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ABSTRACT

Automated visual recognition has undergone a transformative evolution, advancing from
handcrafted feature extraction to deep learning-driven systems that now permeate modern
security, social, and personal computing platforms. Within this rapidly evolving landscape,
face and body recognition have emerged as critical tasks—driven by their non-contact nature,
scalability, and growing presence in real-world applications. However, achieving robust and
generalizable performance in unconstrained settings continues to pose significant challenges,
including image degradation, pose misalignment, limited training data, and the complexities
of multimodal recognition.

This thesis investigates these challenges through the lens of biometric recognition, lever-
aging the transformative potential of deep learning and generative artificial intelligence to
address both algorithmic and data-centric limitations. It introduces six major contributions.
AdaFace proposes an adaptive margin loss that prioritizes learning from high-quality sam-
ples, improving performance in low-quality image conditions. C'AFace targets video-based
recognition with an attention-based feature aggregation framework optimized for temporal
redundancy and long-duration sequences. DCFace pioneers synthetic dataset generation
using a dual-condition diffusion model, enabling ethical, diverse, and scalable data creation
for face recognition. KPRPFE introduces a keypoint-aware positional encoding scheme that
enhances robustness to misalignment and geometric variation. SapiensID unifies face and
full-body recognition via a multi-resolution transformer trained on the large-scale, multimodal
WebBody4M dataset.

Building upon these advances, the thesis concludes with a contribution aimed at real-world
deployment: an efficient unified backbone for human recognition. This architecture introduces
Keypoint-based Token Fusion (KP-ToFu) and Keypoint Absolute Position Encoding (KP-
APE) to reduce computational cost while preserving spatial fidelity and identity-relevant
detail. The result is a model that achieves a good performance with significantly lower

FLOPs, making unified recognition systems viable for resource-constrained applications.



Together, these contributions form a comprehensive exploration of visual recognition in the
deep learning era, highlighting how adaptive loss design, synthetic data generation, positional
encoding, and architectural innovations can collectively address longstanding challenges. This
thesis lays the foundation for the next generation of intelligent biometric systems—systems

that are robust and explainable for deployment in complex, real-world environments.
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CHAPTER 1

INTRODUCTION

For five decades, the pursuit of automated facial recognition has evolved from a futuristic
concept into a tangible and widely deployed technology. Initially perceived as a computation-
ally formidable challenge demanding laborious, hand-crafted feature extraction techniques,
exemplified by early efforts [113], face recognition (FR) has matured into a foundational
element of contemporary security systems, user convenience features, and online social plat-
forms. This remarkable trajectory, increasingly driven by sophisticated deep learning models,
is intertwined with complex considerations surrounding ethics, data governance, and the
very definition of 'identity’” in automated systems. This paper examines this half-century
progression, highlighting key technological milestones, persistent challenges, and the future
directions anticipated for automated FR.

Today, FR stands as perhaps the most widely utilized biometric identification method,
partly because it closely resembles the way humans naturally identify one another [4,108].
Several practical advantages underpin its ubiquity. Facial identification can occur without
direct contact and from a distance, offering a less invasive experience compared to biometrics
requiring physical touch, such as fingerprint or iris scanning [6]. The technology readily inte-
grates with affordable camera sensors, fostering accessibility and large-scale implementation
across various applications [6,108]. The non-contact nature also presents hygienic advantages,
a factor gaining prominence recently [5,135]. Moreover, FR systems can operate discreetly
using prevalent surveillance infrastructure and benefit significantly from the vast repositories
of facial images already existing in government and institutional databases, including passport,
visa, and driver’s license photos [108].

The field of face recognition has undergone a paradigm shift with the advent of generative
artificial intelligence (GenAl) [43,81]. No longer confined to passive analysis, visual recognition
now operates within an ecosystem where synthetic data generation, augmentation, and

domain adaptation powered by GenAl have become integral to advancing state-of-the-art



systems [15,228]. This transition is reshaping how machines perceive, interpret, and interact
with the visual world, unlocking possibilities that were previously unattainable. From
identifying individuals in images to interpreting complex scenes and bridging multimodal
domains, visual recognition is now a cornerstone of modern Al applications.

However, achieving robust visual recognition in unconstrained, real-world environments
presents multifaceted challenges. Variability in image quality, diverse lighting conditions,
complex poses, occlusions, and the scarcity of high-quality labeled datasets remain persistent
barriers. GenAl [64,98,232,302| offers transformative solutions to these issues, yet it also
introduces new concerns, such as domain gap, data privacy and the potential misuse of
synthetic content [82,133,234,300]. To fully harness the capabilities of generative technologies
while addressing these concerns, the field must innovate across algorithm design, data
generation strategies, and ethical frameworks.

This thesis explores visual recognition through the lens of biometric recognition (face and
body) and the challenges posed by image degradation, the limitations of existing datasets,
and the need for unified recognition systems that can operate seamlessly across modalities.
While generative Al plays a pivotal role in some aspects—particularly in data synthesis
and domain adaptation—the broader narrative reflects a holistic effort to build recognition
systems that are robust, efficient, and generalizable to real-world complexities.

AdaFace [122| introduces an adaptive loss function that prioritizes learning from high-
quality, informative samples, mitigating the adverse effects of low-quality images often
encountered in real-world data. CAFace [123] further extends the challenge to the video
domain and proposes a attenion based feature fusion framework that performs frame selection
on arbitrary length of video. Both works lay the foundation for conducting robust visual
recognition in the presence of low quality imageries.

DCFace [124] pioneers face dataset generation task, synthesizing diverse and realistic face
datasets. This work marks a significant step toward replacing real datasets with synthetic

ones, addressing ethical concerns associated with biometric data collection. Additionally, it



investigates the potential advantages of incorporating synthetic datasets alongside real data
to enhance visual recognition performance.

KPRPE [125] incorporates semantic keypoints in visual recognition, enhancing their
resilience to misalignment and geometric transformations often prevalent in low quality
images. This innovation highlights how generative-inspired positional encoding can empower
models to better handle real-world variability.

SapiensID [126] further takes this idea of keypoint enhanced recognition and introduces
a unified recognition system that spans facial and full-body identification, demonstrating
the potential for overcoming modality-specific boundaries. Complemented by the creation of
the WebBody4M dataset, SapiensID exemplifies the importance of good quality dataste in
creating versatile and generalizable recognition systems.

Together, these contributions provide a comprehensive framework for advancing visual
recognition systems in the context of real-world challenges and the transformative influence
of generative artificial intelligence. By addressing critical aspects such as image degradation,
the scarcity of high-quality datasets, and the complexities of multimodal recognition, this
thesis demonstrates how a combination of innovative algorithms, adaptive methodologies,
and ethical considerations can push the boundaries of the field. Generative Al serves as
both a tool and a catalyst in this journey, enabling solutions that are robust, efficient, and
ethically sound.

This exploration of visual recognition under the GenAl paradigm underscores its pivotal
role in shaping the future of biometric and multimodal recognition. By seamlessly integrating
generative methodologies with resilient recognition frameworks, this work lays the foundation
for systems capable of thriving in diverse and unpredictable environments. The advancements
presented here not only address the specific challenges of face and body recognition but also
pave the way for a new generation of intelligent systems equipped to meet the demands of

increasingly complex visual domains.



1.1 Thesis Contributions
This thesis addresses critical challenges in visual recognition, focusing on robustness, data

efficiency, and ethical considerations. The primary contributions are as follows:

® Robust Recognition under Image Degradation: AdaFace introduces a novel adap-
tive loss function that learns better representations from low-quality images, enhancing
performance in degraded conditions.

@ Scalable Recognition in Video Data: CAFace proposes a novel feature fusion frame-
work with clustering and aggregation mechanisms based on attention, enabling efficient
recognition that scales to long videos.

® Synthetic Dataset Generation: DCFace pioneers the generation of diverse synthetic
datasets with dual condition diffusion model and demonstrates the benefits of combining
synthetic and real data for enhanced visual recognition.

® Resilience to Misalignment: KPRPFE introduces KeyPoint Relative Position Encoding,
an enhancement to traditional relative position encoding, making recognition robust to
misalignment and geometric transformations.

® Unified Recognition Across Modalities: SapiensID presents a system for recognizing
both faces and bodies, supported by the WebBody4M dataset, emphasizing versatility and
generalizability.

@ Efficient Unified Recognition: The final contribution proposes an efficient ViT-based
architecture that unifies face and body recognition while reducing computational cost.
It introduces Keypoint-based Token Fusion (KP-ToFu) and Keypoint Absolute Position

Encoding (KP-APE), achieving state-of-the-art results with significantly lower FLOPs.

1.2 Thesis Organization
The thesis is organized as follows:
® Chapter 2: Introduces AdaFace for handling low-quality images.

® Chapter 3: Discusses CAFuce for robust video-based recognition.

® Chapter 4: Presents DCFuace for synthetic dataset generation.



® Chapter 5: Explores KPRPFE for improved robustness to misalignment.

® Chapter 6: Details SapiensID for unified face and body recognition.

® Chapter 7: Describes the proposed efficient ViT-based backbone with KP-ToFu and
KP-APE for real-time unified human recognition.

® Chapter 8: Discussion of current limitations and future research directions.



CHAPTER 2

ADAFACE: QUALITY ADAPTIVE MARGIN LOSS FOR FACE
RECOGNITION

Recognition in low quality face datasets is challenging because facial attributes are obscured
and degraded. Advances in margin-based loss functions have resulted in enhanced discrim-
inability of faces in the embedding space. Further, previous studies have studied the effect
of adaptive losses to assign more importance to misclassified (hard) examples. In this work,
we introduce another aspect of adaptiveness in the loss function, namely the image quality.
We argue that the strategy to emphasize misclassified samples should be adjusted according
to their image quality. Specifically, the relative importance of easy or hard samples should
be based on the sample’s image quality. We propose a new loss function that emphasizes
samples of different difficulties based on their image quality. Our method achieves this in
the form of an adaptive margin function by approximating the image quality with feature
norms. Extensive experiments show that our method, AdaFace, improves the face recognition
performance over the state-of-the-art (SoTA) on four datasets (LJB-B, IJB-C, IJB-S and

TinyFace). Code and models are released in Link.

2.1 Introduction

Image quality is a combination of attributes that indicates how faithfully an image
captures the original scene [206]. Factors that affect the image quality include brightness,
contrast, sharpness, noise, color constancy, resolution, tone reproduction, etc. Face images,
the focus of this paper, can be captured under a variety of settings for lighting, pose and facial
expression, and sometimes under extreme visual changes such as a subject’s age or make-up.
These parameter settings make the recognition task difficult for learned face recognition
(FR) models. Still, the task is achievable in the sense that humans or models can often
recognize faces under these difficult settings [231]. However, when a face image is of low
quality, depending on the degree, the recognition task becomes infeasible. Fig. 2.1 shows

examples of both high quality and low quality face images. It is not possible to recognize the
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Figure 2.1 Examples of face images with different qualities and recognizabilities. Both high
and low quality images contain variations in pose, occlusion and resolution that sometimes
make the recognition task difficult, yet achievable. Depending on the degree of degradation,
some images may become impossible to recognize. By studying the different impacts these
images have in training, this work aims to design a novel loss function that is adaptive to a

sample’s recognizability, driven by its image quality.

subjects in the last column of Fig. 2.1.

Low quality images like the bottom row of Fig. 2.1 are increasingly becoming an important
part of face recognition datasets because they are encountered in surveillance videos and
drone footage. Given that SOTA FR methods [55,56,102,139] are able to obtain over 98%
verification accuracy in relatively high quality datasets such as LFW or CFP-FP [100, 202],
recent FR challenges have moved to lower quality datasets such as IJB-B, IJB-C and [JB-
S [112,169,253]. Although the challenge is to attain high accuracy on low quality datasets,
most popular training datasets still remain comprised of high quality images [55,82]. Since
only a small portion of training data is low quality, it is important to properly leverage it
during training.

One problem with low quality face images is that they tend to be unrecognizable. When
the image degradation is too large, the relevant identity information vanishes from the image,
resulting in unidentifiable images. These unidentifiable images are detrimental to the training
procedure since a model will try to exploit other visual characteristics, such as clothing color

or image resolution, to lower the training loss. If these images are dominant in the distribution
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Figure 2.2 Conventional margin based softmax loss vs our AdaFace. (a) A FR training
pipeline with a margin based softmax loss. The loss function takes the margin function to
induce smaller intra-class variations. Some examples are SphereFace, CosFace and
ArcFace [55,154,240]. (b) Proposed adaptive margin function (AdaFace) that is adjusted
based on the image quality indicator. If the image quality is indicated to be low, the loss
function emphasizes easy samples (thereby avoiding unidentifiable images). Otherwise, the

loss emphasizes hard samples.

of low quality images, the model is likely to perform poorly on low quality datasets during
testing.

Motivated by the presence of unidentifiable facial images, we would like to design a loss
function which assigns different importance to samples of different difficulties according to the
image quality. We aim to emphasize hard samples for the high quality images and easy samples
for low quality images. Typically, assigning different importance to different difficulties of
samples is done by looking at the training progression (curriculum learning) [19,102|. Yet,
we show that the sample importance should be adjusted by looking at both the difficulty and
the image quality.

