.1 2 [17.331.738.6 29 (28.250.059.5 12.3
40M pairs 12.932.743.7 15 |37.860.571.3 3 |44.173.381.8 2 [16.731.9 37.8 29.5|27.9 49.6 58.7 12.4

(d) Filtering threshold «.

Table E.7: Ablation of our alignment & filtering method. With each post-processing variant,
we obtain a dataset that we later use for T-V model training. Downstream zero-shot text-video

retrieval performance is reported. Options used to obtain the main results are highlighted .
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paper) with soft labels produced by a momentum encoder and a memory bank that keeps
additional text and video embeddings from the previous iterations. We train the model for
300k iterations using AdamW [LH1g] with a batch size of 128, a learning rate of 1e-6, and a
weight decay of 0.05. We use a memory bank of 2048 and smooth labels with a parameter
of 0.6. Training augmentation is cropping with a scale [0.5, 1]. For model finetuning in the
alignment & filtering step, we use 20k training iterations and regularization parameter « = 0.1.

Video Captioning Details. For our video captioning experiments, we finetune the
BLIP [LLXH22b] model with all architecture blocks, including the image encoder, the text
encoder, the image-grounded text encoder, and the image-grounded text decoder. Follow-
ing [LLXH22b], we use all three BLIP losses: image-text contrastive loss, image-text matching
loss, and language modeling loss for finetuning. If not stated otherwise, we use the same
hyperparameters as in our main text-video retrieval experiments, including the ViT-B/16 visual
encoder and the BERT},s. textual encoder initialized with the BLIPc,prir weights, as well as
the same learning rate, batch size, etc.

We finetune the model for 200k iterations on the HowToCaption dataset. Then, we finetune
the image captioning model: the image encoder and the image-grounded text decoder (fol-
lowing [LLXH22b]) on the corresponding training set of the YouCook2, MSRVTT, or MSVD
datasets. Note that the MSRVTT dataset has different splits for retrieval and captioning evalua-
tion. Following standard practice [LLL™ 22, TWL" 21, SNAS22], we use 6.5k videos for training
and 3.5k for testing of video captioning. For finetuning on downstream datasets, we use a
batch size of 16, a learning rate of 1e-5, and a learning rate scheduler with cosine decay. We
sample 16 frames for training and evaluation. We finetune for 10 epochs on the YouCookz2, 30
epochs on the MSRVTT, and 40 epochs on the MSVD. For captioning performance evaluation,
we set a number of beams = 1 and a maximum length = 20, as in [LLL™22].

Text-to-Video+Audio Retrieval Details. For text-to-video+audio experiments, we train a
multimodal Everything-At-Once (EAO) model [SCR™22] with frozen S3D features [MAS™20]
on our HowToCaption dataset. Since our dataset addresses the issues of high correlation
between audio and text, we exclude additional regularizations that aim to prevent the model
from learning shortcuts, i.e., simplifying the task to speech recognition from audio while
ignoring the video. by simply performing speech recognition in audio and ignoring video.
Specifically, we omit shifting audio timestamps with respect to video clip boundaries and
assigning lower weights to the audio loss. All hyperparameters are kept the same as in
EAO[SCR™22].

E.4 HowToCArTiON DATASET STATISTICS

In this section, we present the statistics of our HowToCaption dataset. Our goal is to demon-
strate the scale and diversity of the captions in the proposed dataset.

Caption Length. To better understand the scale of our dataset, we compute caption length
statistics. We analyze captions both at the video clip level and at the video level (when
combining captions from all clips belonging to the same video). We randomly sample 5000
videos from HowToCaption and use a spaCy tokenizer [HMVL"20] to count words. The
resulting histograms of caption length are shown in Figure [E.1| and statistics in Table On
a sentence level, our dataset has shorter captions on average (9.03 words) compared to the
original ASR subtitles (10.97 words). Our captions also have a smaller standard deviation (4.36
vs. 7.91), indicating a more consistent length distribution.

Language Diversity. We also compare the language diversity of the ASR subtitles and our
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Standard statistics Diversityt n-grams diversity? |Verb n-grams diversity?
Dataset V| /z\;fn %31;1) %diverse verbs |1-gram 2-gram 3-gram|1-gram 2-gram 3-gram
ASR subtitles 45905 10.96  909.34 | 77.09 | 101 1757 5024 | 113  19.88  61.64
HowToCaption|36204 9.03  581.27 | 82.55 | 125 2136 53.95 | 1.01 259  76.65

Table E.8: Language statistics. |V| is the vocabulary size. #word/caption is the number of
words per caption. #word/video is the number of words per all captions in a video. %diverse
verb is the percentage of diverse verbs. All numbers are obtained from 5000 randomly sampled
videos.

[ ASR subtitles 0.074 ASR subtitles
HowToCaption mmm HowToCaption

0 25 50 75 100 125 150 175 200
Number of Words Number of Words / 50

Histogram of caption lengths. Histogram of total length of all captions for a video. The
scale of the x-axis is divided by 50.
Figure E.1: Caption length statistics of our HowToCaption dataset. We randomly sample
5000 videos to plot the distributions.

captions. We measure language diversity from two perspectives: 1) diversity based on the
presence of distinct words or verbs and 2) diversity of word/verb n-grams across the captions,
providing insights into the varied combinations of words/verbs used in our captions. In
our analysis (Table , we follow [GTCWP20|] and calculate the percentage of diverse verbs
(that are not in the top 5 most frequent verbs) relative to all verbs. Following [SRAH™ 17], we
also compute the unique-to-total ratio for word unigrams, bigrams, and trigrams (e.g., the
ratio between the number of unique word unigrams to the total number of word unigrams
over all captions). We further use the spaCy toolkit [HMVLT20] to extract and lemmatize
verbs and calculate the unique-to-total ratio for verb unigrams, bigrams, and trigrams. The
results in Table [E.8 show that the captions in the HowToCaption dataset have higher language
diversity than ASR subtitles across almost all measures except on verb unigram. We observe
that the longer action sequences in HowToCaption are more diverse than ASR subtitles, which
demonstrates the high quality of our dataset.

E.5 QuALITATIVE EXAMPLES

HowToCaption Dataset. We present an extension of Figure from the main part of the
thesis with video-text examples of our HowToCaption dataset and corresponding ASR subtitles
in Figure We see that our HowToCaption method effectively transforms noisy ASR
subtitles into proper captions, leveraging the complete ASR context for caption generation. We
demonstrate additional video-text examples of our HowToCaption dataset in Figure and
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Figure In Figure we also showcase instances of failure cases. One such case involves
a failure where the LLM was unable to generate a caption and instead copied the input ASR
subtitles: “DP Move Safe lets operators get out of the classroom...” However, in this example,
the ASR subtitles contain a third-person video description with a subjet+verb+object sentence
structure that justifies the coping input description without modification. Other failure cases
include video-caption pairs, where the caption corresponds to the video only partially, e.g.,
“Cover it with lid” action is not visible on the video while “until the seviayan is cooked” is
visible.

LLM Caption Generation. In Table we showcase captions generated by the Vicuna-13B
model, presenting both the input ASR subtitles and their corresponding generated captions
for comparison. We observe the LLM is able to transform scrambled ASR subtitles into
“human-written-like” descriptions. However, we also note that sometimes LLM fails to produce
descriptions. We present some failure cases in Table which include 1) direct input
repetition: instances where the LLM duplicates ASR input without modification; 2) ineffective
reformulation: the LLM attempts to convert ASR content into descriptions using ineffective
structures like "A person says..."; 3) failure to follow the requested structure: instances where
the LLM output doesn’t follow “a timestamp: a sentence” structure for output, e.g., using
“Summary: ” to write a video description without timestamps.

E.6 LiMITATIONS

Our method relies on pretrained large foundational models, including the large language
model Vicuna [CLL" 23] and the vision-language model BLIP [LLXH22b]. Consequently, our
HowToCaption method and the proposed HowToCaption dataset may inherit limitations
present in these models. Notably, large language models have several shortcomings, such as
biases from their training data, which can lead to the generation of potentially misleading
content and the propagation of societal biases [Ray23]. Additionally, since our text-video model
is initialized from the BLIP model that was pretrained on curated and filtered datasets, it might
be less robust to noisy low-quality videos in our alignment & filtering step. In our robustness
analysis, we found that the model is capable of filtering noisy input, but 1-2% of noisy data is
still passing the filter. Finally, since our dataset is sourced from the HowTo10oM [MZA " 19]
dataset, it follows the same data distribution, focusing solely on “how-to” topics. While
we show improvement across many different tasks, it may limit its applicability to certain
downstream tasks.

E.7 ResronsBiLiTy TO HUMAN SUBJECTS

Our HowToCaption dataset is sourced from the publicly accessible HowToiooM
dataset [MZA " 19], which was collected from YouTube. The video content consists of user
uploads and is publicly available. However, since the dataset provides only video IDs for
download, users who opt out of YouTube are consequently excluded from the HowTo10oM and
HowToCaption datasets. We are not aware whether consent was obtained from the users to be
included in the original dataset. The dataset may include celebrities or other YouTube-famous
individuals.
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Caption (118s-126s): Matt Swanson gives a tip to use buckets
to direct the path of the ball

ASR: 7s: hi i'm matt swanson

9s: with matt swanson’s we’ll go is gonna help me change the
direction of your ball play

16s: if you're struggling with a slice or a hook and it’s moving
too much in that direction

21s: i'm gonna give you a little tip that we use

25s: that’s very easy that you can do when you're out to help
84s: change that

91s: you're slicing now

109s: too much

116s: so use these buckets when you're out at the range

120s: move them around to help direct the path

123s: make sure the clubface is closing if you're trying to get
rid of the slice opening

128s: if you're trying to hit a fade use these tips and you'll get

better

Caption (187s-195s): Making a bow with two colors

ASR: 185s: so if you don’t get your your ribbon twisted there’s
no up or down side to it

191s: so it’s not going to really show

193s: now once i get my three loops on my lighter color i'm
going to make a little loop and this is basically just to hide my
wire

202s: that i'm going to use

205s: the wire i use either a teen or a 20 gauge wire and what
i'm going to do

210s: this little loop is going to be my hide for the wire

215s: so i just slide that through like that and pull real tight
and twist

227s: that will keep your loops good and snug once you get
done

237s: just kind of work your your loops around

243s: and now you have a bow that’s made with two colors
246s: these are great for easter baskets you can use those for
mother’s day

251s: we have an assortment of colors so we even have some
for the holidays for fall

257s: it’s the type that you can use any time of the year and it
makes great bows

Caption (87s-95s): Dog wants to hang out near dirt or other
dogs with bones to acquire more bones

ASR: 87s: so this is stage one of hiding the bone

gos: burying the bone

9os: there’s so much more involved

92s: let’s watch how she behaves

94s: when she comes back from burying the bone she becomes
a bit annoying

97s: she wants to hang out next to dirt or somebody else who
has a bone so that she might acquire yet another bone

103s: now what i have found in my experience with her and
remember every dog is different

107s: nobody does things the same way but she lets those
bones ferment for about two days before she goes back and
finally retrieves the bone

115s: and then she sits down and enjoys it

116s: and then something makes it really special

Caption (68s-76s): Make sure the bottle stays together
ASR: os: hi there the amateur scientist here

4s: and today in this video i'm going to show you how to
make a very cheap and from recycled materials

12s: a mosquitoes trap

14s: now because we all know that mosquitoes can bite and
make you itch and they are very uncomfortable

20s: so today in this video i'm going to show you how to make
a mosquito trap from a plastic bottle and on their amulet or
zoom

28s: so let’s get into the video

30s: first of all we're going to need a plastic bottle and i and
some very cheap one

45s: you could also use these for sugar

61s: so first grab the bottle and and put the upper part into
the lower part

69s: but this yeah and it just stays or it won’t get off

73s: it's busy here

74s: good deeper cheap wine

79s: hello this with it like this or just a little bit more like that

Figure E.2: Extended example of video-captions pairs from our HowToCaption dataset
(an extension of Figure of the main part of the thesis). The ASR subtitles within the
corresponding video clip are bolded. We note that some details in the generated captions are

derived from a long ASR context.



E.7. RESPONSIBILITY TO HUMAN SUBJECTS

253

Caption: Video segment starts with a shot of David’s face,
which is described as funny

ASR: and the bottom is actually has holes in it because it gets
so incredibly hot so you cannot submerge it in water so we
ask you to just rinse it out real quick look at david’s face he is
so funny

Sy

Caption: Adds two cans of red kidney beans to the chili
ASR: you could also use a vegetable broth all right so we're
mixing this well

Caption: Adding chopped onions and green chillies to the pan
ASR:once the oil is hot enough we will add our onions and
green chillies we need to cook the onions for some time maybe
like 2 to 3 minutes until you start noticing that the colors of
the onion have changed

Caption: Shows where wire runs along inside of vehicle
ASR: then ran alongside the gasket right here and runs down
here and then this we took off and then ran the wiring in
through here put this back down

Caption: Brutus is encouraged to swallow his medication
ASR: if i put it in a piece of food he’ll chew it up and spit it
out he knows oh baby i've never seen him do this though

Caption: She explains the charm tool’s little piece of metal
acts as a spacer to hold the charms open

ASR: has this little piece of patootie metal right here that acts
as a spacer to hold the charms open so that gap is visible in
the back so it’s easier to slip the charms on and off

Caption: Paints the top part
ASR: i also notice how the blue continues onto the front of
him just like right there so be careful with that next you take
the white color and you would paint the webbing that he’s
hanging from here and also his eyes

Caption: You are making a rose petal exfoliating face scrub
ASR: you guys one of our favorite diys ever had to do with
rose petals so we thought let’s make another one

Figure E.3: Examples video-captions pairs from our HowToCaption dataset. Since ASR subtitles’
timestamps do not always correspond to the timestamps of video clips from the HowToCaption dataset,
we show ASR subtitles that intersect with video clip boundaries.
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Caption: Soft bed in the car

ASR: but honestly when people see a lone prius in the parking
lot no one thinks hey i wonder if someone’s sleeping in there
because come on it’s a prius what fits in my car i have a soft
bed i have a closet blackout curtains a desk kitchen table and
chair a pantry a bike a laundry basket travel kit for emergencies

r ; ‘—'i
\
== - L o

Caption: Asks viewers to choose favorite pet
ASR: i think i like them all for different reasons so that’s hard

so they can all three be my favorite can’t they and look at her
little friend

Caption: DP Move Safe lets operators get out of the classroom
and out of their truck faster where they learn how to perform
every task and do it safely (failure)

ASR: dp move safe lets operators get out of the classroom and
out of their truck faster where they learn how to perform every
task and do it safely

Caption: Cover it with a lid for 15 minutes until the seviayan
is cooked (failure)

ASR: today, we will prepare a sweet recipe.. ..called ‘sevaiyan’
(vermicelli) so come on, let’s see how to make sweet sevaiyan.