The reason why importance should be set differently according to the image quality is that
naively emphasizing hard samples always puts a strong emphasis on unidentifiable images.
This is because one can only make a random guess about unidentifiable images and thus,
they are always in the hard sample group. There are challenges in introducing image quality
into the objective. This is because image quality is a term that is hard to quantify due
to its broad definition and scaling samples based on the difficulty often introduces ad-hoc

procedures that are heuristic in nature.



In this work, we present a loss function to achieve the above goal in a seamless way. We
find that 1) feature norm can be a good proxy for the image quality, and 2) various margin
functions amount to assigning different importance to different difficulties of samples. These
two findings are combined in a unified loss function, AdaFace, that adaptively changes the
margin function to assign different importance to different difficulties of samples, based on
the image quality (see Fig. 2.2).

In summary, the contributions of this paper include:

@ We propose a loss function, AdaFace, that assigns different importance to different difficul-
ties of samples according to their image quality. By incorporating image quality, we avoid
emphasizing unidentifiable images while focusing on hard yet recognizable samples.

® We show that the angular margin scales the learning signal (gradient) based on the training
sample’s difficulty. This observation motivates us to change margin function adaptively
to emphasize hard samples if the image quality is high, and ignore very hard samples
(unidentifiable images) if the image quality is low.

® We demonstrate that feature norms can serve as the proxy of image quality. It bypasses the
need for an additional module to estimate image quality. Thus, adaptive margin function
is achieved without additional complexity.

@ We verify the efficacy of the proposed method by extensive evaluations on 9 datasets
(LFW, CFP-FP, CPLFW, AgeDB, CALFW, 1JB-B, IJB-C, IJB-S and TinyFace) of various
qualities. We show that the recognition performance on low quality datasets can be hugely

increased while maintaining performance on high quality datasets.

2.2 Related Work

Margin Based Loss Function The margin based softmax loss function is widely used
for training face recognition (FR) models [55,102,154,240]. Margin is added to the soft-
max loss because without the margin, learned features are not sufficiently discriminative.

SphereFace [154], CosFace [240] and ArcFace [55] introduce different forms of margin functions.



Specifically, it can be written as,

exp(f(0y,,m))
exp(f(0y;,m)) + 37, exp(scosb;)’

L = —log (2.1)

where 6; is the angle between the feature vector and the j classifier weight vector, y; is the
index of the ground truth (GT) label, and m is the margin, which is a scalar hyper-parameter.

f is a margin function, where

scos(mb;) j=uy

f(eja m)SphereFace - 5 (22)
scost  j A
s(cosl; —m) j=uy

f(ej: m)CosFace = s (23)
s cos ), J 4

\

scos(y +m) j—y

f(eja m)ArcFace = . (24)
5cos 0; J# v

\

Sometimes, ArcFace is referred to as an angular margin and CosFace is referred to as an
additive margin. Here, s is a hyper-parameter for scaling. P2SGrad [287] notes that m and s
are sensitive hyper-parameters and proposes to directly modify the gradient to be free of m
and s.

Our approach aims to model the margin m as a function of the image quality because
f(0,,,m) has an impact on which samples contribute more gradient (i.e. learning signal)
during training.

Adaptive Loss Functions Many studies have introduced an element of adaptiveness in
the training objective for either hard sample mining [145,248|, scheduling difficulty during
training [102,211], or finding optimal hyperparameters [286]. For example, CurricularFace [102]
brings the idea of curriculum learning into the loss function. During the initial stages of
training, the margin for cosf; (negative cosine similarity) is set to be small so that easy

samples can be learned and in the later stages, the margin is increased so that hard samples
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are learned. Specifically, it is written as

scos(f;+m) j =,
f(eja m)Curricular = y (25)

N(t,cosb;)  j#u
where

cos(f;) scos(f,, +m) > cosb;
N(t,cosb,;) = ’ ’ ! ; (2.6)

cos(0;)(t + cosb;) scos(f,, +m) < cosb;
and t is a parameter that increases as the training progresses. Therefore, in CurricularFace,
the adaptiveness in the margin is based on the training progression (curriculum).

On the contrary, we argue that the adaptiveness in the margin should be based on the
image quality. We believe that among high quality images, if a sample is hard (with respect
to a model), the network should learn to exploit the information in the image, but in low
quality images, if a sample is hard, it is more likely to be devoid of proper identity clues and
the network should not try hard to fit on it.

MagFace [172] explores the idea of applying different margins based on recognizability. It
applies large angular margins to high norm features on the premise that high norm features
are easily recognizable. Large margin pushes features of high norm closer to class centers. Yet,
it fails to emphasize hard training samples, which is important for learning discriminative
features. It is also worth mentioning that DDL [101] uses the distillation loss to minimize the
gap between easy and hard sample features.

Face Recognition with Low Quality Images Recent FR models have achieved high
performance on datasets where facial attributes are discernable, e.g., LFW [100], CEP-FP [202],
CPLFW [296], AgeDB [174] and CALFW [297]. Good performance on these datasets can be
achieved when the FR model learns discriminative features invariant to lighting, age or pose
variations. However, FR in unconstrained scenarios such as in surveillance or low quality
videos [276] brings more problems to the table. Examples of datasets in this setting are
IJB-B [253], IJB-C [169] and IJB-S [112], where most of the images are of low quality, and

some do not contain sufficient identity information, even for human examiners. The key to
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good performance involves both 1) learning discriminative features for low quality images
and 2) learning to discard images that contain few identity cues. The latter is sometimes
referred to as quality aware fusion.

To perform quality aware fusion, probabilistic approaches have been proposed to predict
uncertainty in FR representation [38, 139, 181,208, 298|. They assume the features are
distributions and the variance can be used to calculate the certainty in prediction. However,
probabilistic approaches often resort to learning mean and variance separately, which is not
simple during training and suboptimal as the variance is optimized with a fixed mean. Our
work, however, is a modification to the conventional softmax loss, making the framework easy
to use. And we use the feature norm as a proxy for quality during quality-aware fusion.

QSub-PM [293] and UGG [294] also show good performances in LQ video recognition by
using rich subspace (matrix) representation for comparison and using auxiliary context (such
as a body) to aid feature fusion respectively.

Synthetic data or augmentations can be used to mimic low quality data. [69,210] adopts
3D reconstruction to generate faces. Extra steps complicate the training procedure, making it
hard to generalize to other domains. We adopt easily applicable crop, blur and photometric

augmentations.
2.3 Proposed Approach

The cross entropy softmax loss of a sample x; can be formulated as follows,

eXp(Wyizi + by7,>
25:1 exp(W;z; + bj)’

Lop(x;) = —log (2.7)

where z; € R? is the x,’s feature embedding, and x; belongs to the y;th class. W; refers to the
jth column of the last FC layer weight matrix, W € R%*“  and b, refers to the corresponding
bias term. C refers to the number of classes.

During test time, for an arbitrary pair of images, «, and x,, the cosine similarity metric,

Zp'Zq
[EIEA

is used to find the closest matching identities. To make the training objective directly

optimize the cosine distance, [154,239] use normalized softmax where the bias term is set to
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Figure 2.3 Mlustration of different margin functions and their gradient scaling terms on the
feature space. By and By show the decision boundary with and without margin m,
respectively. The yellow arrow indicates the shift in the boundary due to margin m. Our
work adaptively changes the margin functions based on the norm. With high norm, we
emphasize samples away from the boundary and with low norm we emphasize samples near

the boundary. Circles and triangles in the arc show example scenarios in the right most plot

(AdaFace).

zero and the feature z; is normalized and rescaled with s during training. This modification

results in

exp(s - cosb,,)
chzl exp(s cosb;) ’
where §; corresponds to the angle between z; and W;. Follow-up works [55,240] take this

(2.8)

Lop(x;) = —log

formulation and introduces a margin to reduce the intra-class variations. Generally, it can be

written as Eq. 2.1 where margin functions are defined in Eqs. 2.2, 2.3 and 2.4 correspondingly.

2.3.1 Margin Form and the Gradient

Previous works on margin based softmax focused on how the margin shifts the decision
boundaries and what their geometric interpretations are [55,240]. In this section, we show
that during backpropagation, the gradient change due to the margin has the effect of scaling
the importance of a sample relative to the others. In other words, angular margin can
introduce an additional term in the gradient equation that scales the signal according to the
sample’s difficulty. To show this, we will look at how the gradient equation changes with the
margin function f(6,,, m).

Let Pj(i) be the probability output at class j after softmax operation on an input x;. By
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deriving the gradient equations for Lo w.r.t. W) and x;, we obtain the following,

‘ 0y.))
pi) exp(f(cosn vi 7 2.9
J exp(f(cosby,)) + > 5., exp(scosb;) (29)
OLce _ (pG) . _ o) 9f(cosb;) dcosb;
ow; (PJ 1y _j)> dcos; OW; '’ (2.10)
OLce < () )\ Of(cos 0x)0 cos O
ox; _Z(Pk —1yi = k)> dcosb, Ox; (2.11)

k=1

In Egs. 2.10 and 2.11, the first two terms, (P-(i) — (y; = ])> and w are scalars. Also,

J 0s 0
these two are the only terms affected by parameter m through f(cos,,). As the direction

0cosb;

5w is free of m, we can think of the first two scalar terms as a gradient scaling term
J

term,

(GST) and denote,
Jf(cosb;)

2.12
0 cosb; (2.12)

g:<ﬂ”—ﬂwzﬁ>
For the purpose of the GST analysis, we will consider the class index j = y;, since all

negative class indices j # y; do not have a margin in Eqgs. 2.2, 2.3, and 2.4. The GST for the

normalized softmax loss is

Jsoftmax — (Py(j) - 1)5, (213)
since f(cosf,,) = s - cosb,, and ag(:;ss;yyf) = s. The GST for the CosFace [240] is also
gCosFace — (Py(:) - ]->37 (214)

as f(cosf,,) = s(cosf,, —m) and %?Oo—s(zj"") = s. Yet, the GST for ArcFace [55] turns out to

be

o) cos 6, sin(m)
JArcFace = (})] - 1)3 (COS(m)+ . (215)

\/1—cos?0,.
Yi

Since the GST is a function of ,, and m as in Eq. 2.15, it is possible to use it to control the
emphasis on samples based on the difficulty, i.e., 0,, during training.
To understand the effect of GST, we visualize GST w.r.t. the features. Fig. 2.3 shows the

GST as the color in the feature space. Note that for the angular margin, the GST peaks at
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the decision boundary but slowly decreases as it moves away towards W, and harder samples
receive less emphasis. If we change the sign of the angular margin, we see an opposite effect.
Note that, in the 6th column, MagFace [172] is an extension of ArcFace (positive angular
margin) with larger margin assigned to high norm feature. Both ArcFace and MagFace fail to
put high emphasis on hard samples (green area near W;). We combine all margin functions
(positive and negative angular margins and additive margins) to emphasize hard samples
when necessary.

Note that this adaptiveness is also different from approaches that use the training stage
to change the relative importance of different difficulties of samples [102]|. Fig. 2.3 shows
CurricularFace where the decision boundary and the GST ¢ change depending on the training

stage.

2.3.2 Norm and Image quality

Image quality is a comprehensive term that covers characteristics such as brightness,
contrast and sharpness. Image quality assessment (IQA) is widely studied in computer
vision [283]. SER-FIQ [227] is an unsupervised DL method for face IQA. BRISQUE [173] is
a popular algorithm for blind /no-reference IQA. However, such methods are computationally
expensive to use during training. In this work, we refrain from introducing an additional
module that calculates the image quality. Instead, we use the feature norm as a proxy for
the image quality. We observe that, in models trained with a margin-based softmax loss, the
feature norm exhibits a trend that is correlated with the image quality.

In Fig. 2.4 (a) we show a correlation plot between the feature norm and the image
quality (IQ) score calculated with (1-BRISQUE) as a green curve. We randomly sampled
1,534 images from the training dataset (MSIMV2 [55] with augmentations described in
Sec. 2.4.1) and calculate the feature norm using a pretrained model. At the final epoch, the
correlation score between the feature norm and IQ score reaches 0.5235 (out of —1 and 1).
The corresponding scatter plot is shown in Fig. 2.4 (b). This high correlation between the

feature norm and the I(Q) score supports our use of feature norm as the proxy of image quality.
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Figure 2.4 (a) A plot of Pearson correlation with image quality score (1-BRISQUE) over
training epochs. The green and orange curves correspond to the correlation plot using the
feature norm ||z;|| and the probability output for the ground truth index P,,, respectively.
(b) and (c) Corresponding scatter plots for the last epoch. The blue line on the scatter plot

and the corresponding equation shows the least square line fitted to the data points.