Caption: Walk upstairs to show light in the ceiling

ASR: i placed them over here because it’s a little bit lighter on
this side of the stair case then the other side there’s only one
light in the ceiling here so i'm gonna walk upstairs and i'm
gonna let you see it from the top of the stairs one more time

Caption: The speaker adds white paint to the brush to keep
the color bright

ASR: s0 i lay it on with the flat of the brush which deposits
it a little heavier it holds up a little better and notice i keep
adding white as ...

i i

Caption: Outdoor Edge has instructional gated processing
DVDs available on their website (failure)

ASR: this is one of the big issues with large diameter sausage
products remember processing your own wild game animal
can be fun easy and very rewarding if you have the tools and
the knowledge to do the job you're watching outdoor edges

Caption: The group harvests fresh berries from the farm

(failure)

ASR: the kids and i are here at a local blue red patches to
manage to harvest some fresh berries at pcc are fresh and
frozen organic ...

Figure E.4: Examples video-captions pairs from our HowToCaption dataset. Failure cases are marked

as (failure) . Since ASR subtitles’ timestamps do not always correspond to the timestamps of video
clips from the HowToCaption dataset, we show ASR subtitles that intersect with video clip boundaries.
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Input ASR subtitles

| Generated captions

os: hi guys it is bill with septic flow

4s: iam here at a brand new construction that i'm actually
working on

8s: here

9s: on the back is the septic field

10s: we've already had bulldozing contractor actually
cover up the the septic system

15s: but i'm going to show you why

17s: you want to use septic flow to pre perk the system
22s: septic flow is a product that actually helps get rid of
sodium and phosphate buildup and we’re actually going
to just dump it right here in this two - inch

29s: it goes right out there

29s: we're going to run some water behind it for new
construction

33s: the reason you want to do that is because we are
actually pre perking the system getting it ready to take
those phosphates and sodium buildup

41s: that happens through all different kinds of things
43s: you know whether you're using

44s: i've had people ask me can you use organic detergent
47s: will that prevent sodium buildup

50s: absolutely not

50s: soap by nature of the saponification process that it
goes through it’s just part of it

os: Bill is at a new construction site.

4s: He is showing the septic field.

8s: The bulldozing contractor has covered up the septic
system.

10s: Bill explains why they use septic flow.

17s: Septic flow helps get rid of sodium and phosphate
buildup.

22s: Bill demonstrates how they will dump septic flow in
a two-inch area.

29s: They will run water behind it for new construction.
33s: Bill explains that they are pre-perking the system.
41s: The system needs to be prepared to take away phos-
phates and sodium buildup.

44s: People ask if using organic detergents can prevent
sodium buildup.

50s: The answer is no, soap is part of the saponification
process and will cause buildup.

104s: the great thing about the smart chicken

107s: with it being air chilled

108s: it’s going to pick up a lot of these flavors when we
put the the ginger the garlic

1118: and the sage in here

112s: it’s just going to combine well with the meat espe-
cially while it’s cooking on the grill

116s: all those flavors are just going to pop once the
sandwich is complete and once it’s all done

121s: now that we have it all mixed i'm just going to
separate that out into two patties

129s: um you don’t have to pat it up too much

131s: it takes a lot to get it on the grill so just kind of
separate it out into two balls

136s: even

136s: and that’s our chicken

138s: it’s ready for the grill

104s: The speaker prepares the chicken by air-chilling it
and adding ginger, garlic, and sage.

108s: The chicken will pick up the flavors while cooking
on the grill.

111s: The speaker mixes the chicken and its seasoning.
116s: The flavors will pop once the sandwich is complete.
121s: The speaker separates the chicken mixture into two
patties.

129s: The patties are not patted too much, as they will be
grilled soon.

131s: The chicken is ready for the grill.

138s: The grill should be hot, around 400 degrees, for
grilling the chicken.

141s: The chicken will flatten itself out and get a nice sear
on the bottom when grilled.

149s: The speaker recommends not touching the chicken
for about four minutes so the bottom can set up.

157s: The chicken will fall apart if touched too soon.

9s: hello home bruce and welcome to my channel

15s: so i am down to my last bottle of strawberry wine
17s: i've got some in a glass so i thought it would be a
fantastic idea to make some more

23s: so it is a bit early in the season to be getting straw-
berries

27s: it has been rather cold so i am actually using frozen
strawberries so i hope you enjoyed the video and i'm
gonna have a drink

42s: so for this recipe i am actually going to be using a
beauty bucket

9s: Hello and welcome to the channel.

15s: The host is down to their last bottle of strawberry
wine.

17s: They have some wine in a glass and decide to make
more.

23s: The host mentions that it’s early in the season for
strawberries.

27s: The host is using frozen strawberries in the recipe.
42s: The host is using a beauty bucket for the recipe.
46s: The bucket is an upcycled mayo container.

52s: The host mentions that a wide-mouthed bucket is

Table E.g: Examples of caption generation with the Vicuna-13B. Input ASR subtitles and
output generated captions by the Vicuna-13B (without any post-processing). For brevity,

lengthy examples are shortened with the symbol “...”.

7”7
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Input ASR subtitles

‘ LLM output: generated captions

2s: i got my barbecue shoes on

9s: go down to the house the sausage

14s: i got my barbecue shoes

16s: welcome to the barbecue pit boys

18s: hi

18s: and today we’re gonna do some country meatballs
and gravy on the grill

22s: all right

23s: it’s real easy to get started here

25s: we got some large granulated salt we got some black
peppercorn there we have some granulated onion here
31s: we got some red pepper flakes and here we got some
granulated garlic

36s: now instead of using those spices you could just say
use your favorite blend of seasonings here

2s: i got my barbecue shoes on

9s: go down to the house the sausage

14s: i got my barbecue shoes

16s: welcome to the barbecue pit boys

18s: hi

18s: and today we're gonna do some country meatballs
and gravy on the grill

22s: all right

23s: it’s real easy to get started here

25s: we got some large granulated salt we got some black
peppercorn there we have some granulated onion here
31s: we got some red pepper flakes and here we got some
granulated garlic

36s: now instead of using those spices you could just say
use your favorite blend of seasonings here

426s:
4328:
4358:
436s:
437s:
438s:
448s:
449s:
449s:

you need three out of five

so first jack jack

ready

oh good man

oh no

come on

everything

here we go

okay actually okay

450s: and then for -

451s: since you're a little older you guys stand behind the
line here

456s: so let’s have you stand behind jack jack’s face

426s:
4328:
4358:
436s:
437s:
438s:
448s:
449s:
4508:
4518:
456s:
462s:

463s:

A person announces that three out of five is needed.
Jack Jack is mentioned.

Someone says "ready.”

A person says "oh good man."

A person says "oh no."

Someone says "come on."

Everything is mentioned.

The current video segment starts.

The game is continued.

A person tells the players to stand behind the line.
Jack Jack stands behind his face.

The game continues.

Someone tells Jack Jack to stand up.

3s: s0 we got to the campground

7s: we want to use the oven

10s: we need to light the manual pilot

11s: we only have to light it once for the whole weekend
if we’re not moving around

15s: so all we need to do is make sure the propane works
the oven works or the stovetop works

22s: now we just need to use the oven

24s: so now we're down at the ovens level

26s: we're going to light the pilot light so all we need to
do is have a stick lighter

35s: turn the knob to pilot push and hold light

41s: the pilot the pilots burning one two three i let go
didn’t turn the knob the pilots staying lit

49s: the pilot is good for all weekend

51s: when you go to cook your pizza set it to the temper-
ature you want pizzas done turn it back to pilot and the
pilot will stay lit all weekend

63s: when you're ready to leave then we turn it to off that
turns off the pilot

69s: we don’t want that pilot on while we’re driving all
the time and constantly using propane

75s: that’s why they give us the option

8os: pilot or off is off

3s: Campground

7s: Oven

10s: Manual pilot light

11s: Light pilot once for the weekend

15s: Check if propane and oven work

22s: Use the oven

24s: At oven’s level

26s: Light pilot

35s: Turn knob to pilot, push and hold

41s: Pilot lit

49s: Good for all weekend

51s: Set temperature, turn to pilot, and leave

63s: Turn off when ready to leave

69s: Off while driving

75s: Option to choose pilot or off

8os: Off is off.

Summary: A group checks if the campground’s oven
works and lights the manual pilot. They only need to
light it once for the weekend as long as they’re not moving
around. They use the oven and make sure the propane
works before they leave. The option to choose pilot or off
is given. The pilot should be off while driving.

Table E.10: Illustrative failures in caption generation with the Vicuna-13B. Input ASR subti-
tles and output generated captions where the Vicuna-13B failed to generate video descriptions
based on the subtitles. Failures include 1) direct input repetition; 2) ineffective reformulation
of the ASR subtitles into descriptions using structures like “A person says .. ”; 3) failure to
follow the requested structure “a timestamp: a sentence”. For brevity, lengthy examples are

4

shortened with the symbol “...”.



APPENDIX — UNBIASING THROUGH TEXTUAL
DESCRIPTIONS: MITIGATING REPRESENTATION BIAS IN
VIDEO BENCHMARKS

This appendix contains supplementary material related to Chapter |8 (Unbiasing through Textual|
IDescriptions: Mitigating Representation Bias in Video Benchmarks| of this thesis. We first present
additional experimental results, including extended results on benchmarking video models and
common-sense bias, ablation studies, as well as analysis of class distribution in UTD-splits in
Section Next, we provide further implementation details of our UTD method in Section
We then demonstrate qualitative examples from our UTD-descriptions and UTD-splits datasets,
along with samples from the user study, in Section Finally, we discuss the UTD dataset’s
license in Section and the limitations of our work and its broader impact in Section
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F.1 ApbitioNaL ResuLts

F.1.1 Benchmarking Video Models

In this section, we present additional benchmarking results for state-of-the-art video models
on our object-debiased UTD-splits. Specifically, we extend the analysis presented in Tables
and of the main part of the thesis by including three considered classification datasets,
namely Kinetics 600, Kinetics 700, and MiT, and three considered retrieval datasets, namely
LSMDC, YouCookz2, and Spoken-MiT. In Table we provide the performance of selected
video models on all classification datasets, evaluated both on the full test/val sets and on our
debiased UTD-splits. The models were chosen based on their strong performance in Table 8.5
of the main part of the thesis. And in Table we present the evaluation results for video
models across all considered retrieval datasets.
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UCF- UCF- SSva-  SSva- Kg00-  Kgo0- Ké6oo-  K600- Kz00-  Kyoo- MiT-  MiT-
UCF UTD- UTD- |SSv2 UTD- UTD- K400 UTD- UTD- K6oo UTD- UTD- |Kyoo UTD- UTD- MiT UTD- UTD-
split  s. bal. split s. bal. split  s. bal. split  s. bal. split  s. bal. split s. bal.

videomae-L-UH 95.7 90.9_45 91.0_47|67.3 654 19662 11 75.8 [FSMIEE63:3 125 76.9 [FINMERG5:8 111 65.6 52.7 129|38.126.4 117308 73
videomaev2-B-K710-fnK710[99.0 98.1_09 97.6_14|57.1 54.7 2455.9_1,|85.0 [71.9-131 75.5_95| 85.6 73.2 124 77.2 34| 75.9 65.3_10.6/140.928.9_12033.9_7¢

allinone-B-WVaM ‘84.5 -72.9_11‘6‘ 26.2 22.5 3724.7 1_5‘ 66.9 _ 68.0 -53.3_14_7‘ 55.2 _29.9 16.9 13022.0_79

umt-B-fnK710 99.0 96.8 25 97.1_19|49.4 46.6_5548.1 13| 85.6 72435 762 94| 86.2 [78:85124 78.1 51| 76.9 [FINGEIEMI66:87101]39.727:1543632.1 76
umt-L-fnK710 98.9 96.7 22 97.1 15|57.9 55.5.2456.7 12| 89.0 78.7 105 81.6_7.4| 89.0 78.9 101 82.3 67| 82.1 693 128 74.0-51|44.5328 122372 73

videomamba-vm-25M ‘94.3 83.0-113 86.5_73 ‘ 48.7 459 55 4741,1_6‘ 78.4 -64.6_13_8‘ 78.5 -66.6_11_9‘ 68.1 -54.5_13_6‘37.9 245 13429.7 g5

internvid-B-10M-FLT 94.0 811109 84.7_93|48.1 45.2_5946.7_14|78.6 64.9_157] 78.7 66.6-121| 68.5 55.0-135/39.326.0-13331.1 5>
internvid-B-200M 94.5 829116 85.2-93 | 54.4 51.8_2652.8_16| 80.0 66.8 132 79-9 68.5 114 70.2 57.6-126|39-926.6-13331.9_s0
internvid-L-10M-FLT 95.5 86.3_92 88.4_71(53.6 50.9_,752.1_15|81.9 69.6_123| 81.5 70.8_107| 72.4 60.3_121|41.928.9_13033.8_51
internvid-L-200M 96.8 90.5_63 91.9_49|63.1 61.0_761.9_1,|84.6 73.9_107| 84.3 69.3_150 75.1_95 | 76.4 66.0_104|44-331.7_12636.9_74

Table F.1: Benchmarking video models in action classification on all six considered classi-
fication datasets. We report accuracy on full test/val sets and our debiased UTD-splits and
UTD-splits-balanced (UTD-s.balan.) The accuracy differences with respect to the full test/val
sets are color-coded.