In Fig. 2.4 (a) we also show a correlation plot between the probability output P,, and the
IQ score as an orange curve. Note that the correlation is always higher for the feature norm
than for P,,. Furthermore, the correlation between the feature norm and IQ score is visible
from an early stage of training. This is a useful property for using the feature norm as the
proxy of image quality because we can rely on the proxy from the early stage of training.
Also, in Fig. 2.4 (c), we show a scatter plot between P, and IQ score. Notice that there is a
non-linear relationship between P,, and the image quality. One way to describe a sample’s
difficulty is with 1 — P,,, and the plot shows that the distribution of the difficulty of samples
is different based on image quality. Therefore, it makes sense to consider the image quality

when adjusting the sample importance according to the difficulty.

2.3.3 AdaFace: Adaptive Margin based on Norm

To address the problem caused by the unidentifiable images, we propose to adapt the
margin function based on the feature norm. In Sec. 2.3.1, we have shown that using different
margin functions can emphasize different difficulties of samples. Also, in Sec. 2.3.2, we have
observed that the feature norm can be a good way to find low quality images. We will merge

the two findings and propose a new loss for FR.
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Image Quality Indicator As the feature norm, ||z;|| is a model dependent quantity, we

normalize it using batch statistics p, and o,. Specifically, we let

— -]
=l = {— | (2.16)
o./h |,

where p, and o, are the mean and standard deviation of all ||z;|| within a batch. And |-]

refers to clipping the value between —1 and 1 and stopping the gradient from flowing. Since

llzill=p=

~.7n~ makes the batch distribution of | z;[| as approximately unit Gaussian, we clip the

value to be within —1 and 1 for better handling. It is known that approximately 68% of the
unit Gaussian distribution falls between —1 and 1, so we introduce the term h to control
the concentration. We set h such that most of the values ”z(j;!—/_h“z fall between —1 and 1. A
good value to achieve this would be h = 0.33. Later in Sec. 2.4.2, we ablate and validate this
claim. We stop the gradient from flowing during backpropagation because we do not want
features to be optimized to have low norms.

If the batch size is small, the batch statistics p, and o, can be unstable. Thus we use the
exponential moving average (EMA) of p, and o, across multiple steps to stabilize the batch

statistics. Specifically, let u*) and o®) be the k-th step batch statistics of ||z;. Then
pe = o + (1 — )Y, (2.17)

and « is a momentum set to 0.99. The same is true for o,.

Adaptive Margin Function We design a margin function such that 1) if image quality
is high, we emphasize hard samples, and 2) if image quality is low, we de-emphasize hard
samples. We achieve this with two adaptive terms gangle and gaaq, referring to angular and

additive margins, respectively. Specifically, we let

s(cos(6;+ gangle) — Jadd) T =Yi
f(9j7 m)AdaFace - (218)

scos b; J#Y;

where gangle and gaqq are the functions of H/zZ\H We define
Gangle = =m0~ || Zi]|,  Gaaa = m - ||z + m. (2.19)

17



Note that when H/zZ\H = —1, the proposed function becomes ArcFace. When H/zZ\H =0, it
becomes CosFace. When ||/z]| = 1, it becomes a negative angular margin with a shift. Fig. 2.3
shows the effect of the adaptive function on the gradient. The high norm features will receive
a higher gradient scale, far away from the decision boundary, whereas the low norm features
will receive higher gradient scale near the decision boundary. For low norm features, the

harder samples away from the boundary are de-emphasized.
2.4 Experiments

2.4.1 Datasets and Implementation Details

Datasets We use MSIMV2 [55], MSIMV3 [57] and WebFace4M [300] as our training datasets.

Each dataset contains 5.8M, 5.1M and 4.2M facial images, respectively. We test on 9 datasets

of varying qualities. Following the protocol of [210], we categorize the test datasets into 3

types according to the visual quality (examples shown in Fig. 2.5).

o High Quality: LFW [100], CFP-FP [202|, CPLEW [296] AgeDB [174| and CALFW [297|
are popular benchmarks for FR in the well controlled setting. While the images show
variations in lighting, pose, or age, they are of sufficiently good quality for face recognition.

@ Mixed Quality: 1JB-B and IJB-C [169,253| are datasets collected for the purpose of
introducing low quality images in the validation protocol. They contain both high quality
images and low quality videos of celebrities.

® Low Quality: 1JB-S [112] and TinyFace [46] are datasets with low quality images and/or
videos. IJB-S is a surveillance video dataset, with test protocols such as Surveillance-to-
Single, Surveillance-to-Booking and Surveillance-to-Surveillance. The first /second word in
the protocol refers to the probe/gallery image source. Surveillance refers to the surveillance
video, Single refers to a high quality enrollment image and Booking refers to multiple
enrollment images taken from different viewpoints. TinyFace consists only of low quality
images.

Training Settings We preprocess the dataset by cropping and aligning faces with five

landmarks, as in [55,285], resulting in 112 x 112 images. For the backbone, we adopt
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(a) High Quality (b) Mixed Quality (¢) Low Quality

Figure 2.5 Examples of three categories of test datasets in our study.

ResNet [86] as modified in [55]. We use the same optimizer and a learning rate schedule as
in [102], and train for 24 epochs. The model is trained with SGD with the initial learning rate
of 0.1 and step scheduling at 10, 18 and 22 epochs. If the dataset contains augmentations,
we add 2 more epochs for convergence. For the scale parameter s, we set it to 64, following
the suggestion of [55,240].

Augmentations Since our proposed method is designed to train better in the presence of
unidentifiable images in the training data, we introduce three on-the-fly augmentations that
are widely used in image classification tasks [88], i.e., cropping, rescaling and photometric
jittering. These augmentations will create more data but also introduce more unidentifiable
images. It is a trade-off that has to be balanced. In FR, these augmentations are not used
because they generally do not bring benefit to the performance (as shown in Sec. 2.4.2). We
show that our loss function is capable of reaping the benefit of augmentations because it can
adapt to ignore unidentifiable images.

Cropping defines a random rectangular area (patch) and makes the region outside the
area to be 0. We do not cut and resize the image as the alignment of the face is important.
Photometric augmentation randomly scales hue, saturation and brightness. Rescaling involves
resizing an image to a smaller scale and back, resulting in blurriness. These operations are

applied randomly with a probability of 0.2.

2.4.2 Ablation and Analysis
For hyperparameter m and h ablation, we adopt a ResNet18 backbone and use 1/6th of

the randomly sampled MSIMV2. We use two performance metrics. For High Quality Datasets
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(HQ), we use an average of 1:1 verification accuracy in LFW, CFP-FP, CPLFW, AgeDB
and CALFW. For Low Quality Datasets (LQ), we use an average of the closed-set rank-1
retrieval and the open-set TPIRQFIPR=1% for all 3 protocols of IJB-S. Unless otherwise
stated, we augment the data as described in Sec. 2.4.1.
Effect of Image Quality Indicator Concentration A In Sec. 2.3.3, we claim that h = 0.33
is a good value. To validate this claim, we show in Tab. 2.1 the performance when varying h.
When h = 0.33, the model performs the best. For h = 0.22 or A = 0.66, the performance is
still higher than CurricularFace. As long as h is set such that ||/zz\|| has some variation, A is
not very sensitive. We set h = 0.33.
Effect of Hyperparameter m The margin m corresponds to both the maximum range
of the angular margin and the magnitude of the additive margin. Tab. 2.1 shows that the
performance is best for HQ datasets when m = 0.4 and for LQ datasets when m = 0.75.
Large m results in large angular margin variation based on the image quality, resulting
in more adaptivity. In subsequent experiments, we choose m = 0.4 since it achieves good
performance for LQ datasets without sacrificing performance on HQ datasets.
Effect of Proxy Choice In Tab. 2.1, to show the effectiveness of using the feature norm
as a proxy for image quality, we switch the feature norm with other quantities such as
(I-BRISQUE) or P,,. The performance using the feature norm is superior to using others.
The BRISQUE score is precomputed for the training dataset, so it is not as effective in
capturing the image quality when training with augmentation. We include P,, to show that
the adaptiveness in feature norm is different from adaptiveness in difficulty.
Effect of Augmentation We introduce on-the-fly augmentations in our training data.
Our proposed loss can effectively handle the unidentifiable images, which are generated
occasionally during augmentations. We experiment with a larger model ResNet50 on the full
MS1IMV2 dataset.

Tab. 2.2 shows that indeed the augmentation brings performance gains for AdaFace.

The performance on HQ datasets stays the same, whereas L) datasets enjoy a significant
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[ Method [ A [ m ] Proxy [HQ Datasets [ LQ Datasets |

CurricularFace [102]| - | 0.50 93.43 32.92
AdaFace 0.22 93.67 34.92
AdaFace 0.33| 0.40 Norm 93.74 35.40
AdaFace 0.66 93.70 35.29
AdaFace 0.40 93.74 35.40
AdaFace 0.33 | 0.50 Norm 93.56 35.23
AdaFace 0.75 93.37 35.69
AdaFace Norm 93.74 35.40

- 0.33 | 0.40 | 1-BRISQUE 93.43 34.55
- Py, 93.46 35.17

Table 2.1 Ablation of our margin function parameters h and m, and the image quality proxy

choice on the ResNet18 backbone. The performance metrics are as described in Sec. 2.4.2.

[ Method | p [JTHQ Datasets | LQ Datasets |
CurricularFace [102] | 0.0 96.85 41.00
CurricularFace [102] | 0.2 96.75 40.84
CurricularFace [102] | 0.3 96.59 40.58

AdaFace 0.0 96.72 40.95
AdaFace 0.2 96.88 41.82
AdaFace 0.3 96.78 41.93

Table 2.2 Ablation of augmentation probability p, on the ResNet50 backbone. The metrics

are the same as Tab. 2.1.

performance gain. Note that the augmentation hurts the performance of CurricularFace,
which is in line with our assumption that augmentation is a tradeoff between a positive effect
from getting more data and a negative effect from unidentifiable images. Prior works on
margin-based softmax do not include on-the-fly augmentations as the performance could
be worse. AdaFace avoids overfitting on unidentifiable images, therefore it can exploit the
augmentation better.

Analysis To show how the feature norm ||z;|| and the difficulty of training samples change
during training, we plot the sample trajectory in Fig. 2.6. A total of 1,536 samples are
randomly sampled from the training data. Each column in the heatmap represents a sample,
and the x-axis is sorted according to the norm of the last epoch. Sample #600 is approximately
a middle point of the transition from low to high norm samples. The bottom plot shows that
many of the probability trajectories of low norm samples never get high probability till the
end. It is in line with our claim that low norm features are more likely to be unidentifiable

images. It justifies our motivation to put less emphasis on these cases, although they are
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Figure 2.6 A plot of training samples’ trajectories of feature norm ||z;|| and the probability
output for the ground truth index P,,. We randomly select 1,536 samples from the training
data with augmentations, and show 8 images evenly sampled from them. The features with
low norm have a different probability trajectory than others and the corresponding images

are hard to identify.

“hard” cases. The percentage of samples with augmentations is higher for the low norm
features than for the high norm features. For samples number #0 to #600, about 62.0% are
with at least one type of augmentation. For the samples #600 or higher, the percentage is
about 38.5%.

Time Complexity Compared to classic margin-based loss functions, our method adds a
negligible amount of computation in training. With the same setting, ArcFace [55] takes

0.3193s per iteration while AdaFace takes 0.3229s (+1%).

2.4.3 Comparison with SOTA methods

To compare with SOTA methods, we evaluate ResNet100 trained with AdaFace loss on 9
datasets as listed in Sec. 2.4.1. For the high quality datasets, Tab. 2.3 (a) shows that AdaFace
performs on par with competitive methods such as BroadFace [128], SCF-ArcFace [139] and
VPL-ArcFace [56]. This strong performance in high quality datasets is due to the hard sample
emphasis on high quality cases during training. Note that some performances in high quality
datasets are saturated, making the gain less pronounced. Thus, choosing one model over the
others is somewhat difficult based solely on the numbers. Unlike SCF-ArcFace, our method

does not use additional learnable layers, nor requires 2-stage training. It is a revamp of the
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, . i High Quality Mixed Quality
Method Venue | Train Data i [ CFP-FP [202] | CPLFW [296] | AgeDB [174] | CALFW [297] | AVG | IJB-B [253] [ IJB-C [169]
CosFace (m = 0.35) [240] CVPRI18 MSIMV2 99.81 98.12 92.28 98.11 95.76 96.82 94.80 96.37
ArcFace (m = 0.50) [55] CVPR19 MSIMV2 99.83 98.27 92.08 98.28 95.45 96.78 94.25 96.03
AFRN [114] ICCv19 MSIMV2 99.85 95.56 93.48 95.35 96.30 96.11 88.50 93.00
MV-Softmax [248] AAAT20 MS1IMV2 99.80 98.28 92.83 97.95 96.10 96.99 93.60 95.20
CurricularFace [102] CVPR20 MS1MV2 99.80 98.37 93.13 98.32 96.20 97.16 94.80 96.10
URL [210] CVPR20 MS1MV2 99.78 98.64 - - - - - 96.60
BroadFace [128] ECCV20 MS1MV2 99.85 98.63 93.17 98.38 96.20 97.25 94.97 96.38
MagFace [172] CVPR21 MS1MV2 99.83 98.46 92.87 98.17 96.15 97.10 94.51 95.97
SCF-ArcFace [139] CVPR21 MS1MV2 99.82 98.40 93.16 98.30 96.12 97.16 94.74 96.09
DAM-CurricularFace [152] | ICCV21 MS1MV2 - - - - - - 95.12 96.20
AdaFace (m =0.4) CVPR22 MS1IMV2 99.82 98.49 93.53 98.05 96.08 97.19 95.67 96.89
VPL-ArcFace [56] CVPR21 MSIMV3 99.83 99.11 93.45 98.60 96.12 97.42 95.56 96.76
AdaFace (m =0.4) CVPR22 MSIMV3 99.83 99.03 93.93 98.17 96.02 97.40 95.84 97.09
ArcFace* [55] CVPR19 | WebFacedM 99.83 99.19 94.35 97.95 96.00 97.46 95.75 97.16
AdaFace (m = 0.4) CVPR22 WebFace4M 99.80 99.17 94.63 97.90 96.05 97.51 96.03 97.39

(a) A performance comparison of recent methods on high and mixed quality datasets.

Low Quality (IJB-S [112] and TinyFace [46])
Method Train Data Surveillance-to-Single [112] | Surveillance-to-Booking [112] | Surveillance-to-Surveillance [112] TinyFace [46]

Rank-1 Rank-5 1% Rank-1 Rank-5 1% Rank-1 Rank-5 1% Rank-1 Rank-5
PFE [208] MS1IMV2 [55 50.16 58.33 31.88 53.60 61.75 35.99 9.20 20.82 0.84 - -
ArcFace [55] MS1IMV2 [55 57.35 64.42 41.85 57.36 64.95 41.23 - - - - -
URL [210] MS1IMV2 [55 59.79 65.78 41.06 61.98 67.12 42.73 - - - 63.89 68.67
CurricularFace* [102] MS1IMV2 [55 62.43 68.68 47.68 63.81 69.74 47.57 19.54 32.80 2.53 63.68 67.65
AdaFace (m =0.4) MS1IMV2 [55 65.26 70.53 51.66 66.27 71.61 50.87 23.74 37.47 2.50 68.21 71.54

[ AdaFace (m =0.4) [ MSIMV3 [57] [ 67.12 72.67 53.67 [ 67.83 72.88 52.03 [ 26.23 40.60 3.28 [ 67.81 70.98 ]

ArcFace* [55]

WebFacedM [300] 69.26 74.31 57.06 70.31 75.15 56.89 32.13 46.67 5.32 71.11 74.38
AdaFace (m =0.4) | WebFacedM [300] | 70.42 75.29 58.27 70.93 76.11 58.02 35.05 48.22 4.96 72.02 74.52

(b) A performance comparison of recent methods on low quality datasets.

Table 2.3 Comparison on benchmark datasets, with the ResNet100 backbone.

loss function, which makes it easier to apply our method to new tasks or backbones.

For mixed quality datasets, Tab. 2.3 (a) clearly shows the improvement of AdaFace. On
IJB-B and IJB-C, AdaFace reduces the errors of the second best relatively by 11% and 9%
respectively. This shows the efficacy of using feature norms as an image quality proxy to
treat samples differently.

For low quality datasets, Tab. 2.3 (b) shows that AdaFace substantially outperforms all
baselines. Compared to the second best, our averaged performance gain over 4 Rank-1 metrics
is 3.5%, and over 3 TPIR@Q=FPIR=1% metrics is 2.4%. These results show that AdaFace
is effective in learning a good representation for the low quality settings as it prevents the
model from fitting on unidentifiable images.

We further train on a refined dataset, MSIMV3 [57] for a fair comparison with a recent
work VPL-ArcFace [56]. The performance using MS1MV3 is higher than MS1MV2 due to
less noise in MSIMV3. We also train on newly released WebFace4M [300] dataset. While one
method might shine on one type of data, it is remarkable to see that collectively Adaface
achieves SOTA performance on test data with a wide range of image quality, and on various

training sets.
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2.5 Gradient Scaling Term
In Sec. 3.1 , the gradient scaling term (GST), ¢ is introduced. Specifically, it is derived

from the gradient equation for the margin-based softmax loss and defined as

A o 0.
g:= (Pj(z) — Ly = j)> % (2.20)
where
P(z) o eXp(f(COS eyz)) (221)

7 exp(f(cosb,,)) + Z;;yi exp(scosb;)’

This scalar term, g affects the magnitude of the gradient during backpropagation from
the margin-based softmax loss. The form of g depends on the form of the margin function
f(cos®;). In Tab.1 of AdaFace Supplementary, we summarize the margin function f(cos6;)
and the corresponding GST when j = y;, the ground truth index.

Note that P,, is also affected by the choice of the margin function f(cos#,,) as in Eqn. 2.21.
So, g is a function of m, except for Softmax, and ¢ is affected by m through f(cos#é,,) in
P,,. For Angular Margin, m appears in the equation for g directly. We derive g for Angular
Margin below. The term g for the Adaptive Angular Margin and CurricularFace [102] can be
obtained using the g from the Angular Margin. The GST term for AdaFace can be obtained
by using g for the Angular Margin and the Additive Margin, and replacing m with adaptive

terms gangle and gnqqa. This is possible because ||z;|| is treated as a constant.

2.5.1 Derivation of Angular Margin
We can rewrite f(cos6,,) as
F(cos8,) = s - (cos(8y, +m))
=5 (cos B, cosm — sin b, sinm) (2.22)

=5- (coseyi cosm — /1 — cos? 0, sinm) :

by the laws of trignometry. Therefore,

Of (cosby,) s (cos(m) + M) _ (2.23)

d cos by, \/1—cos?0,

24



2.5.2 Interpretation of ¢

For Softmax and Additive Margin, we see that g = (PZSZ) — 1)s. Since the softmax
operation in Py(f) has a tendency to scale the result to be close to either 0 or 1, the first
term in g, (Pj(i) — 1) tends to be close to 1 or 0 far away from the decision boundary. In
the equation for P,,, there is also s which is a scaling hyper-parameter, and is often set to
s = 64 [55,102,154,240]. This high s makes the softmax operation even steeper near the
decision boundary. This results in almost equal GST for samples away from the decision

boundary, regardless of how far they are from the decision boundary. This is evident in

Fig. 2.7, where the blue curve is flat except near the decision boundary when s is high.
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Figure 2.7 Plot of P,, for different values of s. In this figure, P,, is calculated with f(cos#6;)

from Softamx (i.e. m = 0).

Of (cosOy,)

For Softmax and Additive Margin, =5 _— »

= 5. This term is different for Angular Margin

0f(cos by,)
O cos by,

%ﬁ:f for Angular Margin is

due to being a function of cos,,. The exact form of
found in Eqn. 2.23. As shown in Fig. 2.8, Eqn. 2.23 is monotonically increasing with respect
to cosf,, when m > 0 and vice versa. Note that cosf,, is how close the sample is to the

ground truth weight vector, and it is closely related to the difficulty of the sample during

Of(cosby,)

training. Therefore, this partial derivative term from the angular margin, =5 —;
Y

, can be
viewed as scaling the importance of sample based on the difficulty.

2.6 Feature Norm Analysis

2.6.1 Correlation between Norm and BRISQUE during Training

In the Sec. 3.2 of the main paper, we introduce the idea of using the feature norm as a

proxy of the image quality. We observe that in models trained with a margin-based softmax
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Figure 2.8 Plot of %;9?) for different value of m when the margin function is Angluar

Margin.

loss, the feature norm exhibits a trend that is correlated with the image quality. Here, we
show for ArcFace and AdaFace, both loss functions exhibit this trend, in Fig. 2.9. Regardless
of the form of the margin function, the correlation between the feature norm and the image
quality is quite similar (green plot in 1st and 2nd columns). We leverage this behavior to

design the proxy for the image quality.
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Figure 2.9 Comparison between ArcFace and AdaFace on the correlation between the
feature norm and the image quality. We randomly sampled 1,534 images from the training

dataset (MSIMV2 [55]) to show this plot.

We use three concepts (image quality, feature norm and sample difficulty) to describe a
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Components to Describe a Sample

1. Feature Norm

(b Method Relationship Gradient Flow to | 2|
MagFace [172]  Sample Difficulty vs. | z]| Yes
> Tmage Quality AdaFace Image Qual. vs. ||z]| No
(e 8. BRISQUE)

Figure 2.10 An illustration of different components to describe a sample and their usage in

previous works.

sample, as illustrated in Fig. 2.10. We leverage the correlation between the feature norm and
the image quality to apply different emphasis to different difficulty of samples. In contrast,
MagFace learns a representation that aligns the feature norm with recognizability. The term,
image quality in MagFace paper [172] refers to the face recognizability, which is closer in
meaning to the sample difficulty than the term, image quality, we use in our paper. Please
refer to the Fig. 1 (a) and the first contribution claim of the MagFace paper [172]. Also note
the difference in gradient flow through the feature norm, ||z;||. MagFace relies on learning the
feature that has ||z;|| aligned with the recognizability of the sample, requiring the gradient to
flow through ||2;|| during backpropagation. The loss function has the incentive to reduce the
margin by reducing ||z;||. However, our objective is to adaptively change the loss function,
itself, so we treat ||z;]| as a constant. Finally, from Tab. 3 of our main paper, AdaFace
substantially outperforms MagFace, e.g. reducing the errors of MagFace on IJB-B and [JB-C

relatively by 21% and 23% respectively.

2.6.2 Training Sample Visualization

Scatter Plot with 6 Zones

Feature Norm

04 03 02 01 00 -01 -02
4 Easy COSBy, Hard=»

Figure 2.11 Actual training data examples corresponding to 6 zones. A pretrained AdaFace

model is used as a feature extractor.

27



We show some visualization of the actual training images. From the randomly sampled
1,534 images from the training dataset (MS1IMV2 [55]), we divide the samples into 6 different
zones. We plot the samples by cos,, (decreasing) as the x-axis and the feature norm ||z;|| as
y-axis in Fig. 2.11. We divide the plot into 6 zones and sample a few images from each group.
Clearly, there are not many samples in the zones highlighted by the gray area (top right and
bottom left). This indicates that the sample difficulty distribution is different for each level
of feature norm. Furthermore, the samples in the dark green area are mostly unrecognizable
images. AdaFace de-emphasizes these samples. Also, the samples in the bright pink area are
more difficult samples than the dark pink area. AdaFace puts more emphasis on the harder
samples when the feature norm is high. We would like to reminde the readers thatthis figure
may serve as an empirical validation of the two-dimensional face image categorization we

made in Fig. 1 of the main paper.

2.6.3 Training Samples’ Gradient Scaling Term for AdaFace

Scatter Plot with the GST term as Color 10 Arc Plot with the GST term as Color
35 :
60 .
30 0.8 - -
50
= / ="
I N o6 40 X
= = Hard yet Recognizable Image
E 20 E 30
[} O 0.4
=2 =2
15 20
0.2
10 10
0.0 Unrecognizable Images
0.4 0.2 0.0 -02 “0.0v 02 04 06 08 1.0
cosf), Norm ||z
() Scatter Plot between cos 6y, and llz;ll (b) Scatter Plot in Angular Space (c) Selected Samples Visualization form the scatter plot

Figure 2.12 (a) Scatter plot of samples from Fig. 2.11 with the color as the GST term. (b):
Scatter plot of the same 1,534 points in angular space. For each feature, the angle from W,
is calculated from cos@,, and the distance from the origin is calculated from ||z;||. Both
terms are normalized for visualization. (c): Sample image visualization from the low norm

and high norm regions of similar cos 0,,.

In Fig. 2.12 (a), we plot the actual GST term for AdaFace. We use the same 1,534 images

from the training dataset (MSIMV2 [55]) as in Fig. 2.11. The color of points indicates the
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magnitude of the GST term. The purple points on the left side of the scatter plot are samples
past the decision boundary. Therefore the magnitude of GST term is low. The effective
difference in GST term for samples outside the decision boundary can be seen by the color
change from green to yellow. Note that AdaFace de-emphasizes samples of low feature norm
and high difficulty. This is shown in the lower right region of the plot. In Fig. 2.12 (b), we
warp the plot into the angular space to make a correspondence with the Fig. 3 of the main
paper, where we illustrate the GST term for AdaFace. We illustrate how actual training
samples are distributed in this angular space. In Fig. 2.12 (b) and (c), we visualize two
groups of images where one is from the low feature norm area (triangle) and the other is from
the high feature norm area (star). AdaFace exploits images that are hard yet recognizable, as
indicated by the yellow star regions, and lowers the learning signal from the unrecognizable

images, as indicated by the green triangle regions.

2.6.4 Train Samples’ Gradient Scaling Term Comparison with ArcFace

In Fig. 2.13, we compare the GST term placed on training samples. We have two groups of
images. One group is comprised of unrecognizable images, shown under the red bar. Another
group is comprised of hard yet recognizable images, shown under the green bar. Each bar
corresponds to one training sample, and the height of the bar indicates the magnitude of the
gradient scaling term (GST). For ArcFace shown on the left, the same level of GST is placed
on all samples. However, in AdaFace, unrecognizable samples are less emphasized relative to

the recognizable samples.