MSR- DDM- ANet- LSMDC- YCa- S-MiT-

MSR UTD- | DDM UTD- | ANet UTD- | LSMDC UTD- YC2 UTD- | S-MiT  UTD-

split split split split split split
umt-b-sM 30.0 20595 | 302 | 20.6-9¢ | 28.6 223 43 14.1 9.2 49 6.1 52 g9 47.9 | 34.0-139
umt-b-17M 35.6 26393 | 37.7 [27.6-101 | 342 27.3 69 16.6 11.1 55 84 6915 53.5  39.5_149
umt-b-25sM 35.3 | 248 105 | 342 24696 | 251 19.7 54 13.1 9.0_41 103 87_16 53.9 | 402 137
umt-1-5sM 34.8 249 99 33.5 218117 | 348 287 41 21.5 16.5 59 7.1 5.8 13 51.9 | 379 140
umt-1-17M 43.6 | 311 155 | 46.3 | 356-107 | 459 387-72 21.6 16.7 49 | 144 11955 | 60.7 | 469 138
umt-1-25M 42.3 306117 | 43.6 | 335-101 | 367 304 43 19.4 142 55, | 151 128 53 | 60.8 | 479 159

videomamba-vm-5M 33.3 | 23.0q03 | 37.1 (271190 | 37.1 30.1_79 17.6 12.7 49 6.5 5.6_09 47.6 | 34.0_43¢
videomamba-vm-17M | 34.9 = 25.5_94 40.6 | 289417 | 40.4 33.0_74 20.1 155 46 7.7 6.6_11 51.6 | 38.3_133
videomamba-vm-25M | 34.9 = 255_94 | 414 305109 | 41.1 33.8_73 20.4 154 50 | 93 79_14 53.2 | 89.7 135

internvid-B-10M-FLT 37.9 | 254 155 | 28.6 [ 172 114 | 244 18.8 54 17.0 10.7 43 81 59,5, 48.9 | 34.6-143
internvid-B-200M 38.1 | 247 134 | 302 [ 194 408 | 262 20.1 43 18.3 119 44 86 64 5, 49.8 | 35.8 140
internvid-L-10M 267  187_gp9 | 226  15.6-79 | 215 16.3_5> 11.4 7.0_44 6.8 55_13 35.9 | 23.6-123
internvid-L-WV1oM 26.5  17.6_g9 222 | 138.g4 | 23.1 17556 12.3 7.6_47 6.7 5.6-11 38.8 259 129
internvid-L-10M-DIV | 37.3 | 242 437 | 269 [159 419 | 23.2 17.7_55 15.7 10.3_54 86 6.7_19 48.9 | 344 15
internvid-L-10M-FLT 38.7 1263124 | 29.2 [ 188 104 | 245 19.0-55 19.5 135 49 9.4 75_19 50.5 | 36.2 143
internvid-L-50M 32.4 | 22.0_104 | 26.5 183-82 | 24.4 18.0-¢4 17.8 11.7 41 80 64 14 45.7 | 31.5 142
internvid-L-200M 38‘2 248 134 30.3 20.2_101 28.7 221 46 20.1 13.7 ¢4 11.0 8.8_22 53.7 39.0_147

Table F.2: Benchmarking video-language models in text-to-video retrieval on all six considered
retrieval datasets. We report accuracy on full test/val sets and our debiased UTD-splits. The accuracy
differences with respect to the full test/val sets are color-coded.

F.1.2 Common Sense Bias

In Table we present additional common sense bias results for all 16 conceptual-temporal
combinations across the 12 datasets considered. The observed effects align with results
discussed in the main part of the thesis. Specifically, the overall classification perfor-
mance drops only slightly when predictions are based solely on objects compared to the
objects+composition+activities setup across most datasets.

F.1.3 Ablation Study

As discussed in the main part of the thesis, to estimate representation bias, we design a strong
model that performs action classification and text-to-video retrieval based solely on the textual
descriptions of videos. Throughout our pipeline, we utilize state-of-the-art models, namely
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Action Classification Datasets

UCF SSv2 K400

seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.

obj+comp+act| 66.3 66.7 04 66.5.02 613 59 6.4 6.8104 744110 6.0_04 48.0 46.6_14 48.0 39.7 g3
objects 63.3,3‘0 61 .974,4 62.5,33 57.4—8.9 5.371,1 4-67]3 5.1713 4.0,2‘4 45.9,2‘1 41 ~0—7A0 42.3—547 35.0_13_0
activities 674,11 6741, 65.7_ 06 959.0_73 6.4 6.0_04 6.0_04 49 15 (452 553 421 59 428 5, 313 167
verbs 50.8,15'5 5.8,0_5 4.472_0 4.172_3 3.1,3_3

Ké6oo K700 MiT

seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.

obj+comp+act| 441 421, 433_05 35.6.85| 390 371_19 38705 3Ll ye| 206 [ 23455 2141, 201 55

objects 41.8,2.3 36.5,7'5 37-576.6 31.0_13,1 37.0,2_0 32.2,6'3 33‘3,5,7 26.7_12,3 21.0,1,6 19.473,2 201,245 17.6,5.0
activities 414 5,7 38.1 69 38.5_56 281 _160|36.7_23 33.0_¢p 33.8 50 24.0 150|21.0_16 20.0_24 20.1_55 15.6_79
verbs 162 ¢4 122 304 141 g5 92 134

Text-to-Video Retrieval Datasets

MSR DDM ActN

seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.

0bj+c0mp+act 36.6 319_47 33.4,3_2 23.4_13,2 27.2 26.5,0_7 29.1+1,9 19.8,7_4 26.6 26.6 21.5,5'1 13.5_13'1

objects 32.174,5 28.7_7‘9 29.7—69 17.8_13_8 27.0,0,2 26.5,0‘7 25.5,1‘7 16.8_10_4 24.8,15 22.7,33 17.8_&3 11.5_15_1
activities 25.1_11_5 22.4_14_2 18.6_15_0 21~1—641 21~0—6.2 18.4_3,8 11.3_15_9 21.4_5,2 17.8_3,8 13.2_13.4 8.4_13_2
verbs 74 195

LSMDC YC2 S-MiT

seq.-of-f. avg.-over-f. max-score-f. middle f.|seq.-of-f. avg.-over-f. max-score-f. middle f.‘ seq.-of-f. avg.-over-f. max-score-f. middle f.

obj+comp+act| 17.0 16.4_¢¢ 183113 127 43 8.4 8.6102 89405 6.1 53 45.9 43.8 51 46.1,02 35.5_104

objects 13.6,3_4 11.7,5.3 12.374.7 9.277,3 7.9,0.5 6.2,242 7.1,143 4.973,5 29.8_16_1 27.5_13_4 26.4_19,5
activities 147 53 13.6_34 114 54 7892 | 8.1 03 7.3_11 6.3 21 4.1 43 |41.1_ 45 384 75 37.8-81 29.3_166
verbs 55 115 6.0-110 45 155 30-140| 1270 1173 1.0-74 0.6_78

Table F.3: Evaluation of common sense bias with respect to all 16 conceptual-temporal
combinations on all 12 considered datasets. We color code with respect to the difference
to objects+composition+activities (obj+comp+act) concepts in sequence-of-frames (seq.-of-f.)
temporal setup.

Action Classification Text-to-Video Retrieval

Text Embedding Model UCF SSva ‘ MSR DDM
CLIP [RKHT™21b] text encoder 51.1 1.8 6.1 7.0
Long-CLIP [ZZD7 25] text encoder | 48.5 2.8 24.0 19.0
Es5-Mistral-7B-Instruct [WYH 23 65.6 6.2 35.1 26.7
SFR-Embedding-Mistral [ML] "24] | 66.3 6.4 36.6 27.2

Table F4: Ablation on text embedding model. Evaluation is performed in ob-
jects+composition+activities concepts in sequence-of-frames temporal setup on the full test/-
validation splits of the respective datasets. We report accuracy for classification and recall@1
for retrieval. Selected option is bolded.

Vision-Language Model Action Classification Text-to-Video Retrieval

UCF SSv2 | MSR DDM
LLaVA-v1.5-7B [LLLL24] 61.8 5.9 35.5 28.7
LLaVA-1.6-Mistral-7B [LLL"24] | 66.3 6.4 36.6 27.2

Table Fs5: Ablation on vision-language model. Evaluation is performed in ob-

jects+composition+activities concepts in sequence-of-frames temporal setup on the full test/validation
splits of the respective datasets. We report accuracy for classification and recall@1 for retrieval. Selected
option is bolded.
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Action Classification Text-to-Video Retrieval
UCEF SSv2 K400 K6oo K700 MiT‘MSR DDM ANet LSMDC YCz2 S-MiT

CLIP ViT-B/32
CLIP ViT-L/14
Ours (obj+comp+act, sequence-of-frames)

67.7 1.8 46.7 41.3 34.8 186|314 263 204 143 49 347
759 2.8 587 54.7 48.6 23.7/36.3 29.6 2062 199 81 404
66.3 6.4 48.0 44.1 39.0 22.6/36.6 272 26,6 170 84 459

Table F.6: Comparison in zero-shot action classification and text-to-video retrieval. Note, that
our model uses only textual descriptions of video. Evaluation is performed on full test/val
splits of the respective datasets. We report accuracy for classification and Recall@1 for retrieval.

LLaVA-1.6-Mistral-7B [LLL" 24] as the VLM, Mistral-7B-Instruct-vo.2 [J[SM"23] as the LLM,
and SFR-Embedding-Mistral [ML] " 24] for text embedding model. In this section, we provide
additional analysis of our model.

Text Embedding Model. First, in Table we compare four strong models for text encoding
(x in Figure [8.3| of the main part of the thesis). Namely, we consider large versions of the
CLIP [RKH"21b] text encoder and LongCLIP [ZZD™ 25| text encoder, which extends CLIP
to better handle long-text inputs. Additionally, we examine two LLM-based text embed-
ding models: E5-Mistral-7B-Instruct [WYH 23] and its finetuned version, SFR-Embedding-
Mistral [ML] " 24]], trained on more data. As shown in Table the text embedding models
E5-Mistral-7B-Instruct and SFR-Embedding-Mistral, both pretrained on large text datasets to
effectively encode text for tasks such as information retrieval, outperform the CLIP-based text
embedding models. In our pipeline, we employ the best-performing SFR-Embedding-Mistral
model.

Vision-Language Model. Next, in we ablate two VLM models for extracting detailed
textual descriptions. Specifically, we evaluate LLaVA-v1.5-7B [LLLL24] and LLaVA-1.6-Mistral-
7B [LLL " 24], finding that the latter model achieves the best performance.

Comparison to CLIP. Finally, we evaluate how well our model, which relies solely on textual
descriptions, performs for zero-shot video classification and retrieval compared to the CLIP
baseline [RKH™21b] The results in Table [F.6| demonstrate that our model generally outperforms
CLIP ViT-B/32 and performs almost on par with the CLIP ViT-L/14 backbone. This highlights
the feasibility of performing action classification and video retrieval based purely on textual
descriptions. We further observe that caption-based retrieval performs better compared to
caption-based action classification. We attribute this to the fact that captions capture more
specific aspects of individual videos, which are also reflected in the generated captions.

F.1.4 Class Distribution in UTD-Splits

In Figure we show the class distribution in our UTD- and UTD-balanced test/validation
splits, in comparison with the original class distribution in the full test/validation splits. We
observe that the results align well with our expectations, for example, the class “Apply Eye
Makeup” in UCF-101 is significantly reduced in the UTD-split due to a strong object bias.
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F2 ApbpITioNAL IMPLEMENTATION DETAILS

In this section, we provide further details about our UTD method.

F.2.1 Obtaining Textual Descriptions

We used a few-shot in-context learning strategy [BMR™20] when prompting LLM to extract
objects, activities, and verbs from objects+composition+activities descriptions. Namely, we used
3-shots for objects and activities and 5-shots for verbs. We also did simple postprocessing of
LLM output. Since the LLM is prompted to output an enumerated list (see prompts in Table [E.8),
we delete numeration and delete any output in brackets.

We list the prompts used in our work to obtain textual descriptions of frames for different
concept categories, namely objects+composition+activities (d,;), objects (0, ;), activities (a, ),
and verbs (v, ;), in Table

F.2.2  Getting Text Embeddings

Following [ML] " 24], we used the prompt template “Instruct: <instruction>\nQuery: <input text
>” to obtain text embeddings for various input text descriptions using the SFR-Embedding-
Mistral model [ML] " 24]. In Table we provide the instructions used for action classification
in different settings, and in Table we present instructions used for text-to-video retrieval.

F.2.3 Unbiasing Datasets

As stated in the main part of the thesis, we debias the test/val sets of the considered datasets
by excluding samples that are classified or retrieved correctly (M(v,, ¢) = 1) based on object
sequence-of-frame representation.

For text-to-video retrieval, we debias datasets with respect to common-sense bias. To minimize
the impact of random fluctuations in the process, we prompt the text embedding models with
three different prompts for query captions and three different prompts for object textual
descriptions for videos, generating three embeddings for each query caption and for each
video. Prompts are reported in Table Consequently, we perform zero-shot text-to-video
retrieval inference using all nine combinations of query embeddings and video embeddings,
resulting in nine predictions. We exclude a text query from the test/val set only if all nine
predictions agree on the correct Top-1 retrieval for the corresponding video.

For action classification, we debias datasets with respect to dataset bias. Specifically, we
generate three different embeddings for the object textual descriptions of each video using
three different instructions for the text embedding model (Table , resulting in three sets
of video embeddings. Using each set of embeddings, we further train three linear classifiers
on bootstrapped training sets (we sample training sets using sampling replacement to match
the original training set size). A sample is excluded from the test/val set only if all nine
models (across the three embedding sets and three linear models) agree on the correct Top-1
classification. The percentage of removed samples is determined automatically based on the
extent of object representation bias in the dataset.

Since debiasing may disproportionately remove certain label classes in classification datasets,
we additionally construct balanced UTD splits. While maintaining the total number of removed
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Model Backbone Pretraining Datasets Finetuning Datasets
VideoMAE-B-K400 [TSWW ViT-B/16 Kinetics-400 (w/0 1 -
VideoMAE-B-UH ViT-B/16 UnlabeledHybrid [WHZ"23]: Kyoo [CNHZ19] + WebVidaM + -
SS IGEKM’ 17b] + AVA [IQSL;LB__I + Instagram (collected)
VideoMAE-L-UH ViT-L/14 UnlabeledHybrid [WHZ"23]: Kyoo [CNHZ1g] + WebVidaM + -
SS IGEKM’ 17b] + AVA HQSR_;[&I + Instagram (collected)
VideoMAE-H-UH ViT-H/16 UnlabeledHybrid [WHZ"23]: Kyoo [CNHZ1g] + WebVidaM + -
SS lGEKM+17b + AVA ﬂQSR_;[S_I + Instagram (collected)
VideoMAEv2-B-K710- ViT-B/16 Kinetics-710 ﬂm (Kinetics-400 + Kinetics-600 + Kinetics-710
fnKy10 Kinetics-700 [CNHZ19]) (w /0 labels)
AllInOne-B-WV2M+CC [WGY 23| ViT-B/16 WebVid2M +CC3M -
AllInOne-B-WV2M+HT [WGY 23| ViT-B/16 WebVid2M I + HowTo100M -
AllInOne-B- ViT-B/16 WebVid2M M + HowTo100M \ + YTT [ZLH'21al + -
WV2M+HT+CC+YTT+ CC3M + CC12M [C + COCO LMB+14 + VG [KZGT17| +
SBU [C
UMT-B-K710 UMT-B/16 Kinetics-710 H 22| (w/o labels) -
UMT-B-fnK710 [LWL™ 23] UMT-B/16 Kinetics-710 H 22| (w/o labels) Kinetics-710
UMT-L-K710 UMT-L/16 Kinetics-710 H 22| (w/o labels) -
UMT-L-fnK710 [LWL" 23] UMT-L/16 Kinetics-710 H*22| (w/o labels) Kinetics-710
UMT-B-5M |[LWL 23] UMT-B/16 Kinetics-710 [LWH22] (w/o labels) + WebVidaM + -
CCsM
UMT-B-17;M UMT-B/16 Kinetics-710 (w/o labels) + WebVidaM + -
CC3M + CC12M + COCO [LMBT14] + VG [KZGT17] +
SBU
UMT-B-25M UMT-B/16 Kinetics-710 [LWH'22] (w/o labels) + WebVidioM + -
CC3M + CC12M + COCO [LMBT14] + VG [KZGT17] +
SBU
UMT-L-5M UMT-L/16 Kinetics-710 |[LWH22] (w/o labels) + WebVidaM + -
CCGM
UMT-L-17M UMT-L/16 Kinetics-710 (w/o labels) + WebVidaM + -
CC3M + CC12M + COCO [LMBT14] + VG [KZGT17] +
SBU
UMT-L-25M UMT-L/16 Kinetics-710 (w/o labels) + WebVidioM [BNVZzia] + -
CC3M + CC12M + COCO [LMBT14] + VG [KZGT17] +
SBU