Hard and Unrecognizabls Hard and Recognizable Hard and Unrecognizable Hard and Recogni

50 50!

EENMENESEOEDNGE EEETEAAE 2 EINMENENAOEORdE EEETRaAE

(a) ArcFace (b) AdaFace

Figure 2.13 Comparison of the magnitude of GST term between ArcFace and AdaFace.
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Gallery Gallery

rank: 5 sim:0.36 rank: 1 sim:0.35 rank: 3 sim:0.33 rank: 1 sim:0.35
ArcFace AdaFace ArcFace AdaFace

Figure 2.14 Examples from 1JB-C [169] dataset, where ArcFace fails to identify the subject
whereas AdaFace successfully finds the correct match between the probe and the gallery. On

the left is the set of probe images and on the right is the set of gallery images.

2.7 Visualization of Success and Failed Test Images

We show samples from 1JB-C [169] dataset to show which samples are correctly classified
in AdaFace, compared to ArcFace [55|. In each pair of probe and gallery images, we write the
rank and the similarity score for both ArcFace and AdaFace. Rank= 1 is the correct match
and a high similarity score is desired. Note that the majority of the cases where AdaFace
successfully matches the hard samples for ArcFace are comprised of low quality samples. This

shows that indeed AdaFace works well on low quality images.

2.8 Comparison with General Image-Quality Aware Learning Method

We compare our method with QualNet [120] (CVPR21) as a comparison with general
image-quality aware learning method. The scope of general image-quality aware learning
methods is not limited to face recognition, but the idea is applicable. In Tab. 2.4, we show the
comparison with QualNet with models trained on CASIA-WebFace. AdaFace outperforms
QualNet on the TinyFace test set. QualNet aligns the low quality (LQ) image feature
distribution to the high quality (HQ) features’ distribution via a fixed pretrained decoder. In
contrast, AdaFace prevents L(Q images from degrading the overall recognition performance
by de-emphasizing heavily degraded L(Q) images. Since LQ facial images can often be devoid
of identity, it helps to avoid overfitting on unidentifiable LQQ images and learn to exploit the

identifiable LQ) images. This improves generalization across HQ and LQ.
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‘ Method \ Training Set \ Test set H Rankl\RankM

QualNet [120] . 35.54 | 44.45
AdaFace CASIA-Webface | TinyFace 44.39 | 47.23

Table 2.4 Closed set identification performance (ranked match rate) on TinyFace. For a fair
comparison, we adopt the train/test setting of QualNet. QualNet results are directly taken

from the CVPR21 paper.

2.9 Effect of Batch Size

—

Our image quality proxy ||z;|| does not depend on the batch size due to the exponential

moving average in FEq.17 of the main paper (rewritten below).

— |zl = e
= [ Re 2.24
o = 2] (221)
pe = o + (1 — o). (225)

To empirically show this, we train R50 model on MS1IMV2 with the batch size of 128, 256
and 512 and report their performance on IJB-B TARQFAR=0.01%. As shown in Tab. 2.5,

the difference due to the batch size is minimal.

’ Method ‘Batch size 128 ‘ Batch size 256 H Batch size 512 ‘
|AdaFace| 9432 | 9442 [ 9435 |

Table 2.5 Performance comparison by varying the batch size. This shows that AdaFace

performance not subject to different batch sizes.

2.10 Implementation Details and Code

The code is released at https://github.com/mk-minchul/AdaFace. For preprocessing
the training data MS1IMV2 [55], we reference InsightFace 1] and InsightFacePytorch [2], for
the backbone model definition, TFace [3| and for evaluation of LEW [100], CFP-FP [202],
CPLFW [296], AgeDB [174], CALFW [297], IJB-B [253], and IJB-C [169], we use InsightFace
[1]. For preprocessing IJB-S [112] and TinyFace [46], we use MTCNN [285] to align faces.
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2.11 Conclusion

In this work, we address the problem arising from unidentifiable face images in the
training dataset. Data collection processes or data augmentations introduce these images
in the training data. Motivated by the difference in recognizability based on image quality,
we tackle the problem by 1) using a feature norm as a proxy for the image quality and 2)
changing the margin function adaptively based on the feature norm to control the gradient
scale assigned to different quality of images. We evaluate the efficacy of the proposed adaptive
loss on various qualities of datasets and achieve SoTA for mixed and low quality face datasets.
Limitations This work addresses the existence of unidentifiable images in the training data.
However, a noisy label is also one of the prominent characteristics of large-scale facial training
datasets. Our loss function does not give special treatment to mislabeled samples. Since
our adaptive loss assigns large importance to difficult samples of high quality, high quality
mislabeled images can be wrongly emphasized. We believe future works may adaptively
handle both unidentifiability and label noise at the same time.

Potential Societal Impacts We believe that the Computer Vision community as a whole
should strive to minimize the negative societal impact. Our experiments use the training
dataset MSIMV*, which is a by-product of MS-Celeb [161], a dataset withdrawn by its
creator. Our usage of MSIMV* is necessary to compare our result with SoTA methods
on a fair basis. However, we believe the community should move to new datasets, so we
include results on newly released WebFace4dM [300], to facilitate future research. In the
scientific community, collecting human data requires IRB approval to ensure informed consent.
While IRB status is typically not provided by dataset creators, we assume that most FR
datasets (with the exceptions of IJB-S) do not have IRB, due to the nature of collection
procedures. One direction of the FR community is to collect large datasets with informed

consent, fostering R&D without societal concerns.
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CHAPTER 3

CLUSTER AND AGGREGATE: FACE RECOGNITION WITH LARGE
PROBE SET

Feature fusion plays a crucial role in unconstrained face recognition where inputs (probes or
galleries) comprise of a set of N low quality images whose individual qualities vary. Advances
in attention and recurrent modules have led to feature fusion that can model the relationship
among the images in the input set. However, attention mechanisms cannot scale to large N
due to their quadratic complexity and recurrent modules suffer from input order sensitivity.
We propose a two-stage feature fusion paradigm, Cluster and Aggregate, that can both scale
to large N and maintain the ability to perform sequential inference with order invariance.
Specifically, Cluster stage is a linear assignment of N inputs to M global cluster centers,
and Aggregation stage is a fusion over M clustered features. The clustered features play an
integral role when the inputs are sequential as they can serve as a summarization of past
features. By leveraging the order-invariance of incremental averaging operation, we design an
update rule that achieves batch-order invariance, which guarantees that the contributions of
early image in the sequence do not diminish as time steps increase. Experiments on [JB-B
and [JB-S benchmark datasets show the superiority of the proposed two-stage paradigm in
unconstrained face recognition. Code and pretrained models are available in Link.

3.1 Introduction

Face Recognition (FR) matches a set of input query imagery, known as probe, to enrolled
identity database, known as gallery. Verification is to confirm the claimed probe’s identity and
identification is to identify the unknown probe’s identity by searching a known database [195].
In either case, a probe can go beyond an image and include a set of images, videos, or their
combinations [21]. Thus FR involves fusing features of multiple images or videos to create a
discriminative feature for a probe.

Due to the interest in unconstrained surveillance scenarios, e.g. IJB-S [112], the role of

fusion is becoming more important. Unconstrained FR is often based on probes from low
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Figure 3.1 a) An illustration of the importance of the intra-set relationship in feature fusion.
Without the intra-set relationship, a large weight on a good quality image can still be
outweighed by many bad quality images in a probe set. b) We need a framework that can
both account for the intra-set relationship of large N probes and handle sequential inputs
with order invariance. c¢) The role of fusion model increases with larger probe size. For our

proposed method, CAFace, the relative performance gain over Naive (simple averaging)

method, i.e., W * 100%, increases with the probe size acorss four datasets.
PFE [209] and CFAN [78| are single-image based and lack intra-set relationship. RSA [156]

computes intra-set relationship but unusable for large V.

quality images and videos. It is challenging due to two issues: 1) individual video frames can
be of poor quality, causing erroneous FR model prediction and 2) the number of images in a
probe can be very large, e.g., a probe video in IJB-S may have 500, 000 frames. Feature fusion
across all frames in the probe is especially crucial if frame-based predictions are unreliable.
While prior works [122,172] address the first issue of prediction in low quality images, the
large size of probe set was not addressed. Fig. 3.1 a) illustrates the problem caused by
the absence of proper feature fusion. The contribution of good quality image can be made
insignificant in the presence of many other poor quality images in the set.

This paper aims to learn a fusion function that maps an unordered set of N probe
features {f;}"V of the same person to a single fused output f. Note that f; = E(x;) is the
feature extracted from the i-th sample in the set, using a fixed feature extractor E. The

task of fusing multiple features involves 1) estimating the quality of individual features and
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2) modeling the intra-set relationship of the features. Prior feature fusion works utilize
either simple average pooling [42,184], reinforcement learning [157], recurrent models [77] or
self-attention 78,156, 159,247, 266].

Typically, to compute the intra-set relationship among inputs of an arbitrary size NN,
one would adopt set-to-set functions such as Multihead Self Attention (MSA) [156,236,247],
enabling inputs to propagate information among themselves. The downside of this approach
is its computational cost of O(N?) which becomes infeasible when N exceeds a few thousand.
Also, when the inputs are sequential as in a live video feed, it is nontrivial to model the
intra-set relationship except to compute attention over all past frames at each time step.
Recurrent methods [77,93] are useful in the sequential inference but their drawback is set
order inconsistency, i.e., as the number of sequential steps 7" increases, the contribution of
early frames in a set decreases. Fig. 3.1 b) contrasts various fusion methods.

A feature fusion framework that can consider both 1) intra-set relationship for a large N
and 2) efficient sequential inference is necessary in the real-world unconstrained FR scenarios.
Fig. 3.1 ¢) shows the average probe sizes of four datasets. IJB-S [112]’s probe size is too large
for intra-set attention such as RSA [156] to perform inference with all frames concurrently.

We present a feature fusion framework, Cluster and Aggregate (CAFace), that achieves two
abovementioned criteria. It consists of two modules: Cluster Network (CN) and Aggregation
Network (AGN). CN makes soft assignments of N features into M fixed number of clusters,
i.e., {fi}V — {f/}" where M << N. While N varies from one set to other, M is fixed.
AGN combines M clustered features into a single feature f, i.e., { f; MW — f. Conceptually,
M intermediate cluster features serve as a summarization of N inputs and AGN models the
intra-set relationship among { f]}".

The proposed framework depends on learning global cluster assignments { £} — { I M
that are consistent across different probes. Thus, we propose learning shared cluster centers
that are snput independent. These centers govern the clustering assignments. But, it is

not obvious which clustering criterion is the best for feature fusion. Thus, we design CN to
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Figure 3.2 Comparison of feature fusion paradigms. a) In the individual paradigm, each
probe sample’s weight is determined independently. b) In the intra-set paradigm, the sample
weight is determined based on all inputs. However, when N is large or sequential, intra-set
calculations become infeasible. ¢) In the Cluster and Aggregate paradigm, the intermediate
representation F (green) can be updated across batches, allowing for large NV intra-set
modeling and sequential inference. Sharing universal cluster centers C' ensures consistency of

F' across batches. Unlike RNN, the update rule is batch-order invariant.

discover learned clusters with an end-to-end differentiable framework that allows AGN to
back-propagate the gradients to CN. The cluster assignments are learned to maximize the
FR performance. We also design an input pipeline, Style Input Maker (SIM) that can helps
CN perform class (identity) agnostic clustering efficiently.

The purpose of introducing an intermediate stage { f7 MM s to facilitate the sequential
inference. The key design of CN is to formulate {f/}" as a linear combination of {f;}".
This guarantees that even when the input sequence of set length N is divided into T" smaller
batches of set length N', {f] M can be sequentially updated with batch-order invariance.
This is due to our update rule, inspired by the order invariance property of the averaging
operation, as in Eq. 3.8. When the inputs are sequential, we feed only the new features to CN
and update the cached { f] MM Tt achieves a similar effect as having used all previous features
simultaneously. Fig. 3.2 shows the contrast with previous approaches. For readability, we
will interchange the set notation {f;}" with the matrix notation F € R¥*C.

In summary, the contributions of this paper include:
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® A novel feature fusion framework for both large N feature fusion and efficient sequential
inference. To our knowledge, this is the first approach to utilize linearly combined
intermediate clusters to achieve batch-order invariance with intra-set relationship modeling.

® An task-driven clustering mechanism that can discover latent clustering centers that
maximize the task performance. In our case, the task is FR. We achieve the task-driven
clustering with an assignment algorithm using the global query and decoupled key and
value structure.

® We show the superiority of CAFace in unconstrained face recognition on multiple datasets.

3.2 Related Work

Feature Fusion (Unordered Set) The simplest way of feature fusion is to average over a
set of features { f;}"V [42,184]. In this case, the features with larger norms play a bigger role,
and it generally works since easy samples tend to show larger norms [172,191]. To learn the
weights, CFAN and QAN utilize the self-attention mechanism, a learned weighted averaging
mechanism [78,159|. The drawback of these approaches is the lack of an intra-set relationship
during the weight calculation process.

Previous works that adopt the intra-set attention mechanism are Non-local Neural network
and RSA [156,247]. These works use intermediate feature maps U; of size RE*>W during
aggregation because feature maps provide rich and complementary information that can be
refined by taking the spatial relationship into account. However, the drawback is in the
heavy computation in the attention calculation. For a set of N features maps, an attention
module involves making (N x H x W)? sized affinity map. Our Cluster Network utilizes a
compact style vector from SIM and makes N? sized affinity map which greatly increases the
computation efficiency in attention computation.

DAC [157] and MARN |[77]| propose RL-based and RNN-based quality estimators, respec-
tively. Yet, they fail to be agnostic to input order, thus unsuitable for modeling long-range
dependencies. Our method can split the N inputs into T smaller batches and still achieve

batch-order invariance. Lastly, modeling the intra-set relationship with auxiliary context
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(such as a body) is shown to be helpful [294].

Video Recognition (Ordered Set) The feature fusion for recognition has a resemblance
to video-based recognition [155,298], but set inputs cannot always expect the temporal
dependencies to be available. Therefore, most video-based approaches for tasks such as action
recognition or quality enhancement [13,20,127,162,176,224,288| focus on exploiting the
relationship between nearby frames, whereas feature fusion approaches do not define them.
In video-based FR, the general trend is to focus more on assessing the quality of individual
frames as opposed to exploring the relationship among nearby frames. Some examples of
video-based FR utilize n-order statistics [166], affine hulls [37,97,267|, SPD matrices [106]
and manifolds [84,244|. Recently, probabilistic representation such as PFE [209] gained
popularity [12,39,204,209| since the variance in distribution serves as a quality estimation
for individual frames. QSub-PM [293] bypassed the need for a single feature by representing
a video with a subspace (matrix) and proposing a novel subspace comparison.

Attention Mechanism Multihead Self Attention (MSA) [236] is a widely adopted set-to-set
function that models intra-set relationships via an affinity map. It is also a key component
in transformer architectures which outperform CNNs in various vision tasks [36,48,61,141,
160,230, 282]. The underlying mechanism of MSA which uses the affinity of query and key
to update the value is versatile in its application beyond recognition and has led to its
usage in memory retrieval and grouping [32,226,263|. The unique property of the proposed
Cluster Network is in the linear combination of value assignment which enables batch-order
invariance using an incremental average update rule. Unlike MSA which requires concurrent
inputs during inference for intra-set relationship, ours can split the inference and establish a
connection across batches without decreasing the contribution of early inputs.

3.3 Proposed Approach
The Cluster and Aggregate paradigm seeks to divide the large N inference into partitioned

inferences while still obtaining the result as seeing all inputs at the same time. This can be

achieved if 1) each partitioned inference can update the intermediate representation with
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Figure 3.3 An overview of CAFace with cluster and aggregate paradigm. The task is to fuse
a sequence of images to a single feature vector f for face recognition. SIM is responsible for
decoupling facial identity features F' from image style S that carry information for feature
fusion (Sec. 3.3.1). Cluster Network (CN) calculates the affinity of S to the global centers C
and produces an assignment map A. It will be used to map F' and S to create fixed size

representations F” and S’. Note that F' and S’ are linear combinations of raw inputs F', S
respectively. This property ensures that the previous and current batch representations can
be combined using weighted average, which is order-invariant. Lastly, AGN computes the

intra-set relationship of S’ to estimate the importance of F” for fusion. For interpretability,

AGN produces the weights for averaging F’ to obtain f.

necessary information and 2) the order of inference does not affect the final outcome, so the
information in early batches is not forgotten. In essence, the intermediate representation
serves as a communication channel across batches. We achieve this by designing a Cluster
Network (CN) and Aggregation Network (AGN). Fig. 3.2 ¢) shows the proposed paradigm.
In this section, we will elaborate on how we obtain the global assignment that is consistent
across batches and how the update rule can be batch-order invariant. We formally layout a
few assumptions for the Cluster and Aggregate paradigm in the face recognition (FR) task
as shown in Fig. 3.3.

Let {x;}"¥ be a set of N facial images from the same person. The task is to produce

a single feature vector f from {x;}" that is discriminative for the recognition task. We
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assume that a single image based pretrained face recognition model F : x; — f; is available
following the settings of previous works [78,156,209]. For readability, we will interchange
the set notation {f;}"¥ with the matrix notation F' € R¥*¢ where {f;}" is the input is a set
of length N and F' simplifies equations. For clarity, we denote N to be the probe size (the
number of images in a set) and N’ to be the partitioned set size when N is large. During
training, we fix the number of images for fusion as N’. Note that the shape of inputs during
training would have one more dimension, training batch size B, i.e. F' € REXN'*C Training
batch size refers to the number of persons sampled in a mini-batch, different from the number

of images per person, N’. We drop the training batch size dimension in equations for brevity.

3.3.1 Architecture
Cluster Network (CN) Cluster Network is responsible for mapping inputs F € RV *¢ of

variable size N’ to F’ € RM*C of a fixed size, M. A natural choice for the architecture would
be Transformer [61,236] as it is a set to set function. However, there are two problems with
it. 1) It cannot handle large inputs due to the quadratic complexity of MSA. 2) When the
inputs are partitioned and inferred sequentially, the intra-set information across the batch
is lost, as MSA computes the affinity within the given inputs. CN solves this problem by
modifying Transformer with 1) shared queries and 2) linear value mapping. These changes
result in a clustering mechanism.

We first consider the following generic attention equation [236] with query Q, key K and

value V.
QW, (KW,,)T

Vd

where W, W, W, are learnable weights and d is the channel dimension of K. The row-wise

Attn(Q, K, V') = SoftMax,, ( > W,V (3.1)

Softmax ensures that the output is the weighted average of all projected values W,V for

each query index. We modify this to

CW, (KW,
Vd

First, unlike K and V which are inputs, the query is now a shared learnable parameter C

Assigns (K, V) = SoftMax. ( ) V =AV. (3.2)

initialized at the beginning of training. Secondly, removing W, and the column-wise Softmax
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Figure 3.4 a) Row-SoftMax. The sum across the row should be 1.0. b) Column SoftMax.
Each column sums to 1.0. ¢) Column SoftMax with row normalization (Eq. 3.3). d)
Depiction of how values are assigned to centers when A is multiplied to V. The matrix is

deliberatly made sparse for visualization but it can be soft-assignments.

ensure that for each query index of C, the output is the (soft) selection of values V. These
two modifications result in a learned soft assignment mechanism where C' serves as the global
shared center. We name the assignment map as A. The difference between A from row and
column SoftMax is shown in Fig. 3.4 a) and b). We then divide A by the weight of samples

assigned to each center (row-sum of A) as in

Clusterc(K,V) = A Vv, CN(K,V) = Clusterc(Transformer ([ K, C]), V)).

XAy

(3.3)
Note that Clusterc(K, V') is linear in V', while the prediction of A is nonlinear. To further
add the nonlinearity of A to the Cluster Network, we first embed the keys K with shallow
Transformer before clustering. The combined result CN(-) is the learned soft assignment of
values according to the affinity between keys and global queries.
Style Input Maker (SIM) So far, we have discussed the generic Cluster Network algorithm.
For face recognition, we still need to decide keys K and values V for feature fusion. It is clear
that V' should be F', the facial identity features, as it is what we are interested in merging. It
is possible to use F' for K as well, but K should ideally contain useful information for fusion
and be compatible with queries which are the global center C. However, f; is optimized to be
invariant to any characteristics other than the identity. Thus it lacks input image style which

encompasses various image traits such as brightness, contrast, quality, pose, or a domain

differences from the training data.
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In light of the success of using first and second-order feature statistics as an image
style [116,136,175], we propose SIM for extracting style information using the intermediate
representations of feature extractors. The benefit of modeling keys K in clustering with style
over using identity is shown in Sec. 3.4.2. We also ablate the benefit of further including
feature norm ||f;|| in K as it is sometimes used to approximate the confidence of the
prediction [122,172].

Let U; € REM*H>XW he the intermediate feature. We capture image style by a style vector

v; € R%

~; = BatchNorm(FC(ReLU(AvgPool(W,; ® T)))) (5.4)
3.4

where T = gy, Osty], Hsty = SpatialMean(U;), o, = SpatialStd(U;).

A learnable matrix W, € R““*2 controls the importance of sty and oy, via element-wise
multiplication . Simply put, SIM is a shallow network on spatial mean and standard
deviation of U;. One can take U, from more than one intermediate locations and in such a
case, we concatenate them.

To verify whether the feature norm would further benefit the fusion process, we embed the
feature norm || f;||2 to a 64-dim vector, following the convention of Sinusoidal conversion [236],
which is analogous to the position embeddings in ViT [61|. The norm embedding n; is a
64-dim vector. Finally, the output SIM is the concatenation, s; = [vy;, n;] where s; € R? and
d = 64 + 64 = 128. For readability, we denote the set {s;}¥ € RVN'*128 a5 §.

In summary, we decouple style S and identity F' and use S as keys to map
F' = CN(key = S,value = F), S’ = CN(key = S,value = S), (3.5)

which are the intermediates that will be used for subsequent fusion in AGN or stored for
sequential inference. We also map S to S’ using the same assignment. Fig. 3.3 shows the
overall diagram.

Aggregation Network (AGN) The Aggregation Network is responsible for fusing a fixed

number of M inputs, F” and S’ into a single fused output f with intra-set relationship. We
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adopt MLP-Mixer [229] as it can efficiently propagate information for the fixed-size input.
For interpretability, we predict weights P € RM*¢ that combines F' to f € RY. Specifically,
f=AGN(S", F') is

f=> PoF, P =SoftMax(MLPMixer([S',C])), (3.6)
M

where [S, C] denotes the concatenation along the channel dimension. The magnitude of P is
an interpretable quantity showing the importance of each cluster during fusion. The final
output f is a weighted average of F’ whose weight is P.
Sequential Inference A key characteristic of CAFace is its ability to divide the inputs
into T-step sequential inference of smaller set length N’ when N is large, and still achieve
similar results as the concurrent inference. It is possible as the intermediates F’' and S’ are
linear combinations of F', S respectively, although estimating the combination weights A is
non-linear. This allows us to formulate the update rule as the incremental weighted average
whose innate property is order-invariant.

Consider partitioned inputs Fi, ..., Fr, with corresponding predicted weights A4, ..., Ap.
Since by definition (Eq. 3.5), F) = A F/ Z;V/ A, (ij), we can write the cumulative interme-

—/
diate, Fr as
—_/ A1F1—|—...+ATFT
Fr = ——=7 .
Zj:l D i1 At (i)

This formulation requires storing all inputs of timestep 1, ..., 7. We can easily convert this to

(3.7)

~ N’ T—1 N’
—~  arF;. |+ ijl Ar ) Fr
T = N7 s where ar_1 = Z Z At—l,(z‘,j) (38)
ar—1+ Y i Ay t=1 i=1

which requires storing only the cumulative row-summed assignment map ar_; and a cumu-
lative intermediate ﬁ%fl of the previous time-step. The same logic applies to S’ as well.
Note that this operation, by design, is invariant to inference order (batch-order) as the final
result will always be the total weighted average. However, we do not obtain element-wise
permutation invarinace as the prediction of A; will change with different inputs. We test the
susceptibility to element-wise permutation in Sec. 3.4.3 and it has minimal impact on the

overall performance.
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Figure 3.5 A plot of assighment map A € R**?3 (right) and the mean of cluster weights P

(left) for samples in IJB-B [253]. For each column in A, the values sum up to 1.0. A shows
that 1) high quality images are assigned to clusters 1,2 and 3, with large mean cluster
weights P; low quality images are assigned to cluster 4 with near 0.0 weight. 2) There are
variations among clusters 1,2 and 3 as to which images have more influence, e.g., cluster 3

focuses on relatively blurred or occluded images.

3.3.2 Loss Function
Template Loss The objective is to make the fused output f be close to the ground truth

class center fgr. The task can be viewed as correctly inferring the true class center in the
presence of low quality features {f;}". Here fgr is dependent on the pretrained feature
extractor F and can be either taken from the last FC layer of ' or computed using per-subject
average of the embeddings f; in the training data. Our loss function can be viewed as the
cosine distance version of the Center loss [251].

In training, we randomly sample B number of subjects and N’ images per subject. Let

the superscript in F'® denote the b-th subject. The loss to increase the cosine similarity is,

1

B
Li==>" (1 — CosSim (AGN(S’(”), F'®), fgg)) . (3.9)

Set Permutation Consistency Loss The Cluster And Aggregate paradigm achieves
batch-wise order invariance by formulation, but it does not achieve element-wise permutation
invariance, as noted in Sec. 3.3.1. Therefore, we explore the element-wise permutation’s

added benefit using an additional loss function. Thus, the set permutation consistency loss

L, is
B
>~ (1~ CosSim (AGN(S™, F'®), AGN(S;"”, 1/?}'(6)))) . (3.10)

b=1

1

EPZE

44



It lets the splitted inference outcome similar to the concurrent inference. Sec. 3.4.2 shows
the benefit of £, but it is small, meaning the batch-order invariance from model design is

already powerful. The final loss is
L=L+NLp. (3.11)

where ), is the scaling terms for £, respectively.