VideoMamba-VM-K400 VideoMamba-M  Kinetics-400 (w/o labels) -
VideoMamba-VM-5M VideoMamba-M  Kinetics-400 (w/o labels) + WebVid2M +CCsM -
VideoMamba-VM-17M |[LLW ™24 VideoMamba-M  Kinetics-400 [KCS™17] (w /0 labels) + WebVidaM +CCsM -
+ CC12M + COCO [LMBT14] + VG [KZG 17| + SBU
VideoMamba-VM-25M VideoMamba-M ~ Kinetics-400 [KCST17] (w/o labels) + WebVidioM + -
CC3M + CC12M + COCO [LMBT14] + VG [KZGT17] +

SBU
InternVid-B-10M-FLT [WHL 2 ViCLIP-B/16 InternVid-10M-FLT [WHL" 23| -
InternVid-B-200M ViCLIP-B/16 InternVid-200M -
InternVid-L-10M ViCLIP-L/14 InternVid-1oM -
InternVid-L- ViCLIP-L/14 WebVid1ioM -

WebVidioM [WHL 23]

InternVid-L-10M-DIV [WHL*23]  ViCLIP-L/14 InternVid-10M-DIV |
InternVid-L-10M-FLT [WHL "2 ViCLIP-L/14 InternVid-10M-FLT
InternVid-L-50M [WHL™ 2 ViCLIP-L/14 InternVid-50M [WH

InternVid-L-200M |[WHL™ 23 ViCLIP-L/14 InternVid-200M [WHL™ 23

Table E7: Overview of the 30 models analyzed in this paper, including their backbones,
pretraining datasets, and supervised finetuning datasets.

samples as in the original debiasing method, we adjust the number of samples removed from
each class based on their average confidence (across nine models) to preserve the original class
proportions.

Reliability of filtering biased samples. To summarize, we ensure robust and reliable filtering
of biased samples by leveraging state-of-the-art VLMs and LLMs, applying prompt engineering,
and employing an in-context learning strategy to extract specific concepts (e.g., objects) while
minimizing leakage from unrelated concepts. We also conduct a user study to validate the
reliability of the extracted concepts. To further mitigate false positives, we aggregate predictions
across nine different prompt/model combinations.
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F.2.4 Benchmarking Video Models

Table summarizes all 30 video models evaluated in this work, detailing their architectural
backbones, pretraining datasets, and supervised finetuning setups.

Further, we provide additional implementation details on our evaluation setup of video
backbones in action classification and text-to-video retrieval. To evaluate a video backbone in
action classification, following the VideoGLUE benchmark [YGZ™ 23], we train a classification
model with the corresponding frozen video backbone and single-layer pooler head [YGZ™23]
with one classification linear layer as described in the main part of the thesis. For training
and evaluation, we use 8 uniformly sample frames as inputs, however, for video backbones
that create 3D tokens with a stride over frames, such as VideoMAE [TSWW22, WHZ 23], we
respectively scale the number of input frames, namely, we use 16 frames for VideoMAE and
VideoMAEv2, to ensure that models use the same number of tokens for the same model size.
We train a model for 50 epochs with an AdamW optimizer [LH19|] and a learning rate of 0.001.
We use a cosine weight decay scheduler with five epochs warmup. We follow the augmentation
pipeline of the VideoGLUE benchmark [YGZ"23]. We do not use multi-crop evaluation to
simplify and standardize the evaluation setting for all datasets.

For text-to-video retrieval, we evaluate the zero-shot capabilities of the text-video models
and use the respective backbones without finetuning. Same as in action classification, we use
8 uniformly sampled frames as inputs. We also follow the corresponding model recipes in
using re-ranking, namely, we rerank 128 videos with highest similarities based on dual encoder
output by a joint encoder for Unmasked Teacher (UMT) [LWL™ 23] and VideoMamba [LLW " 24]
models.

F.3 QuaritaTive REsuLts

UTD-descriptions. In Figures to we present qualitative results of textual descrip-
tions of our UTD-descriptions dataset for different concept categories using random videos
from the MSRVTT dataset. We observed that the VLM provides detailed descriptions of
objects+composition+activities (Figure [F.2). Furthermore, the LLM successfully parses these
descriptions into objects, activities, and verbs (Figures to [F.5).

UTD-splits. In Figure [F.6, we present qualitative examples from the full test set and our object-
debiased UTD-split on the UCF101 dataset. We observe that samples from our object-debiased
UTD-split demand a deeper level of video understanding beyond simple object recognition.
For instance, in examples of classes involving playing musical instruments, such as “Playing
Dat”, “Playing Cello”, or “Playing Sitar”, the videos often include additional instruments in
the background, such as a piano and drums in the case of “Playing Daf” example, alongside
the primary instrument. Similarly, in the “Pizza Tossing” example, the pizza in the UTD-split
example is barely visible, and a video requires analysis beyond this single frame for correct
class prediction.

User Study. As stated in the main part of the thesis, our user study shows that 87.6% (667 out
of 761) of the VLM-recognized objects are identified as visible, with only 94 objects not selected
as visible. To better understand the VLM’s errors, we manually classifiy these 94 objects into
five categories: 1) attribute error (e.g., the object is “right hand” instead of “left hand”), 2)
misclassification (the object is present but incorrectly identified as a different object, e.g., a
“snowboard” instead of “snow slide”), 3) hallucination, 4) human annotation mistake — the
object is visible, and 5) other. In Figure [F.7] we provide examples from these five categories.
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F.4 License INFORMATION

Our UTD-descriptions are generated by LLaVA-1.6-7B-mistral model [LLWL23b| LLL"24] as
well as Mistral-7B-Instruct-vo.2 [JSM™23]. The models were used according to their licenses.
LLaVA-1.6-7B-mistral model complies with the base LLM’s model licens€} which is Mistral-7B.
Mistral-7B model follows Apache 2.0 license?} We release our UTD dataset, comprising UTD-
descriptions and UTD-splits, under the CC BY 4.0 license. However, specific components of the
underlying dataset may be governed by stricter licensing conditions from the corresponding
video datasets.

F.5 LiMitATIoNs AND BROADER IMPACT

Limitations. Due to the high human annotation cost of detailed frame text descriptions for
videos, our method of evaluating and debiasing datasets relies on the textual description
of video frames generated by VLMs. Therefore, these textual descriptions may potentially
misrepresent the video due to the potential limitation of VLM models. Namely, such textual
description might be prone to hallucinations, namely describing things that are not present
in the frame, having social biases, such as guessing a person’s occupation based on how the
person looks or implying some information that is not visible. Then, we further extract different
concept categories from these textual descriptions using LLM. These steps might be prone to
leaking information about other concepts, such as adding activity information to the objects
list. Therefore, the quality of our textual descriptions with respect to different concepts also
limited the filtering abilities of LLMs. In our user study evaluating the quality of generated
descriptions of objects, we found the hallucination rate to be approximately 6%. Our biased
discovering method is also limited by the performance of pretrained text embedding models,
and using stronger text embedding models might lead to discovering even stronger biases
in the datasets, such as more videos being classified correctly based on only objects using
common sense.

Potential Negative Societal Impact. In our work, we perform bias analysis of the existing
video classification and text-to-video retrieval datasets, 12 datasets in total, as well as provide
debiased evaluation splits — UTD-splits. Since our annotations are based on existing datasets,
our data distribution reflects the social biases inherent in those sources. We also provide
UTD-descriptions for these 12 datasets — textual descriptions of objects, activities, verbs, and
objects+composition+activities categories. As discussed in the limitations, these descriptions
might be prone to social biases potentially present in the current VLM models. Therefore,
such descriptions might potentially propagate these social biases. To create the dataset, we
utilize VLM and LLM models, which contribute to increased energy consumption and carbon
emissions as a negative externality.

Thttps:/ / github.com/haotian-liu/LLaVA /blob/main/docs/MODEL_ZOO.md
https:/ /mistral.ai/news/announcing-mistral-7b/
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‘ Prompt

Prompting LLaVA-1.6-
Mistral-7B: Obtaining Ob-
jects+Composition+Activities d,, ;

Describe the objects relationships in the photo.

Prompting Mistral-7B-Instruct-vo.2:
Obtaining Objects 0,, ;

<s>[INST] You are an intelligent chatbot designed to extract requested
information from the textual description of an image. I will give you a
textual description of the image. List ALL objects visible in the image.
An object is anything that has a fixed shape or form, that you can touch
or see. Name each object with one noun or a maximum of two words. Skip
uncertain objects. The textual description of the image: "<INPUT TEXTUAL
DESCRIPTION>" DO NOT PROVIDE ANY EXTRA INFORMATION
ABOUT OBJECT PROPERTIES OR RELATIONSHIPS TO OTHER OBJECTS
IN PARENTHESES. DO NOT PROVIDE ANY OTHER OUTPUT TEXT OR
EXPLANATION. [/INST] Comprehensive enumerated list of objects:

Prompting Mistral-7B-Instruct-vo.2:
Obtaining Activities a,, ;

<s>[INST] You are an intelligent chatbot designed to extract requested
information from the textual description of an image. I will give you

a textual description of the image. List all VISIBLE activities in the
image. Activity is lively action or movement. Name each activity with
a concise phrase SKIP possible or implied activities that are not visible

. If no activity is visible, reply "No activity is visible." DO NOT
PROVIDE ANY OTHER OUTPUT TEXT OR EXPLANATION. The textual
description of the image: "<INPUT TEXTUAL DESCRIPTION>" [/INST]
Comprehensive enumerated list of activities:

Prompting  Mistral-7B-Instruct-vo.2:
Obtaining Verbs v, ;

<s>[INST] You are an intelligent chatbot designed to extract requested
information from the textual description of an image. I will give you a list
of visible activities of the image. Your task is to delete information
about objects from this description. Replace all objects in this list with
"someone" or "something," but keep the activity. If you have to, you may
delete some details, but delete ALL object information. If the input is
"No activity is visible .", keep it "No activity is visible ." DO NOT
PROVIDE ANY OTHER OUTPUT TEXT OR EXPLANATION. The list of
visible activities: "<INPUT ACTIVITIES DESCRIPTION>" [/INST] Post-
processed enumerated list of activities:

Prompting Mistral-7B-Instruct-vo.2:
Obtaining 15-words Summaries d/, ;

<s>[INST] You are an intelligent chatbot designed to extract requested
information from the textual description of an image. Summarize

the following image description in 15 words: "<INPUT TEXTUAL
DESCRIPTION>" [/INST] 15-words summary:

Table E.8: Prompts used in our UTD method to obtain textual descriptions of frames with respect
to different concepts categories: objects+composition+activities d,, ;, objects o0, ;, activities a,, ;,
and verbs vy, ;.
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Textual description

| Setup

‘ <instruction>

objects+composition+activities d,, ;

single-frame

Given a video frame description, retrieve the activity depicted in
this video.

sequence-of-
frames

Given descriptions of video frames, retrieve the activity depicted in
this video.

objects 0, ;

single-frame

Given a list of objects visible on the video frame, retrieve the
activity depicted in this video.

sequence-of-
frames

Given lists of objects visible on the video frames, retrieve the
activity depicted in this video.

activities a,,; / verbs v, ;

single-frame

Given a description of actions visible on the video frame, retrieve
the activity depicted in this video.

sequence-of-
frames

Given a description of actions visible on the video frames, retrieve
the activity depicted in this video.

activity class name

single-frame

Given an activity, retrieve a video frame description that may
depict this activity .

sequence-of-
frames

Given an activity, retrieve a video description that may depict this
activity .

Table F.9: Instructions used to prompt the SFR-Embedding-Mistral model for action classifica-

tion.

Textual description

| Setup

‘ <instruction>

objects+composition+activities d,, ;

single-frame

Given a description of a single video frame, retrieve a short
description of the full video.

sequence-of-
frames

Given descriptions of video frames, retrieve a short description of
the full video.

objects 0, ;

single-frame

Given a list of objects visible on the video frame, retrieve a short
video description.

sequence-of-
frames

Given lists of objects visible on the video frames, retrieve a short
video description.

activities a,,; / verbs v, ;

single-frame

Given a description of actions visible on the video frame, retrieve a
short video description.

sequence-of-
frames

Given a description of actions visible on the video frames, retrieve
a short video description.

caption (from dataset)

single-frame

Given a short video description, retrieve a description of a specific
frame within that video.

sequence-of-
frames

Given a short video description, retrieve another description of this
video.

Table F.10: Instructions used to prompt the SFR-Embedding-Mistral model for text-to-video

retrieval.
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Objects+composition+activities:

In the image, there is a person standing on the bow of a small boat that is floating on a body of water. The
person appears to be engaged in an activity that involves a blue, translucent object that is being pulled or
dragged by the boat. The object is connected to the boat by a line, and the person seems to be controlling
the movement of the boat, which in turn affects the movement of the object. The background shows a calm
water surface with trees and a clear sky, suggesting a peaceful, outdoor setting. The text overlay on the
image provides information about the person and the activity, indicating that the person is involved in
"Authentic Low Country Cooking" and that the image is from a website called "gullahgrubs.com." The
overall scene suggests a leisurely activity related to cooking, possibly involving the use of the blue object
for food preparation or demonstration.

Objects+composition+activities:

In the image, there is an animated dog character standing next to a yellow bucket. The dog appears to be
looking at the bucket, which has a label on it. The dog is wearing a red collar with a tag, and it has a black
and white coat with a white muzzle. The background suggests an indoor setting with a wooden floor and a
blurred object that could be a bottle or a container in the background. The dog's position relative to the
bucket is such that it seems to be interacting with the contents of the bucket, possibly trying to get
something out of it. The label on the bucket is not clearly legible, so its contents are not identifiable from the
image.