3.4 Experiments
3.4.1 Datasets and Implementation Details

We use WebFacedM [300] as our training dataset. It is a large-scale dataset with 4.2M
facial images from 205,990 identities. The single image based pretrained face recognition
model E has been trained with the whole training dataset. To train the aggregation module,
we use its randomly sampled subset, consisting of 813,482 images from 10,000 identities. We
do not use VGG-2 [33| or MSIMV2 [55,82| as they were withheld by their distributors due
to privacy and other issues.

For the pretrained face recognition model E, we use the IResNet-101, trained with ArcFace
loss [55]. Since the performance of the aggregation depends on the quality of E, we set E
to be the same for all experiments. £ produces an embedding vector f; € R>'2 for each
image. To offer variations in the training data features, we randomly augment the dataset
with cropping, blurring, and photometric augmentations.

We test on 1JB-B [253|, IJB-C [169] and IJB-S [112| datasets. [JB-B is a widely used FR
test set containing both high-quality images and low-quality videos of celebrities (see Fig. 3.5
for examples). IJB-C is an updated version of IJB-B with more complex motions in the
video. 1JB-S is a surveillance video dataset, benchmarking extremely low-quality image/video
face recognition. The probe and gallery set size can exceed 500,000. Within the set, there
are many low-quality images, making IJB-S very challenging and suitable for measuring the
feature fusion framework (see Fig. 3.6 for examples).

For IJB-S, we use protocols, Surv.-to-Single, Surv.-to-Booking and Surv.-to-Surv. The

first /second word in the protocol refers to the probe/gallery image source. Surv. is the
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Figure 3.6 A plot of similarity of fused probe vs gallery. The circles represent individual

Sample Weights

0.2 0.3
Cosine Similarity between Gallery and Ind\wdual Probe

probe images in IJB-S. The colors represent the contribution of each image during fusion.
(top: CAFace, bottom: averaging). The x-axis is the cosine similarity with the gallery
feature (closer to right: better the match). The black star represents the fused feature. For
CAFace, we also plot 4 intermediate features F” that go into AGN. (1) Compared to
averaging scheme, in CAFace, only a select few are contributing to fusion (few red). Since
most samples are low quality, a sparse selection of samples lead to better result. (2) Note
that, out of 4 intermediates, F} falls behind others. It is because CN tends to assign bad

quality samples to one cluster, e.g, Cj.

surveillance video, ‘Single’ is the frontal high-quality enrollment image and ‘Booking’ refers
to the 7 high-quality enrollment images. For the ablation study, Sec. 3.4.2, we report the
average of all 9 metrics listed in Tab. 3.4.

3.4.2 Ablation and Analysis
Effect of Different Style Input In Tab.3.1, we ablate the efficacy of various components in

SIM which prepares the input for CN. The table shows that using f; for clustering is harmful
to performance and increases the no. of parameters for CN. It also shows that using the
additional norm embedding n; along with s; produces the best results for IJB-B and 1JB-S
datasets. However, the margin is small, so simply using s; would suffice for the setting that
requires faster computation.

Effect of £, As noted in Sec. 3.3.2, we further propose to constrain the set permutation
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Figure 3.7 A plot of IJB-B performance of CAFace with varied temporal batch size N’ for

models with different numbers of clusters M.

[ fi[si[ni]# of Centers (M) [ L, [ # of Params [[IJB-B (TARQFAR=1e-3) [IJB-B (TAR@QFAR=1e-4) [[IJB-S (AVG) |
VIivi]iY v 16.28M 96.11 94.38 53.83
X|v X 4 v 0.256M 96.81 95.53 57.42
X|v|v v 0.79M 96.91 95.53 57.55
XIviVv v 96.91 95.53 57.55
XV IV 4 X 0.79M 96.86 95.52 57.36
XIviVv 1 v 0.7860M 96.10 94.31 53.87
XV IV 2 v 0.7862M 96.88 95.52 57.11
XV IV 4 v 0.78656M 96.91 95.53 57.55
XV IV 8 v 0.7874M 96.90 95.61 57.33

[ Naive Average Fusion [ 0] 96.10 [ 94.30 | 54.12 ]

Table 3.1 Ablation of varied inputs, loss functions and the number of centers.

consistency with the additional loss £,. The ablation between A\, = 0 and A, = 1 is shown in
Tab.3.1.
Effect of Number of Clusters In Tab.3.1, the effect of the number of clusters M is shown.
The IJB-S performance peaks when M = 4. When M = 2, the summary representations
F’ and S’ have only two assignment options where one cluster takes the poor quality images
with low weights. The behavior could be interpreted as performing an outlier detection, which
is powerful enough to give high performance. When M > 2, F’ and S’ have the capacity
to store richer history of previous frames which would be beneficial in sequential inference.
IJB-S has large N probes which require dividing the inference into batches. Higher IJB-S
performance when M = 4 indicates that the freedom to assign samples to different clusters
is important in the sequential setting. A similar phenomenon is observed in Fig. 3.7. The

performance gap widens for M = 2 as we reduce the batch size to make more sequential steps
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in inference.

Weight Visualizations An example of clustering assignments when M = 4 could be viewed
in Figs. 3.5 and 3.6. Fig. 3.5 shows how samples are soft-assigned to different clusters
along with the weight estimation. The cluster weight is calculated by averaging along 512
dimensions of P € RM*512_ Note that each column sums to 1 but F’ and S’ are calculated
by averaging each row. Thus, the relative contribution of samples in each row is important.
Fig. 3.6 shows the actual contribution of each sample during fusion. The contribution can be
calculated by multiplying the magnitudes of A and P. Note that in the presence of many
poor quality images, selecting a few good ones is very important and the sample weight of
our method can effectively select a subset of samples during fusion.

3.4.3 Comparison with SOTA methods

To compare with prior feature aggregation methods, we use the same feature extractor £
as in Sec. 3.4.1, for a fair comparison. Average is the conventional embedding f; averaging
scheme that is adopted in the absence of a learned aggregation model. It is equivalent to
the stand-alone ArcFace model performance. The rest of the methods learn an additional
network for fusing the set of features.

In Tab. 3.2, we show the performance of various feature fusion methods on IJB-B. CAFace
achieves a large performance gain in all TARQFAR metrics. CFAN [78] and PFE [209] do
not use any intra-set relationship, as they learn to predict the confidence of a single image.
RSA [156] calculates intra-set attention of feature maps, which is computationally costly and
incapable of sequential inference. CAFace obtains the best results with the least number of
parameters. In Tab. 3.3, the performance in IJB-C dataset is also shown with the similar
observation as in IJB-B. We also include an additional backbone, AdaFace [122] to highlight
how CAFace can work across different backbones.

In Tab. 3.4, we compare feature aggregation models in the IJB-S dataset that has large
N low quality images/videos in probes. RSA [156] cannot load all images in the probes

concurrently for large N. As an alternative, we divide the probes into a manageable size of
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[ Method [# of Params [ Intra-set Att[Seq. Inference| FPS T [TAR@FAR=1e-3 1| TARQFAR=Ie-4 1 [ TARQFAR=1e-5 1]

Average 0 X v - 96.10 94.30 89.53
PFE [209] 13.37TM X v 360.1x 96.37 94.82 91.02
CFAN [78] 12.85M X v 554.1x 96.43 94.83 91.10
RSA [156] 2.62M v X 3.1x 96.41 95.00 91.22

CAFace 0.79M v v 64.4% 96.91 95.53 92.29

Table 3.2 A performance comparison of recent methods on the IJB-B [253] dataset.

[ TIB-C [169] | Dataset \ Backbone F | TARQFAR=1e-3 [ TAR@FAR=1e-4 [ TARQFAR=1e-5 |
Naive Average | WebFace4M [300 TResNet101+4ArcFace [55 97.30 95.78 92.60
PFE [209] WebFace4M [300 IResNet101+4ArcFace [55 97.53 96.33 94.16
CFAN 78] WebFace4dM [300 IResNet101+4ArcFace |55 97.55 96.45 94.40
RSA [156] WebFace4M [300 IResNet101+4ArcFace [55 97.49 96.49 94.58
CAFace WebFacedM [300 IResNet101+ArcFace [55 97.99 97.15 95.78
Naive Average | WebFacedM [300] | IResNet101-+AdaFace [122 97.63 96.42 94.47
CAFace WebFace4dM [300] | IResNet101+AdaFace [122 98.08 97.30 95.96

Table 3.3 A performance comparison of recent methods on the IJB-C [131] dataset. CAFace
achieves the best result in IJB-C dataset. We also compare two different backbones

ArcFace [55] and AdaFace [122].

N’ = 256 and average the results. Since RSA does not have a sequential update mechanism,
dividing large N probes reduces the performance, which shows why the sequential capacity
is important. CAFace also divides the probes image into batch size of N’ = 256 images yet
achieves a large margin improvement in [JB-S. It shows that our two-stage mechanism is very
effective in the large N setting. Particularly, the performance gain in the hardest protocol,
Surveillance to Surveillance, is the largest. We also randomly shuffle images within the probes
5 times and measure the mean and std. of the performance in the last row. The result shows
that our model is robust to input ordering. We also include an experiment on a high quality
image dataset, IJB-A [131] later, and note that the performance gain with feature fusion is
negligible. As noted in Fig. 3.1 ¢), the improvement over the baseline (averaging) goes up
with the increased number of images in the probe, which highlights the importance of large
N scalability.

3.4.4 Resource and Computation Efficiency

Since CAFace is build on top of a single image feature extractor F, we show the relative
FPS of CAFace with respect to the FPS of E in Tab. 3.2. The relative FPS reported in

Tab. 3.2 is computed with the input sequence length N = 256. It shows that the single image
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Method Surveillance-to-Single Surveillance-to-Booking Surveillance-to-Surveillance
Rank-1 Rank-5 1% Rank-1 Rank-5 1% Rank-1 Rank-5 1%

Naive Average 69.26 74.31 57.06 70.32 75.16 56.89 32.13 46.67 5.32
PFE [209] 69.50 74.39 57.51 70.53 75.29 57.98 32.27 46.70 5.41
CFAN [78] 70.00 74.58 57.93 70.90 75.58 58.09 31.66 45.59 5.79
RSA [156] 63.04 67.33 51.62 63.54 68.23 51.89 16.82 31.80 0.75

CAFace 71.61 76.43 62.21 72.72 77.41 62.68 36.51 49.59 8.78

71.65 76.37 62.27 72.77 .37 62.70 36.43 49.40 8.89

CAFace (Random Order) | o5 4004 1011 | +£004 4003  +0.06 | £0.08 4005  +0.03

Table 3.4 A performance comparison of recent methods on the IJB-S [112] dataset.

[ [ Max N [ N=16 [ N=32 [ N=64 [ N=256 | N =512 |

PFE 115,200 21.8x 44.1x 86.3x 360.1x 2133.6x
CFAN 115,200 82.6x 158.7x 268.8x 544.1x 664.2x
CAFace | 12,000 4.2x 8.2x 16.4x 64.4x 129.3x
RSA 384 6.9x 13.1x 9.2x 3.1x OOM

Table 3.5 A table of relative FPS of the fusion model with respect to the FPS of the
backbone. We compare various fusion models with varied input size N. As N increases, it
requires more GPU memory as well. Max N in the second column refers to the maximum
number of images that can be in a set without causing the out of memory error (OOM). The
third to the seventh columns represent the relataive FPS under different set length N. The

higher the relative FPS, the faster the fusion method.

based quality estimation methods, PFE and CFAN are the fastest. And RSA with intra-set
attention is the slowest. CAFace can achieve a relatively good speed and obtain the best
performance.

Another aspect of computation requirement is GPU memory usage. In the second
column of Tab. 3.5, we show the maximum sequence length N that each method can take
simultaneously to perform the feature fusion. It shows that RSA with the inner-set attention
cannot handle a sequence length N larger than 384. This is a drawback that prevents the
method from fusing large N features. On the other hand, CAFace can take a large N sequence
upto 12,000 simultaneously. Note that for the sequence length larger than this can still be
handled because CAFace has a sequential inference scheme as described in Sec. 3.3.1. In other
words, we can divide the input into smaller set size N/, and the intermediate representation
is updated to account for all elements in a set. Tab. 3.5 also shows the relative FPS of the

fusion model compared to the backbone FPS under different sequence lengths N.
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3.5 Implementation Details

To train the fusion network F which is comprised of SIM, CN and AGN, we set the
batch size to be 512. We take the pretrained model E, which is IResNet-101 [55], trained on
WebFace4M [300] with ArcFace loss [55] and freeze it without further tuning. For training
CAFace, the number of images per identity N is randomly chosen between 2 and 16 during
each step of training, and we take two sets per identity. The intermediate feature for the
Style Input Component (SIM) is taken from the block 3 and 4 of the IResNet-101. The
number of clusters in CN is varied in the ablation studies and fixed to be 4 for subsequent
experiments. The number of layers L in CN is equal to 2.