Objects+composition+activities:

In the photo, there is a person's hand holding a black object with a green label. The object appears to be a
bottle or container of some sort. The hand is positioned in such a way that it is holding the object securely.
The background is blurred, but it seems to be a kitchen setting, as suggested by the presence of what looks
like a kitchen counter or table. The focus of the image is on the hand and the object it is holding, with the
background being out of focus. The relationship between the objects is that the hand is interacting with the
object, possibly opening it or preparing to use it.

Objects+composition+activities:
The image contains two lines of text. The first line reads "An easy folding stroller" and the second line reads
"will make." The text is presented in a simple, sans-serif font, and the color of the text is a shade of blue.
The relationship between the two lines of text is that the first line is a statement, and the second line is a
continuation of the thought or instruction implied by the first line. The second line is a verb, suggesting an
action that will be taken or the result of using the stroller mentioned in the first line. The text is centered on
the page, and there are no other objects or relationships to describe.
Objects+composition+activities:
The image shows a bowl of food that appears to be a type of noodle dish, possibly a Singaporean hawker
meal. The dish is garnished with various ingredients, including slices of what could be a type of seafood,
such as shrimp or prawns, green onions, and what looks like fried shallots or garlic. The noodles are likely
to be a type of egg noodle, given their appearance and the context of the dish.
The ingredients are arranged in a way that suggests a balance of flavors and textures. The seafood
" provides a protein source and a hint of the sea, while the green onions add a fresh, herbal flavor. The fried
shallots or garlic contribute a savory, slightly sweet element to the dish.
The dish is presented in a white bowl, which contrasts with the colorful ingredients, making the food look
more appetizing. The bowl is placed on a surface that is not clearly visible, but it appears to be a table or
countertop.
The text overlay on the image provides a description of the dish, indicating that it is a popular Singaporean
hawker meal. This suggests that the image is likely intended for a culinary context, such as a food blog or a
recipe sharing platform. The text is in English and is superimposed over the image, ensuring that the viewer
can read it regardless of the image's resolution or size.

Objects+composition+activities:

In the photo, there is a person sitting at a table with various crafting supplies. The person appears to be
engaged in a crafting activity, possibly sewing or working with fabric. The table is cluttered with several
items, including:

1. A sewing machine, which is likely being used by the person.

2. Aspool of thread, which is being used by the person.

3. Apair of scissors, which are commonly used in sewing and crafting.

4. Aroll of tape, which could be used for measuring or securing items.

5. A pair of pliers, which might be used for cutting or bending materials.

6. A bottle of water, which is likely there for the person to drink.

7. Aroll of paper towels, which could be used for cleaning up any messes.

8. A pair of tweezers, which might be used for picking up small items or threads.

9. A pair of scissors with orange handles, which could be a different type of scissors or a different color for a
specific purpose.

10. A small blue object, which could be a tool or a small part of the crafting project.

The objects are arranged in a way that suggests an active workspace, with the person using the sewing
machine and the other items within easy reach. The items are not neatly organized, indicating that the
person is in the middle of a project and has not yet tidied up the workspace.

Figure F.2: Qualitative examples of objects+composition+activities textual descriptions for
random videos in MSRVTT dataset.
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Objects:

Frame 1: person, small boat, body of water, blue object, string or line

Frame 2: person, small boat, bow, blue, translucent object, string, wide-brimmed hat, patterned shirt, body of water, trees, blue
smoke or vapor, text overlay "gullah grub", "authentic low country cooking", "www

Frame 3: person, hat, small boat, bow, body of water, blue object, trees, clear sky.

Frame 4: person, small boat, bow, body of water, blue, translucent object, trees, clear sky.

Frame 5: person, small boat, body of water, blue, translucent object, line, trees, clear sky, text overlay, website name
"gullahgrubs.com"

Frame 6: person, hat, small boat, body of water, bird, string or line

Frame 7: person, small boat, bow, fishing rod, line, body of water, trees, clear sky, text: "produced & directed by:", text:
"www.outsidetheboxmedia.com"”, text: "copyright 2011"

Frame 8: person, hat, small boat, body of water, bird, string or line.

Activitie:
Frame 1: A person is holding a blue object. The person is pulling on a string or line attached to the blue object.

Frame 2: A person is controlling the movement of a blue, translucent object using a string.

Frame 3: A person is standing on a boat. A person is pulling a blue object through water.

Frame 4: A person is standing on the bow of a boat. A person is spinning or twirling a blue, translucent object.

Frame 5: A person is controlling a boat. An object is being pulled or dragged by the boat.

Frame 6: A person is controlling a bird's flight with a string or line.

Frame 7: A person is standing on the bow of a boat. A person is fishing or participating in a water-based activity using a fishing
rod.

Frame 8: A person is controlling a bird's flight with a string or line.

Verl
Frame 1: Someone is holding something. Someone is pulling on something.

Frame 2: Someone is moving something using something.

Frame 3: Someone is standing on something. Someone is pulling something through water.
Frame 4: Someone is standing. Someone is spinning or twirling something.

Frame 5: Someone is controlling something. Something is being pulled or dragged.

Frame 6: Someone is controlling something.

Frame 7: Someone is standing. Someone is participating in an activity using a rod.

Frame 8: Someone is controlling something.

Objects:

Frame 1: character, red and white striped shirt, room, warm, golden light, fireplace or glowing light source

Frame 2: animated character, dog, wooden door, red object, bottle or container, label, bell

Frame 3: animated dog, yellow bucket, wooden floor, red collar, red object

Frame 4: 3d animated dog, yellow bucket, surface, blurred background, wooden door, red object

Frame 5: animated dog, yellow bucket, red collar, tag, wooden floor, blurred object

Frame 6: cartoon dog, yellow object, container or box, indoor setting, wooden surface, red object, bottle or container.
Frame 7: cartoon dog, blue bowl, wooden door, window, curtains.

Activities:

Frame 1:

Frame 2: The dog is looking towards the door. The dog might be waiting or anticipating something.

Frame 3: The dog is looking at the bucket.

Frame 4: The dog is interacting with the bucket. The dog is possibly sniffing or looking inside the bucket.

Frame 5: The dog is looking at the bucket. The dog is interacting with the contents of the bucket.

Frame 6: The dog is looking towards the right side. It is unclear if the dog is interacting with the yellow object or just standing
next to it. Therefore, the activity is listed as "Interacting with the yellow object " to account for both possibilities.

Frame 7: The dog is standing on its hind legs. The dog is looking at the blue bowl. The dog might be trying to reach the contents
of the bowl.

Frame 8: The dog is leaning over the bowl. The dog is eating or drinking from the bowl.

Frame 1:

Frame 2: Something is looking. Something might be waiting or anticipating.

Frame 3: Something is looking at something.

Frame 4: Something is interacting with something. Something is investigating something.

Frame 5: Something is looking at something. Something is interacting with something.

Frame 6: Something is looking towards something. Someone is interacting with something .

Frame 7: Something is standing on its hind legs. Something is looking at something. Something might be trying to reach
something.

Frame 8: Something is leaning. Something is consuming.

Figure F.3: Qualitative examples of objects, activities, and verbs textual descriptions for random
videos in MSRVTT dataset.



270 APPENDIX F. APPENDIX - UNBIASING THROUGH TEXTUAL DESCRIPTIONS:
MITIGATING REPRESENTATION BIAS IN VIDEO BENCHMARKS

Objects:
Frame 1: hand, food, potato or similar starchy vegetable, peel, background
Frame 2: man, dark-colored top, kitchen counter, bottle, bowl, large appliance, refrigerator or freezer, handle, kitchen cabinets,
artificial lighting.
Frame 3: person, dark green t-shirt, cutting board, vegetables, red toaster, white container, countertop, bowl, spoon.
Frame 4: man, green top, black oven, glass door, white cabinet, handle, black refrigerator, freezer compartment, shelf, cans.
Frame 5: hand, black object, green label, kitchen counter or table.
Frame 6: man, dark green/black t-shirt, red appliance, window, garden or outdoor area, countertop, bottle, bowl.
Frame 7: cutting board, broccoli, knife, countertop.
Frame 8: person, man, dark-colored shirt, kitchen counter, kitchen cabinet, microwave, kitchen appliance.
LH
Frame 1: A person is peeling a potato or a similar starchy vegetable.
Frame 2:
Frame 3: The person is cooking or preparing food.
Frame 4:
Frame 5: A hand is holding an object. The hand is interacting with the object.
Frame 6: The man is looking down.
Frame 7: Cutting broccoli with a knife.
Frame 8: The man is looking at a piece of paper or a recipe. The man is standing in front of a kitchen appliance, suggesting he
might be preparing to use it.
Verbs:
Frame 1: Someone is peeling something.
Frame 2:
Frame 3: Someone is cooking or preparing.
Frame 4:
Frame 5: Something is holding something. Something is interacting with something.
Frame 6: Someone is looking down.
Frame 7: Someone is cutting something.
Frame 8: Someone is looking at something. Someone is preparing to use something.

Objects:

Frame 1: woman, stroller, stroller, black frame, canopy, grassy area, trees.

Frame 2: woman, stroller, stroller, grassy area, trees.

Frame 3: white background, darker line.

Frame 4: text, subtitle, main text, font, white background.

Frame 5: text, two lines, sans-serif font, blue text

Frame 6: text message, light blue background, darker blue font, text: "each of your outtings with baby that much easier.", text:
"that much easier."

Frame 7: text line 1, text line 2, sans-serif font, shade of blue

Frame 8: text, "happy", "strolling", "joggermom’ ‘com"

Activities:

Frame 1: The woman is holding onto the handles of both strollers. The woman is either pushing or maneuvering the strollers.
Frame 2: The woman is maneuvering or pushing the strollers.

Frame 3:

Frame 4:

Frame 5:

Frame 6:

Frame 7:

Frame 8:

Frame 1: Someone is holding onto something. Someone is maneuvering something.
Frame 2: Someone is maneuvering or pushing.

Figure F4: Qualitative examples of objects, activities, and verbs textual descriptions for random
videos in MSRVTT dataset.
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Objects:

Frame 1: bowl, noodles, prawns, green onions, red chili peppers, fried shallots or garlic, sauce, spoon.

Frame 2: bowl, singaporean prawn noodle soup, green onions, red chili peppers, fried shallots or garlic, prawns, noodles, light-
colored liquid, text overlay "singapore prawn noodle soup", surface

Frame 3: bowl, seafood, sauce, green onions, chopped nuts.

Frame 4: bowl, noodles, shrimp, green onions, green bell pepper, chopped green onions

Frame 5: bowl, noodle dish, seafood, shrimp or prawns, green onions, fried shallots or garlic.

Frame 6: bowl, seafood dish, green onions, red chili peppers, fried shallots or garlic.

Frame 7: seafood stir-fry, shrimp, green onions, chopped nuts, rice.

Frame 8: plate, seafood dish, shrimp, green onions, chopped green onions, fried shallots or garlic, white plate, text overlay, rich

Activities:
Frame 1:
Frame 2:
Frame 3:
Frame 4:
Frame 5:
Frame 6:
Frame 7:
Frame 8:
Verbs:
Frame 1:
Frame 2:
Frame 3:
Frame 4:
Frame 5:
Frame 6:
Frame 7:

Objects:

Frame 1: person, table, sewing machine, pair of scissors, roll of tape, pair of tweezers, bottle of water, roll of paper towels, pair
of pliers, pair of earrings.

Frame 2: person, table, sewing machine, roll of thread or yarn, pair of scissors, pliers, piece of fabric or paper with a design,
bottle of water, roll of tape.

Frame 3: person, sewing machine, red top, fabric, thread, table or countertop, white plastic container, roll of thread, pair of
scissors, bottle of water, roll of fabric or paper.

Frame 4: person, sewing machine, bottle of water, roll of fabric, pair of scissors, spool of thread, measuring tape, white printer,
table

Frame 5: person, table, sewing machine, spool of thread, pliers, bottle of water, roll of paper towels, pair of scissors, small blue
object, pair of scissors, spool, pair

Frame 6: person, sewing machine, fabric or paper scraps, small object, table, pair of scissors, orange handles, roll of clear tape,
bottle of water, blue lid, pliers, small blue object.

Activitie:
Frame 1: The person is crafting. The person is using a sewing machine. The person is using scissors. The person is using
tweezers. The person is using pliers. The person is using glue. The person is possibly cleaning up with paper towels. The person
is possibly drinking water.

Frame 2: A person is sitting and working. A person is using a sewing machine. A person is cutting with scissors.

Frame 3: A person is sitting and using a sewing machine. A person is working on a sewing project. A person is storing scissors in
a container. A person is possibly cutting materials with scissors .

Frame 4: The person is sitting and working at the sewing machine.

Frame 5: A person is sitting and crafting, possibly sewing or working with fabric.

Frame 6: The person is sitting. The person is holding a small object. The person is crafting or creating something, as indicated
by the presence of a sewing machine and related crafting supplies.

Verbs:

Frame 1: Someone is creating. Someone is using a tool. Someone is using a tool. Someone is using a tool. Someone is using a
tool. Someone is applying a substance. Someone is cleaning up. Someone is possibly consuming.

Frame 2: Someone is sitting and working. Someone is using something. Someone is cutting.

Frame 3: Someone is sitting and using something. Someone is working on something. Something is being stored. Someone is
possibly cutting something.

Frame 4: Someone is working.

Frame 5: Someone is sitting and working.

Frame 6: Someone is sitting. Someone is holding something. Someone is creating something.

Figure F.5: Qualitative examples of objects, activities, and verbs textual descriptions for random
videos in MSRVTT dataset.
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Pizza Tossing Lunges Handstand Walking Apply Lipstick
(a) Examples from the UCF1o1 test split (that are not included in the UCF101-UTD split)

Pizza Tossing Lunges Handstand Walking Apply Lipstick

(b) Examples from our UCF101-UTD-split

Figure F.6: Video examples with their class label from full UCF1o01 test set and our object-
debiased UTD-split. We observe that samples from our object-debiased UTD-split require
a level of video understanding beyond simple object recognition. For instance, in the case
of playing musical instruments, e.g., Playing Daf or Playing Cello, the videos often include
other musical instruments in the background, e.g., a piano or drums in the case of Playing
Daf, alongside the primary instrument. Similarly, in the Pizza Tossing class, the pizza in the
UTD-split example is hardly visible, and a video requires analysis beyond this single frame for
correct class prediction.
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sleeveless top snare drum upright piano
(a) Attribute error

platform whiteboard or chalkboard blue sports ball
(b) Misclassification

rows of seats metallic base
(c) Hallucination

white rails white-capped waves red strap
(d) Human annotation mistake — the object is visible

body of water

(e) Other

Figure F.7: Examples of manual classification of objects predicted by the VLM for the image,
but not selected as visible in the image during the user study. We consider five categories:
attribute error, misclassification, hallucination, human annotation mistake (the object is visible),
and other.
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Task | Textual Description | <instruction>

Given lists of objects visible on the video frames, retrieve a short
video description.

Using lists of objects seen in video frames, retrieve a brief

objects 0, (seq-of-frames setup) description of the video.

From lists of objects present in video frames, retrieve a concise

. video description.
retrieval

Given a short video description, retrieve another description of this
video.

Use a brief video description as a query to retrieve an alternative

caption (from dataset) description of the same video.

Given a concise video description, retrieve another description for
that video.

Given lists of objects visible on the video frames, retrieve the
activity depicted in this video.

classification | . . Using lists of objects seen in video frames, retrieve the activity
objects 0,, (seq-of-frames setup) . ;
captured in the video.

From lists of objects present in video frames, retrieve the activity
that the video shows.

Table F.11: Multiple instructions for robust datasets unbiasing. We prompt the text embedding
models using three different prompts for captions and object textual descriptions, generating
three different embeddings for each. During the unbiasing process, we exclude samples from
the test sets only if the sample is correctly classified or retrieved using any combination of
these embeddings.
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(GG.1  MgEeTHOD DETAILS

To acquire the optimal assignment from word features to video frames, an assignment matrix Q
is computed from each video and ASR pair as shown in Figure|g.2(a). This cross-model optimal
transport mechanism is applied to assignment Q from the projected cross-model similarity P
between word tokens and each video frame, where P = ¢(S) ® f(V) " € RX*U. To compute
the assignment matrix, the text and video projection layers from the global representation
in Figure [9.2[c) are used to project multimodal features into a common space for feature
similarity calculation. To ensure that the word-to-frame assignment contains more diversity
instead of just saturated assignments to a single video frame, we add a constraint that requires
label assignments to be equally distributed across various video frames representing diverse

275
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object/action concepts. This is achieved by restricting Qy to a transportation polytope Q.:

Q= {Q e RK 1 Q1 = l1u,QT1u = 111<}, (G.1)

u K
which enforces the soft-assignment distribution Q to assign an equal marginal probability to
each of the U frames instead of converging to a single frame. The vector 1;; represents one
vector with dimension U x 1.
The next goal is to enforce this transportation polytope Q. A solution for Q is now computed
using the optimal transport Sinkhorn-Knopp algorithm [CMM™ 20, [Cut13] as shown in Figure
[9-2(b). The Sinkhorn-Knopp algorithm also normalizes the distribution of P as:

Q = Diag(ff) exp <l€)> Diag(fi), (G.2)

where ff and fi are scaling vectors that restrict Q to have a uniform distribution across region
assignment. ¢ is a parameter that controls the smoothness of the mapping [CMM™20].

The T frames are then selected by the corresponding assignment Q from the frames with
top T aggregated similarity sum over each word for further training. Note that the selection
part P is from a trainable projection. While acquiring a better word-to-region projection during
training, we hypothesize that the frame selection also benefits. The respective frame selection
strategy is evaluated in Table

G .2  EXPERIMENTAL SETUP

(G.2.1 Baseline Details

MIL-NCE [MAS"20], which utilizes S3D [XSH"18] and word2vec [MCCD13] to project
two modalities into a common space, is chosen as the standard baseline for this task;
CoMMA [TPS™21], the best-performing model for spatial representations in self-supervised
learning (we denote COMMA' to represent the model that uses weights shared by the author");
CLIP [RKH'21b], an image-text model trained with transformer architecture, is further applied
as the backbone and trained with [TPS™21] to construct CoMMA{; GLIP [LZZ"22] and Region-
CLIP [ZYZ™ 22], state-of-the-art image-text grounding models that combine large-scale image
caption pretraining and object detection finetuning, which we consider weakly supervised
as the bounding box proposal network was trained on other human-annotated data. We
further construct a strong baseline out of the best methods for temporal and spatial localization,
MIL-NCE+RegionCLIP, where we use MIL-NCE for temporal localization and RegionCLIP for
spatial grounding following the inference pipeline of Figure [9.3| without additional training.

G.2.2  Backbones and Training

We evaluate the proposed method on backbones, CLIP [RKH'21b] and S3D-wordzvec
[MAS™20]. We described the detailed setup as well as the training in the following.

CLIP models. For both the visual and text backbone, we use the pretrained weights from CLIP
[RKH"21b] with transformer ViT-B/32 and fix the encoder. Both the visual and text encoder
has a final embedding size of 512. We apply them to video segments with 12-28 seconds,

"We thank the authors for providing code and weights.
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processing 1 frame per second. An evaluation of how many frames to process (identical to the
number of seconds) is shown in Table We sampled the video with 5 fps. It shows the best
results when we start with 8o possible frames U (as described in Section[9.3.2), from which T =
16 frames are selected for training. Ablation of the number of frames T used for training is
shown in Table We used a batch size of B = 64 video clips.

S3D-wordz2vec models. For the video backbone, we follow [TPS™21] and use S3D initialized
by MIL-NCE on HowTo100M [MAS™20] at the rate of 5 frames per second and fix the video
encoder. The global video clip features were max-pooled over time and projected into embed-
dings of dimension 512. We used the mean-pooled S3D spatio-temporal features to represent
the global representation of the video following the S3D architecture [XSH™18]. For the text
feature, we follow [MZA™19] using a GoogleNews pre-trained word2vec model [MCCD13]
and max-pooling over words in a given sentence to acquire the text global feature. We follow
[MAS™20] to use the max-pooled word embedding to represent the sentence (global represen-
tation) since there is no [CLS] token. Also, the sentence feature is used for the query word
selection instead of the [CLS] token. We use a batch size of B = 96 video clips.

Training. For the training of both backbone settings, we use an Adam optimizer [KB15b] with
a learning rate of le—4. In the setting of fintining CLIP, we set a learning rate of 1le—7 for the
CLIP backbone. The model is trained for 10 epochs on 4 Vioo GPUs, which takes about two
days.

G.2.3 Inference

Inference for the proposed model and CoMMA. For inference in the case of temporal
grounding, as shown in Figure |9.3(a), we first normalize the global feature for video and text.
We used a (temporal) threshold 6 = 0.5 to separate detections from the background. In spatial
grounding, we acquire an attention heatmap using the attention rollout [AZ20] described in
Section We set a spatial threshold T = 0.01 to create the mask, as shown in Figure[9.3{(b).
The choice of this spatial threshold is evaluated in Table

GLIP, RegionCLIP baseline inference. In spatial grounding, we are given a text query and
need to localize it in the frame. GLIP and RegionCLIP predict multiple bounding boxes
corresponding to the text query. We select the predicted bounding box with the highest
confidence score as the prediction result. We use the center point of the predicted bounding
box for the pointing game evaluation as the model prediction. For mAP evaluation, we use
the predicted bounding box to compute IoU with the ground truth bounding box. In spatio-
temporal grounding, we input all possible action description labels as candidates similar to
Figure [9.3(a). We pick the class with the highest confidence score as the predicted label. If the
model made no prediction, we would predict it as “background”. The spatial inference is the
same as the spatial grounding setting.

TubeDETR, STCAT baseline inference. TubeDETR and STCAT are spatio-temporal grounding
models trained to predict a single spatio-temporal tube per video. In both cases, TubeDETR and
STCAT, we use models trained on the Vid-STG dataset with 448x448 resolution and evaluate
them for the task of spatial grounding. Since this dataset contains mostly short videos (<30sec),
we observed that both methods will also only predict a trajectory tube in this temporal range
(<30sec), no matter how long the input video is. To allow us to apply them to longer videos
(>30sec), we split the longer videos based on sliding windows of 5-sec for better performance.
MIL-NCE, CLIP baseline inference. Both models are trained based on global representations
for both input modalities, videos/images and text. We can, therefore, directly compute
a sentence-to-video-frame similarity to perform the temporal grounding for Figure [9.3(a),
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following the same process as the proposed method for temporal grounding. For spatial
grounding, we compute sentence-to-region feature similarity. Both visual backbones produce a
7x7 grid feature. We normalize the sentence and region features, then select a spatial threshold
T = 0.5 to create the mask for the mAP evaluation.

G.2.4 Evaluation Metrics

(i) Spatio-temporal grounding in untrimmed video is evaluated on our annotated Ground-
ingYoutube dataset. We combined the spatial and temporal grounding evaluation as before
[KIRG19| |AKB™ 19] to form the spatio-temporal evaluation. The entire video and the respective
pool of action instructions were provided. The model needs to localize each action step in
temporal (start-time/end-time) and spatial (location in the video) as described in Figure We
evaluate in two metrics: IoU+Pointing game combines the evaluation setting from the spatial
grounding [AKB™ 19] and temporal grounding [KIRG19] metrics. For each video frame, the
prediction is correct when the model predicts the correct action for the frame. Also, given the
predicted action as a query, the maximum point of the heatmap aims to lie within the desired
bounding box. We then compute the Intersection over Union (IoU) over all the predictions with
the GT to acquire the final score. We also compute video mAP following previous evaluation
[GSR™ 18], where we set IoU threshold between GT and predicted spatio-temporal tubes. A
prediction is correct when it surpasses the IoU threshold. We then compute the mAP over all
classes. We form a 3D prediction mask following Figure [9.3/and compute IoU between our 3D
heatmap and 3D tube.

(ii) Spatial grounding is given a text query description to localize the corresponding region
in the trimmed video. We use GroundingYoutube, Youcook-Interaction, V-HICO, and Daly
for evaluation. This task is evaluated using the pointing game accuracy. Given the query text
and video, we compute the attention heatmap on the video as described in Figure [9.3(b). If
the highest attention similarity score lies in the ground truth bounding box, the result counts
as a “hit" and counts as “miss" otherwise. The final accuracy is calculated as a ratio between
hits to the total number of predictions %. We report the mean average precision
(mAP) following the settings from V-HICO [LDT"21]]. Given a human-object category as the
text query, we aim to localize the spatial location in the video frame. The predicted location
is correct if their Intersection over-Union (IoU) with ground truth bounding boxes is larger
than 0.3. Since we do not use any bounding box proposal tools or supervision, we create an
attention heatmap as described in Figure [9.3(b) to create a mask for IoU computation. We
follow [LDT"21] and compute the mAP over all verb-object classes.

(iii) Temporal grounding provides videos with the respective actions and their ordering,
including the background. The goal is to find the correct frame-wise segmentation of the video.
We follow the inference procedure in [KIRG19]] to compute the alighment given our similarity
input matrix. The task is evaluated by intersection over detection (IoD), defined as GﬁTD the
ratio between the intersection of ground-truth action G and prediction D to prediction D, and

the Jaccard index, which is an (IoU) given as gg—g.
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GroundingYoutube
. . . mAP
Method Backbone DataSet Supervision Modality IoU+Point

0.2 0.3 0.4 0.5 0.1:0.5
CoMMA* [TPS™21] S3D-wordavec  HT250K Self VT 1.10 7.46 584 420 265 1.53 4.93
MIL-NCE [MAS"20] | S3D-word2vec HT100M Self VT 12.41 45.91 3233 1535 3.70 256  19.54
Ours S3D-wordavec  HT200K Self VT 19.46 51.95 40.31 26.81 1627 7.81 28.63
CoMMATt [TPS™21] CLIP HT200M Self VT 2.64 894 689 547 418 267 563
CLIP [RKH™ 21b] CLIP HT200K Self IT 11.34 43.28 30.64 11.20 3.10 1.94 18.03
RegionCLIP [ZYZ"22] | ResNet-101 CC3M Weak IT 17.42 51.86 40.23 26.10 15.23 7.29 28.14
GLIP [LZZ"22] Swin-L Cap24M Weak IT 18.15 52.61 41.83 26.93 17.23 846 29.41
Ours CLIP HT200K Self VT 20.81 53.24 42.96 29.17 2036 11.84 31.51
TubeDETR [YMS™ 22 MDETR Vid-STG Full VAl 26.43 63.47 50.95 3823 2831 19.34 40.06
STCAT [JyIYM22 ResNet-101 Vid-STG Full V1 27.84 64.96 52.13 40.61 30.49 2055 41.75

Table G.1: Single-action spatio-temporal grounding in short videos. We compare spatio-
temporal grounding approaches based on single phrase grounding. To this end, we construct a
clip-level evaluation based on the action segments of GroundingYouTube, where each action
segment varies from g sec to 60 sec. We append video segments before and after the annotated
action with the same time length of the action step to form the final video clip. This allows us
to directly compare with supervised spatio-temporal grounding methods [YMS™ 22| JylYM22].

G.3 ADDITIONAL EXPERIMENTS

G.3.1 Runtime Analysis

We analyze the computational costs of sampling and loss. We sample 16-second videos at
a frame rate of 5 FPS (80 frames in total). We report the execution time for a single batch
(batch size = 64) averaged over 100 batches. For the frame sampling strategy: (1) Random select
8 frames: 1.48s. (2) Optimal transport based selection of 8 frames out of 64: 1.54s. (3) Entire
64 frames: 1.74s. The execution time of our method is close to traditional random sampling
while capturing diverse visual concepts, which improves the training process. For the global
and local components: (1) Global loss only: 1.1s. (2) Local loss only: 1.52s. (3) Both losses:
1.54s. Computation of the local loss is more time-consuming than the global loss due to its
requirement for features with finer granularity.

G.3.2  Single-Action Spatio-Temporal Grounding

Current spatio-temporal detection and grounding datasets [JLZ" 14, (GSR™ 18] usually aim to
discriminate a single given action class from the background class in a short clip. This differs
from our setup of spatio-temporal grounding in untrimmed videos, which usually comprises
a set of phrases that need to be detected in a 3-5 min long video. To allow an evaluation
of spatio-temporal grounding approaches based on single phrase grounding, we construct a
clip-level evaluation where the clip varies from g sec to 60 sec. Given an action step, we append
the video segments before and after the steps with the same time length of the action step to
form the final video clip. This results in 2,895 clips for the spatio-temporal clip grounding
evaluation. For each clip, the temporal action intervals occupy 33% of corresponding videos,
which demonstrates the difficulty of the setting. In this setting, instead of selecting the possible
action step from a pool, the ground truth action step was given as the text query for spatio-
temporal grounding. This allows us to directly compare with supervised spatio-temporal
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grounding methods [YMS™ 22, [[ylYM22] as described in Section As shown in Table
we observe that the baseline GLIP models achieve a much better performance compared to
Table This is due to the fact that this setting does not require the model to select the text
query from the pool, which the GLIP model was not trained to do. Moreover, we find that
weakly supervised methods, GLIP and RegionCLIP, show only limited ability to differentiate
the queried action from the background, which leads the model to ground the text query in
most of the frames. However, both demonstrate powerful localization ability in foreground
action segments, which results in a decent performance. The fully-supervised trained models
(TubeDETR, STCAT) achieved a balance in localizing temporally and spatially, resulting in the
best performance on this task.

Attention GroundingYT MiningYT  YouCook-Inter.
Architecture Spatio-temporal =~ Temporal Spatial
Self+Cross 15.4 18.7 54.1
Cross+Self 15.9 18.9 54.5
Cross+Cross 16.5 19.3 56.2
Cross+Self+Cross 17.1 19.9 57.1

Table G.2: Ablation on different attention architecture

# of frames ‘ 60 8o 100 120 140

GYT (Spatio-temporal)
YC-Inter (Spatial)

16.4  17.1 17.0 168  16.1
56.3 57.1 56.8 56.7 55.9

Table G.3: Ablation of # of frames used for selection

Frame length ‘ 1 4 8 16 24

GYT (Spatio-temporal) 5.2 9.5 16.1 171 16.5
YC-Inter (Spatial) 31.1 482 555 571 56.1

Table G.4: Effect of # video frames used for training

G.3.3 Ablation and Decision Choices

We performed additional ablation studies using the CLIP backbone without finetuning.
Attention architecture. We tested different architectures by stacking the self-attention or
cross-attention block in the model to calculate contextualized local representations, as shown
in Figure [9.2(d). As shown in Table we found that the standard multimodal transformer
architecture (self+cross) to have the worst performance. Using two cross-attention blocks
was beneficial in incorporating more cross-modal interaction between local features. Finally,
including a self-attention layer slightly improves the final representations by encoding better
single-modality representations.

Frames used for selection. As shown in Table we perform an ablation study on the
number of candidates frames U used for training. We found that selecting 8o frames (16
seconds) achieves the best performance, comprising the useful video information in training
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Train/test supervision ‘ VI/VT  VAT/VT  VAT/VAT

GYT (Spatio-temporal) 16.2 16.8 17.0
YC-Inter (Spatial) 53.9 53.6 53.8

Table G.5: Effect of audio supervision in train and test

Treshold ‘ Backbone ‘ 0.1 0.05 0.01  0.005 0.001
CoMMA* | S3D-wordavec | 0.76 0.90 0.93 0.91 0.86
Ours S3D-wordavec | 1535 15.88 16.22 16.34 16.12
CoMMAT CLIP 0.88 0.92 0.99 0.94 0.91
Ours CLIP 15.93 16.33 17.10 17.05 16.24

Table G.6: Threshold for attention score on GroundingYoutube mAP@o.4

while not including too many irrelevant concepts that diverge from the action/object in the
ASR sentence.

Number of frames for training. We further evaluated the impact of different numbers of frames
T used for training. As shown in Table selecting fewer frames for training significantly
causes the performance to drop. We hypothesize that the model not only fail to capture the
temporal dynamics with fewer frames but also loses some frames with groundable objects in
the sentence while training. We also hypothesize that with a too large number of frames, more
irrelevant frames might be selected during training, which decreases the performance.

Effect of audio in training and testing. Unlike text which describes a discrete concept as a
target to ground, audio serves as a continuous representation that is highly relevant to the
temporal information. For example, we can determine an action started when we hear a
“cracking” sound. In Table we tested our model using the additional audio modality. For
the audio branch, we compute log-mel spectrograms and use a DAVEnet model [HRS"18]
initialized by MCN on HowTo100M [CRD™21] to extract audio features. We extend the global
and local loss pairs from VT to VT, VA, and AT following [SCR™22]. We found when training
and testing with audio, the spatio-temporal result increases the temporal performance while
the spatial-only result remains the same. This validates our assumption that audio contributes
more to temporal understanding. When we trained on audio and tested without audio, the
performance increased over the VT model, showing that the audio serves as useful supervision
for better video/text representations.

Threshold for attention mask. As shown in Figure [9.3(b), we apply a threshold to create a
mask from the result of attention rollout. Note that this threshold 7 is not a hyperparameter
that affects the training or the model but simply serves as a means to an end to compute the
mAP scores. We did not systematically optimize this threshold, but instead, Test different
thresholds for attention scores for all relevant models (COMMA, ours) using the spatio-
temporal grounding mAP IoU@o.4 on our GroundingYoutube dataset as shown in Table
We find 0.01 to be a reasonable threshold among all models, performing best on COMMA and
giving at least the second best results for the proposed model.

Mean pooling for global features We also tried mean pooling over all tokens for CLIP to
replace [CLS] for the global feature. As shown in Table [CLS] outperforms mean pooling
in our 3 datasets. We attribute this to the fact that [CLS] was calculated by self-attention, which
will automatically select important tokens, whereas mean pooling treats all tokens with the
same importance.

Loss ablation with MIL-NCE(S3D) We tested the local vs. global loss on top of S3D (initialized
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GroundingYT MiningYT YC-Inter.

Spatio-temp Temporal Spatial
Mean-pooling 18.39 19.24 57.84
[CLS] 19.45 20.33 58.35

Table G.7: Global representation ablation with CLIP. [CLS] showed superior performance due
to self-attention architecture.

GroundingYT MiningYT YC-Inter.

Spatio-temp Temporal Spatial
only Local loss 5.62 4.97 50.54
only Global loss 7.53 18.67 31.51
w/ Both loss 16.22 19.18 53.98

Table G.8: Loss ablations with MIL-NCE (S3D). Results show a similar trend as the CLIP
backbone used in the main part of the thesis.

by MIL-NCE, see Table G.8), showing similar behavior compared to CLIP (shown in Table
in the main part of the thesis).

G.4 GROUNDINGYOUTUBE ANNOTATION

The data annotation was divided into three phases: During Phase I (Appendix a graphical
user interface (UI) and the task description were developed. In Phase II, the dataset was given
to the annotators to generate the key points (Appendix|G.4.1). In Phase III, a manual quality

control step was performed (Appendix (G.4.2).

G.4.1  Development of the Graphical User Interface and Task Description

The annotation of a large amount of data is often one of the most expensive aspects of a
machine learning pipeline design, which is why the annotation time per datum should be kept
as short as possible. There are two points that can be optimized, (1) the training or the task
“message” for the annotators and (2) the graphical user interface by minimizing interaction
times.

While tasks are usually formulated in such a way that no ambiguities arise, i.e. all possible
edge cases are somehow covered, and simple words are used, in this case, we made a conscious
decision to choose questions as short as possible, and that would give the annotator room
for interpretation. We did this because it was hard to predict where people would actually
locate actions in images. We also created a 1 min 30 sec long user training video where we
demonstrate the task using exemplary keypoint annotations and explain how to use the UL

Our annotation Ul was designed with a special focus to keep it as intuitive as possible and
reducing the interaction time. Our UI only provided five functionalities (set/unset a keypoint,
undo the last image, image can’t be solved, and image is corrupt) which were clearly described
in text buttons (see Figure[G.1). Further, to reduce the cognitive load of our workers, images
were presented in the form of work packages, each containing 25 images. Hence, we could
ensure that completing a task would take no longer than 6 minutes.

The annotation of all 26,987 images was performed with five distinct repeats per image,
resulting in 134, 935 labels in total. All labels were generated by 13 professional annotators in
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Place a keypoint where you think the specified action is taking place.

Figure G.1: A screenshot of our simplified annotation interface. On the top, the annotation
task is described in simple and short words to save reading time. To make interacting with the
Ul as intuitive as possible, actions are limited to simple button clicks and setting the key point
by clicking on the image.

Number of keypoints per image

12000 1

10000

8000 4

6000 1

Number of images

4000 4

2000 4

Figure G.2: Number of keypoints per image. It can be seen that 48% of the data has all 5 key
points and 19% has not a single annotation

total, which took them 5s in average per image. However, it should be noted that the number
of images where an annotator placed a keypoint differs along all the workers (see Figure (G.2)
and that the vast majority of all images have been answered by five annotators only. Examples

are shown in Figure

During the annotation, professional annotators were given a short instruction video at
the beginning and then asked to click on the center of the given action without additional
instructions. They were further free to choose “can’t answer" if they could not locate the action,
e.g., at the beginning and end of the clip. Thus, the number of available key points per image
differs, and we choose majority voting to determine whether an action is present, resulting in
new, refined temporal boundaries compared to the original annotation.

We found that the point-wise annotation resulted in roughly three distinct patterns, which
depend on the captured scenario, as shown in Figure In the case of half portrait or even
wider shots in Figure annotations are highly locally centered. We further found that in
some cases, the point annotation can also represent the flow of the action, e.g., pouring oil in
Figure or even split into two separate clusters in Figure|G.4d
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VT R

[

Pour soy s

(c) Four points (d) Five points

Figure G.3: Sample annotations. The purple point represents the center point of the annotations
in the frame. 48% of the data has all 5 key points, and 19% has not had a single annotation.

(a) Wider shot (b) Flow action (c) Split to two

Figure G.4: Example of keypoint annotations under different conditions.

G.4.2  Quality Control

Since the label quality of the datasets used is a critical factor in the performance of machine
learning models, we verified the correctness of a subset of our images using an experienced
annotation specialist for 1,026 randomly selected frames. To evaluate the data quality, we
evaluate the agreement between the annotation specialist and the annotations provided by the
annotators. To this end, we considered an annotation as a false positive if three annotators or
more have set a key point, although no action can be seen in the image, and as a false negative
if three annotators or more have not set a key point, even though an action can be seen in the
image. The entire sample was assessed using these criteria, with the specialist disagreeing with
the annotators in only a total of 1.1% =+ 3% (FP: 0.7% % 3%, FN: 0.4% =+ 3%). We also found
that annotations significantly diverted in terms of spread. Namely, wider shots tend to be
highly centered, whereas zooming in together with the usage of larger objects such as a pan
or a spatula results in more widespread key points. We also analyzed how often those cases
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Distribution Type ‘ mAP@o.4

Widespread actions 18.34
Saturated actions 15.96
Total 17.10

Table G.g9: Performance on the annotation distribution types of widespread v.s. saturated.

occur and found that 14.0% of the selected frames show a widespread pattern.

Sample size calculation To this end, we first needed a representative subset of Ns images of
our data. We calculated the required sample size based on the following two formulas:

2
z%:ﬁ;pwl—m (G:3)

where « is the confidence interval, p the expected probability of the appearance of a quality
aspect (e.g., widespread answers), epsilon is the accepted error margin, and Q(«) is the percent
point function of a normal distribution and z = Q(1 — %).

As Np would be the required sample size for an infinitely large population, we applied
the finite population factor that results from sampling without replacement from a finite
population.

(No-N)

Ng=-—20 Y
ST No+ (N—1)

(G.4)
where N is the total number of images.

We set o = 95%, epsilon = 3%, and our sample size of N = 26,987. As the probability of
the quality aspect is unknown, we set p = 50%, which resulted in 1,026 being checked for
quality control.

G.4.3 Dataset Usage for Evaluation

How to derive bounding box? We derive bounding boxes by adding a constant distance
(0.15x frame_width in width, 0.15x frame_height in height) to the boundaries of a union of all
annotated points (as shown in Figure [9.4). Since point annotations may be scattered in the
image or, conversely, gathered around a point, the output bounding boxes will vary in size
over time and for different actions. We manually check the auto-generated bounding boxes
and adjust the bounding box when needed.

Performance on widespread and saturated action. We evaluate the performance of different
action distributions using the spatio-temporal grounding mAP IoU@o.4 setting. We define
widespread actions to have an area larger than a certain threshold A. Here, we set A = 60,000
pixels. As shown in Table the performance of the widespread actions was higher since it
had a higher tolerance of spatial localization error.






APPENDIX — VIDEOGEM: TRAINING-FREE ACTION
(GROUNDING IN VIDEOS

This appendix contains supplementary material related to Chapter |10} |VideoGEM: Training-free|
|Action Grounding in Videos), of this thesis. First, we show a comparison between GEM and our
proposed weighting mechanism in Section Next, we present additional experimental
evaluation in Section and qualitative results in Section Finally, we discuss limitations

in Section [H.4]
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H.1 Wsicatep GEM vs. GEM

VideoGEM contains two new concepts that we introduced in the main part of the thesis: prompt
decomposition and a weighting mechanism for GEM. While prompt decomposition has already
been illustrated in Figures and we also want to focus on the difference between
GEM and our proposed weighting mechanism for GEM (weighted GEM) in Figure The
proposed weighting mechanism is illustrated on the left. Static weights and dynamic weights
can be applied independent of each other. While static weights can be set heuristically or
via hyperparameter search based on the general pipeline performance, dynamic weights are
adapting to the importance of the different transformer layers individually and with respect to
each prompt as described in Section Standard GEM does not use any weights, which
equals to always using 1—weights in our formulation. This results in one weight for the initial
self attention output that is the first input into GEM as well as one weight for the output of each
self-self attention block. A layer output is multiplied by its corresponding weight, producing
the final output as the sum of weighted outputs.

287
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Figure H.1: Comparison of GEM and our proposed weighting mechanism. The proposed
weighting mechanism is illustrated on the left. Static weights and dynamic weights can
be applied independent of each other. While static weights can be set heuristically or via
hyperparameter search based on the general pipeline performance, dynamic weights are
adapting to the importance of the different transformer layers individually and with respect to
each prompt as described in Section Standard GEM does not use any weights, which
equals to always using 1—weights in our formulation.

H.2 ApbpitioNAL EXPERIMENTAL EVALUATION

H.2.1 Additional Backbone

We extend the evaluation of our VideoGEM to another backbone. Namely, we consider the
image-text BLIP [LLXH22b] model finetuned on the instructional video-text HowToCaption
dataset [SKHT24] (Table . The HowToCaption dataset is based on the HowTo1iooM
[MZAT19] dataset and provides captions for instructional videos. We apply both, the original
GEM as well as the proposed VideoGEM to this backbone and evaluate it on on the V-HICO
(VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets. Table
shows that also with BLIP as a backbone, VideoGEM outperforms GEM by more than 10%
on average, outperforming GEM individually on each dataset. Since our proposed prompt
decomposition method relies on good predictions for the individual verb, object, and action
prompts we assume that the proposed method benefits more from a finetuned backbone with
improved individual predictions via prompt decompostion than the original GEM . Moreover,
Tables to show that BLIP also largely benefits from dynamic and static weights.
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Setting ‘ VH Daly YC gYT ‘ avg

GEM 67.79 69.00 34.77 37.97 | 52.38
VideoGEM | 77.20 72.04 5157 53.83 | 63.66

Table H.1: Experimental evaluation using the BLIP backbone fine-tuned on the video-text
HowToCaption dataset. We report the model’s performance on the V-HICO (VH), Daly,
YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets.

Model Set Data‘ VH Daly YC gYT ‘ avg

img | 68.28 74.05 56.87 32.91 | 58.03

OpenCLIP base vid | 65.20 70.68 48.67 28.15 | 53.18
P ours img | 76.42 80.32 60.05 45.33 | 65.53
vid | 74.26 76.55 52.93 42.10 | 61.46

base img | 67.79 78.52 50.08 36.92 | 58.33

vid | 67.55 76.31 46.10 34.82 | 56.20
CLIP -
img | 76.90 84.53 52.57 47.46 | 65.37
vid | 75.15 82.68 150.36 45.79 | 63.50

ours

Table H.2: Experimental evaluation of extending image-text backbones to video input. CLIP
and OpenCLIP are extended to video input in a training-free manner. Their accuracy with
image and video data as input is compared for VideoGEM (ours) and standard GEM (base) on
the V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets.

H.2.2 Video Input for Image-Language Models

Since image-language models, such as CLIP and OpenCLIP, are limited to processing single
images as input, we conduct additional experiments where we extend these models to handle
video input.

Setup. Let F = {f1, ..., fr} be a video with T frames. For an input frame f;, the first layer J,
of a backbone encodes the input image into N patch tokens, before they are jointly processed
through the transformer layers. In order to utilize video data we apply the first layer I
individually to all frames f;,1 <i < T resulting in T * N patch tokens. Since the transformer
layers are independent of the number of patch tokens, the T * N patch tokens are processed by
the transformer layers without any architectural change. For a given input sequence, the patch

tokens from all frames are concatenated into a single sequence X € R(T*N)*? where d is the
embedding dimension and further processed by GEM as described in Section

Results. We evaluate the performance of GEM and VideoGEM with CLIP and OpenCLIP as
backbones for video input with T = 8 frames compared to image input in Table The
frame sampling for video input is the same as for ViCLIP in previous experiments according
to Section Independent of the backbone or the setting (GEM, or VideoGEM) video
input decreases the accuracy compared to image input. We attribute this to the fact, that the
backbones are not trained to handle video input and therefore are not capable of utilizing the
spatial and temporal relationships that are inserted into the input data by using videos, but
are distorted by the different input instead. This assumption is supported by the results for
ViCLIP in Table ViCLIP has a similar architecture to CLIP besides its first embedding
layer which embeds a video input into patch tokens. ViCLIP is specifically trained with video
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Model Data Set ‘ VH Daly YC gYT ‘ avg

base | 63.33 75.62 33.84 29.40 | 50.55
dyn | 63.27 7582 34.00 29.62 | 50.68
stat | 64.66 76.20 36.17 30.96 | 52.00
s+d | 64.72 76.21 36.54 31.26 | 52.18

ViCLIP vid

base | 64.17 75.87 32.64 28.40 | 50.27
dyn | 64.17 76.03 32.60 28.62 | 50.36
stat | 65.44 76.35 34.16 29.67 | 51.41
s+d | 6538 76.32 34.24 30.00 | 51.49

base | 69.90 79.71 29.30 23.29 | 50.55

. dyn | 70.14 79.79 29.14 22.57 | 50.41

CLIP ME stat 72.32 82.06 30.43 26.44 | 52.81
s+d | 72.80 8248 29.74 25.69 | 52.68

ViCLIP img

base | 70.87 78.65 41.16 17.75 | 52.11

. dyn | 7o.57 7842 41.72 1843 | 52.29

OpenCLIP img stat | 69.36 80.69 43.09 20.59 | 53.43
s+d | 69.60 80.24 43.45 21.60 | 53.72

base | 63.63 64.75 33.00 31.18 | 48.17
dyn | 64.66 65.45 33.20 31.41 | 48.68
stat | 68.15 68.23 44.86 40.41 | 55.41
s+d | 69.00 67.91 45.54 40.49 | 55.74

BLIP img

Table H.3: Ablation study on the effect of weights for verb prompts. Accuracy for verb
prompts for vanilla GEM (base), dynamic weights for the last three layers (dyn), static weights
(stat), and the proposed combination of static and dynamic weights (s+d), evaluated on the
V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets.

input and its accuracy benefits from using videos as input as shown in Table suggesting
that video-specific pretraining is needed to leverage the spatial and temporal relationships in
videos.

H.2.3 Ablation for Static and Dynamic Weights

In this section, we extend our analysis of the effects of static, dynamic, and combined weights
(elaborating on the experimental evaluation in Section [10.4.4). We investigate their effects
separately for verb prompts (Table [H.3), object prompts (Table [H.4), and action prompts
(Table [H.5). Note, that compared to Table in the main part of the thesis, Tables
to don’t apply prompt decomposition but only the weighting strategies. We include
ViCLIP on video and image data, as well as CLIP, OpenCLIP, and BLIP which is finetuned on
HowToCaption, as backbones. First, we observe that independent of the prompt (verb, object,
or action) averaged over datasets and backbones, dynamic weights and static weights improve
over using no weights. The combination of static and dynamic weights further improves over
both, static weights or dynamic weights on their own, showing the capabilities of static and
dynamic weights as well as their additive effects. Moreover, OpenCLIP and BLIP improve
around 0.5 — 1% with dynamic weights across different prompts, while the accuracy of ViCLIP
and CLIP only shows minor changes. This confirms the assumption that the benefit of dynamic
weights highly depends on the backbone.
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Model Data Set ‘ VH Daly YC gYT ‘ avg

base | 62.48 66.44 53.70 45.72 | 57.09

. . dyn | 62.00 66.53 53.82 45.75 | 57.03
VICLIP vid stat | 62.24 68.73 54.86 46.56 | 58.10

s+d | 62.30 68.71 54.94 46.78 | 58.18

base | 62.06 66.83 53.86 44.39 | 56.81
ViCLIP img dyn | 62.18 66.92 53.98 44.63 | 56.93

stat | 60.92 68.59 54.14 45.03 | 57.17
s+d | 61.10 68.62 54.30 45.17 | 57.30

base | 65.74 76.27 46.50 36.24 | 56.19

. dyn | 66.47 76.78 46.02 35.70 | 56.24

CLIP M8 stat 65.68 78.70 47.35 38.06 | 57.45
s+d | 6556 79.45 47.19 37.52 | 57.43

base | 67.55 76.43 49.68 28.35 | 55.50

. dyn | 6852 75.67 50.76 30.91 | 56.47

OpenCLIP  img stat | 64.90 77.86 150.96 32.03 | 56.44
s+d | 65.44 77.00 51.21 34.20 | 56.96

base | 59.95 59.85 32.68 34.17 | 46.66
BLIP img dyn | 60.62 59.59 33.76 35.57 | 47.39
stat | 62.48 58.09 4534 40.27 | 51.55
s+d | 62.06 57.94 46.38 42.15 | 52.13

Table H.4: Ablation study on the effect of weights for object prompts. Accuracy for object
prompts for vanilla GEM (base), dynamic weights for the last three layers (dyn), static weights
(stat), and the proposed combination of static and dynamic weights (s+d), evaluated on the
V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets.

H.2.4 Ablation for Weight Coefficients

For prompt decomposition the same weights of wy.;; = 0.2, wep; = 0.2, wser = 0.6 are applied
in all experiments. To analyze the importance of the weighting scheme we compare 4 different
weighting schemes in Table One that prioritizes objects (W1), one that prioritizes verbs
(W2), one that treats all three prompts equally (W3), and our original weighting scheme (org).
We observe similar accuracy for the different weighting schemes, while our original weights
perform the best.

H.2.5 Comparison to Multimodal LLMs

We extend our comparison to State-of-the-art methods to multimodal large language models,
namely Qwen-VL [BBY " 23]. Note that Qwen is not directly comparable, as it utilizes location
information during training and differs significantly in both the number of parameters and the
amount of training data. We provide a comparison of Qwen-VL and VideoGEM in Table
We use "Generate grounding for " as a prompt template for Qwen-VL. We use a different
prompt for Qwen-VL compared to VideoGEM to ensure the highest rate of bounding box
predictions for Qwen-VL. The center of the predicted bounding box is the prediction for
Qwen-VL. The results indicate that our training-free method VideoGEM outperforms Qwen-VL
on average.
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Model Data Set ‘ VH Daly YC gYT ‘ avg

base | 65.08 73.75 53.62 51.28 | 60.93
dyn | 64.84 73.81 53.62 51.25 | 60.88

stat | 66.53 74.23 52.97 51.93 | 61.42
s+d | 65.68 74.17 52.97 51.99 | 61.20

ViCLIP vid

base | 65.20 74.00 52.17 48.80 | 60.04
dyn | 64.66 74.04 5237 48.91 | 60.00
stat | 65.86 74.62 152.65 49.51 | 60.66
s+d | 65.80 74.50 52.85 49.66 | 60.70

ViCLIP img

base | 67.79 78.52 50.08 36.92 | 58.33
CLIP . dyn | 67.43 78.47 49.68 36.83 | 58.10
stat | 68.76 80.91 51.37 39.65 | 60.17
s+d | 68.94 80.53 50.84 39.31 | 59.91
base | 68.28 74.05 56.87 32.91 | 58.03
OpencLIP img U0 T TEY ot Jens | 2o

s+d | 66.77 7487 5736 3838 | 59.35

base | 67.79 69.00 34.77 37.97 | 52.38

. dyn | 69.00 68.86 37.02 39.47 | 53.59

BLIP ME  stat 69.30 71.86 46.26 45.52 | 58.24
s+d | 70.02 70.68 47.99 46.53 | 58.81

Table H.5: Ablation study on the effect of weights for action prompts. Accuracy for action
prompts with vanilla GEM (base), dynamic weights for the last three layers (dyn), static weights
(stat), and the proposed combination of static and dynamic weights (s+d), evaluated on the
V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT) datasets.

Setting | VH Daly YC gYT | avg

Wi 73:52 7727 56,55 56.43 | 65.94
W2 7557 7838 5237 54.99 | 65.33
W3 7780 78.74 5233 54.98 | 65.96

org 75.75 78.25 5510 57.21 | 66.58

Table H.6: Influence of different weighting schemes. VideoGEM with prompt decomposition
and combined weights is evaluated with different weighting schemes: w., = 0.1, wep; =
0.3, waet = 0.6 (Wl)/ Woerp = 0.3, Wopj = 0.1, waer = 0.6 (WZ)/ Woerh = %/ Wopj = %/ Wact = %(W3)/
Woery = 0.2, wopj = 0.2, Waet = 0.6 (0rg). Where W1 prioritizes objects, W2 prioritizes verbs, W3
treats all prompts equally, and org are the original weights employed in the main part of the
thesis. The weighting schemes are evaluated with ViCLIP on video input on V-HICO (VH),
Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT).
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Model ‘ VH Daly YC gYT ‘ avg

Qwen-VL | 84.20 63.05 2849 57.69 | 58.36
VideoGEM | 75.74 78.25 55.10 57.21 | 66.58

Table H.7: Comparison to multimodal LLMs. VideoGEM is compared to a multimodal large
language model, namely Qwen-VL [BBY "23]]. For Qwen-VL the prompt template "Generate
grounding for " is applied. The center of the predicted bounding box is the prediction of
Qwen-VL. VideoGEM is applied with ViCLIP as a backbone on video input. Both models are
evaluated on V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube (gYT).

Setting ‘ VH Daly YC gYT ‘ avg

avg. txt. 63.33 63.10 51.09 54.37 | 57.97
avg. heat. | 63.33 63.04 51.09 54.41 | 57.97
VideoGEM | 75.75 78.25 55.10 57.21 | 66.58

Table H.8: Comparison to CLIP prompting. The prompt decomposition of VideoGEM is
compared to the prompting technique of CLIP. The 80 prompt templates that are provided
by the CLIP paper are used to generate 80 prompts. These prompts are used in two different
settings. In the first setting, the 80 prompts are averaged, resulting in one text embedding.
The combined weights of VideoGEM are then applied (avg. txt.). In the second setting, the
combined weights are applied to each prompt individually resulting in 80 heatmaps (avg. heat.).
The final prediction in both settings is obtained by taking the location of the maximum logit in
the heatmap. VideoGEM is applied with ViCLIP as a backbone on video input. Both models
are evaluated on V-HICO (VH), Daly, YouCook-Interactions (YC), and GroundingYouTube
(gYT).

H.2.6 Ablation for CLIP Prompting

We compare the prompt decomposition of VideoGEM with the prompting technique proposed
by CLIP in Table We apply the 80 prompt templates that are provided by the CLIP paper to
the test labels. Two different settings are used to obtain the final prediction. In the first setting,
the text embeddings are averaged (avg. txt.) and then the combined weights of VideoGEM are
applied to the single averaged text embedding resulting in a single heatmap. In the second
setting, the combined weights are applied to each of the 80 prompts individually resulting
in 80 heatmaps that are averaged pointwise (avg. heat.). The location of the maximum logit
in the heatmap is the predicted location for both settings, similar to VideoGEM. VideoGEM
significantly outperforms CLIPs prompting technique. This shows, that the benefit of our
proposed prompt decomposition comes not only from the majority voting but the prompt
decomposition itself.

H.3 QuaALitATIVE ANALYSIS

We present qualitative examples of predictions from our VideoGEM model, using ViCLIP as
the backbone with video inputs on the V-HICO and GroundingYouTube datasets in Figures
and respectively. The ground truth bounding box is green and the final VideoGEM
prediction is white. The individual prompt predictions and heatmaps are shown for action,
object, and verb prompts in red, blue, and yellow respectively. We observe that the heatmaps
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Figure H.2: Qualitative examples for VideoGEM on V-HICO. VideoGEM is applied with
ViCLIP on video data. The main frame with its label is shown. The green bounding box is
the ground truth and the white cross is the final prediction of VideoGEM. Besides that are the
heatmaps for the action, object, and verb prompt. The individual predictions for the action,
object, and verb prompt are shown by red, blue, and yellow crosses respectfully. The ground
truth label of the image is shown on the left.

and the predicted locations for verb prompts differ the most from action and object prompts.
Mostly all three predicted locations are close together, especially for actions with small spatial
scale such as “spread butter”. However, when the action is bigger as for “unpacking suitcases”
VideoGEM centers the action between its components. Moreover, if predictions are slightly
off, such as in “catching fish”, or “pulling son”, where the action prompt initially is outside the
ground truth bounding box focusing only on the object, VideoGEM drags the prediction back
into the bounding box, leading to more robust and accurate predictions.
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VideoGEM Action prompt Object prompt Verb prompt
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Figure H.3: Qualitative examples for VideoGEM on GroundingYouTube. VideoGEM is
applied with ViCLIP on video data. The main frame with its label is shown. The green
bounding box is the ground truth and the white cross is the final prediction of VideoGEM.
Besides that are the heatmaps for the action, object, and verb prompt. The individual predictions
for the action, object, and verb prompt are shown by red, blue, and yellow crosses respectfully.
The ground truth label of the image is shown on the left.
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H.4 LmvrraTions

VideoGEM is designed for spatial action grounding. It considers the temporal context of videos
only implicitly via its video backbone. VideoGEM’s predictions are spatial locations for the
given input images/videos without temporal predictions. Moreover, the proposed prompt
decomposition only works for action grounding in its current state. However, this could be
adapted to more general settings.
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