We train the whole network end-to-end for 10 epochs with an AdamW optimizer [164].
The learning rate is set to le — 3 and decayed by 1/10 at epochs 6 and 9. The weight decay
is set to be — 4. For the loss term, we use A\; = 1.0 and )\, = 1.0 while the efficacy of A\, = 1.0
is ablated with A\, = 0.0 in the ablation studies. For fgf}, we take the feature embeddings f;
extracted from F for each labeled image in the training data, and average them per identity,

with a flip augmentation.

3.6 Norm Embedding
For an embedding vector f;, the norm is a model dependent quantity, we L2 normalize the

feature norm using batch statistics py and oy and convert it to a bounded integer between

[—qk, qk). )
17l = Kq* ({Hf”—_’ﬂ ))J . (3.12)
of —k

Two hyper-parameters, ¢ and k controll the concentration of the ||/fl\H distribution and |-]*,
refers to clipping the value between —k and k. [-] refers to the floor operation to convert the
quantity to an integer. Following the convention of Sinusoidal position embedding in [236],
we let

ny(2t) = sin([[£;]] /10000%), n.(2t + 1) = cos(|[£;]|/10000%), (3.13)
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where t is the channel index and c is the dimension of the norm embedding. The resulting
n; € R¢is a 64-dim vector in our experiments.
3.7 Additional Performance Results

In this section, we provide additional performance results from IJB-A [131], IJB-B [253],

IJB-C [169] and IJB-S [112] dataset with additional backbones.

[ IJB-A [131] | Dataset [ Backbone F | TARQFAR=0.001 | TARQFAR=0.01 |

Naive Average | VGGFace2(3.3M) [33 ResNet50 89.5+1.9 95.0+ 0.5
QAN [159 VGGFace2(3.3M) [33 CNN256 89.3 £ 3.9 94.2+£1.5
NAN [266 3M Web Crawl [266] GoogleNet 88.1+1.1 94.1+0.8
RSA [156] | VGGFace2(3.3M) [33] ResNet50 913£03 97.6£0.6
Naive Average WebFacedM (300 TResNet101+ArcFace [55 98.5+ 0.6 99.1+0.2
PFE [209] WebFace4M [300 IResNet101+ArcFace [55 98.5 £ 0.6 99.1 £0.2
CFAN [78] WebFace4M [300 IResNet101+ArcFace [55 98.5 £ 0.5 99.2+0.2
RSA [156] WebFace4M [300 IResNet101+ArcFace [55 98.6 + 0.5 99.1+0.2
CAFace WebFace4M [300 IResNet101+ArcFace [55 98.7+0.4 99.2 £0.2

Table 3.6 A performance comparison of recent methods on the IJB-A [131] dataset. The +
sign refers to the standard devidation calculated from the official 10-fold cross validation

splits from the dataset. For recent SoOTA backbone models, the performance is saturated

above 98.5.
[ TIB-C [169] | Dataset ‘ Backbone F | TARQFAR=1e-3 [ TAR@QFAR=1e-4 [ TARQFAR=1e-5 |
Naive Average | WebFacedM [300 IResNet101+ArcFace [55 97.30 95.78 92.60
PFE [209] WebFace4M (300 IResNet101+ArcFace [55 97.53 96.33 94.16
CFAN [78] WebFace4M [300 IResNet101+ArcFace [55 97.55 96.45 94.40
RSA [156] WebFace4M [300 IResNet101+ArcFace [55 97.49 96.49 94.58
CAFace WebFace4dM [300 IResNet101+ArcFace [55 97.99 97.15 95.78
Naive Average | WebFacedM [300] | TResNet1014+AdaFace [122 97.63 96.42 94.47
CAFace WebFace4M [300] | IResNet101+AdaFace [122 98.08 97.30 95.96

Table 3.7 A performance comparison of recent methods on the IJB-C [131] dataset. CAFace
achieves the best result in [JB-C dataset. We also compare two different backbones
ArcFace [55] and AdaFace [122] (CVPR’22). The performance gain is observed in both

backbones.

The size of the probes N in each dataset increases in the order of IJBA [131], IJBB [253],
[JB-C [169] and IJB S [112]|. As the probe size increases, the role of a feature fusion model
also increases. As noted in Fig.1 ¢) of the main paper, previous methods either fail to model

the intra-set relationship or scale to large /N, which results in a suboptimal performance with
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| 1JB-B [253] | Dataset ‘ Backbone E | TARQFAR=1e-3 | TARQFAR—1e-4 | TARGFAR=1e-5

Naive Average | WebFace4dM [300] | TResNet101+ArcFace [55 96.1 94.30 89.53
CAFace WebFace4M [300] | IResNet101+ ArcFace [55 96.91 95.53 92.29

Naive Average | WebFacedM [300] | IResNet101+AdaFace [122 96.66 94.84 90.86
CAFace WebFace4M [300] | IResNet101+AdaFace [122 96.97 95.78 92.78

Table 3.8 An additional performance on the IJB-B [131] dataset. We compare two different
backbones ArcFace [55] and AdaFace [122] (CVPR’22).

Method B Surveillance-to-Single Surveillance-to-Booking Surveillance-to-Surveillance
Rank-1 Rank-5 1% Rank-1 Rank-5 1% Rank-1 Rank-5 1%
Naive Average | ArcFace 69.26 74.31 57.06 70.32 75.16 56.89 32.13 46.67 5.32
CAFace ArcFace | 71.61 76.43 62.21 72.72 77.41 62.68 36.51 49.59 8.78
Naive Average | AdaFace 70.42 75.29 58.27 70.93 76.11 58.02 35.05 48.22 4.96
CAFace AdaFace | 72.91 77.14 62.96 73.39 78.04 63.61 39.25 50.47 7.65

Table 3.9 An additional performance result on IJB-S [112] dataset with two different

backbones, ArcFace [55] and AdaFace [122] (CVPR’22). AdaFace [122| combined with our

proposed CAFace achieves a large margin improvement in 1JB-S.

an increasing probe size. The plot of the relative performance increase over the naive average
baseline shows that for CAFace, as the set size increases, the performance gain also increases.

is calculated as Method—Naive , 1009 where the

The relative performance gain for Fig.1 c) e

metrics for each dataset are TARQFAR=0.001 for IJB-A, TARQFAR=1e — 4 for IJB-B and

IJB-C, and the average of 9 metrics across all 3 protocols for IJB-S.

3.8 Resource and Efficiency Comparison

We report the FPS (frames per second) to give the estimation of how much resource the
feature fusion framework takes with respect to the backbone E. For the table below, we
use the backbone of IResNet-101 [55]. We measured the FPS with Nvidia RTX3090. It is
equipped with a GPU memory of 24 GB. For measuring the time, we feed the random array
as an input to the model and simulate the run for 1,000 times. In Tab. 3.10, we first show
the FPS for the backbone E. The FPS increases with batch-size due to the efficiency of GPU

architecture. We take 1,288 FPS as the FPS for the backbone and measure the relative FPS

FPS(F)

of the fusion models F' with respect to the backbone, i.e. FPS(E)"

EPS(UF) f various feature fusion models with the varied set size

In Tab. 3.11, we show FPS(E)

N. First, note that the feature fusion model’s inference speed is always faster than the
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FPS(F)

FPS(E) > 1. In practice, we would like the fusion time to be a fraction

backbone model, i.e.
of the backbone inference time. Secondly, we show the maximum set size N each method
can take. Note that methods without intra-set relationships, PFE [209] and CFAN |[78], are
computationally very fast and require little memory. Therefore, it can take many samples
together (large N) during inference. In contrast, the maximum set size N for RSA [156]
is 384 because the intra-set attention with the feature map is a memory-intensive module.
CAFace is fast and uses relatively little memory, allowing the maximum set number to be
N = 12,000.

Note the ability to perform sequential inference is different from large N. For instance,
with CAFace, we can split a set of size 64, 000 with a batch size of 64 and run 1, 000 sequential

inferences, without sacrificing the performance. It is evident in the high performance of IJB-S

dataset, where we adopt the batch size of 256.

Batch Size FPS
Backbone (Batchsize: 1) 1 91
Backbone (Batchsize: 256) 256 | 1,288

Table 3.10 FPS for the face recognition backbone model IResNet-101. Higher the FPS, the

faster the inference speed per image.

FPS(F)

FPS(E) Max N | N=16 | N=32 | N=64 | N =256 | N =512
PFE 115,200 21.8x 44.1x 86.3x 360.1x 2133.6x
CFAN 115,200 82.6x 158.7x 268.8x H44.1x 664.2x
CAFace | 12,000 4.2x 8.2x 16.4x 64.4x 129.3x
RSA 384 6.9x 13.1x 9.2x 3.1x OOM

Table 3.11 A table of relative FPS of the fusion model w.r.t. the FPS of the backbone. We
compare various fusion models with varied input size N. As N increases, it requires more

GPU memory as well. Max N refers to the maximum number of images that can be in a set

FPS(F)

without causing the out of memory error (OOM). The higher the P35

, the faster the

fusion method.
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3.9 Training Progress and Learned Assignment
To see how the assignment behavior changes during training, we plot the entropy of the

RMXN

assignment map A € over the training epochs. We note that each j-th cluster is a

weighted average of individual N samples. Therefore, if all samples are contributing equally
to the j-th cluster, then the entropy of A for each row would be high. When a few samples’
contribution is larger than the others (i.e., A is sparse) then the entropy would be low. We
use entropy as a proxy of how sparse is the influence of samples for each cluster.
The entropy is calcuated as

M N

> —pjilog(p;a),

j=1 i=1
where p;; = A;;/ SN A;,;. In other words, it is the mean of the row-wise entropy of the
normalized assignment map. Lower entropy value tells you that the cluster features are
deviating from a simple average of all samples. In Fig. 3.8, we show the plot of the mean
entropy over the training progression using the IJB-B dataset [253|. The value decreases
steeply during the first few epochs, indicating that the clustering mechanism is quickly

deviating from the simple averaging of the given samples.

3.4

3.2

MEAN ENTROPY
SR SR
A o 0w

0
)

EPOCHS

Figure 3.8 A plot of mean entropy during training. The samples used are random 200

probes taken from the IJB-B [253] dataset.
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3.10 Weight Visualization
We show a few examples of the weight visualizations of different methods. The weights

for CAFace are calculated as

X ALY (Pe/C)

z

the sum of the contributions each sample makes to each cluster, weigthed by the importance
of the cluster. C is the dimension of f, which is 512 in our backbone. M is the number
of clusters. z is the normalization constant to make the Zf\il w; = 1. For the Averaging,
the weights are the normalized feature norms. For PFE and CFAN, the weights are the
output of the respective modules. Note that RSA does not have a weight estimation, as it
directly estimates the fused output as opposed to estimating the weights. The circles in the
plot represent individual probe images in IJB-S and the color represents the magnitude of
the weights. The horizontal axis represents the similarity of individual probe images to the
gallery shown on the right. The vertical axis exists only to scatter the points. Note that for

both PFE and CFAN, the weight estimation is based on a single image.

3.11 Comparison of Assignment Maps in Various Scenarios

R**N of CAFace in varied scenarios,

To analyze the behavior of the assignment map A €
we show in Fig. 3.10, IJB-S [112] probe examples that come from 3 typical settings; mixed,
poor and good quality image scenarios. The mixed-quality probe is comprised of both low
and high quality images as illustrated in scenario 1. On the other hand, probes could contain
all poor or all good quality images as illustrated by scenarios 2 and 3. Note that each column
of A sums to 1, and each row of A are the relative weights responsible for creating each
clustered vector in F’ € R¥*%12,

Note that cluster 4 works as a place where bad quality images are strongly assigned to.
Since the mean Pj is close to zero, all images assigned to cluster 4 have very little contribution
to the final fused output f. For scenario 2 where all of the images are of bad quality, a few

relatively better images are still assigned to cluster 1, 2 and 3, making it possible to perform

feature fusion with bad quality images. This is possible because CAFace incorporates intra-set
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Figure 3.9 Visualization of importance weights.

relationships that allow the information to communicate among the inputs to determine
which features are more usable than the others. For scenario 3, we can observe that most of
the images are quite similar to one another, providing duplicating information. Therefore,
the assignments are learned to discard many of the duplicating images, as shown by the high

(red) values in the last row of scenario 3.

3.12 Effect of Sequence Length

In Fig. 3.11, to illustrate the importance of using all video sequences, we show how the
IJB-S performance of CAFace changes as we divide the probe videos into 10 partitions and
use first 1:k partitions. The increasing trend reveals that longer video sequences can provide

more information for fusion.
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Scenario 1: Mixed-Quality Probe
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Figure 3.10 The comparison of assignment maps depending on the probe image

configurations.

0.58
0.57
0.56
0.55
0.54
0.53
0.52

AVG OF ALL PROTOCOLS

0.51

0.5
> 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9 1:10

1JB-S Perf. 0.5264 0.5382 0.5539 0.5603 0.5672 0.5682 0.5699 0.5731 0.574 0.5755
SEQUENCE RANGE

Figure 3.11 The performance of IJB-S with increasing video sequence length. The metric for

y-axis is the average of all protocols in IJB-S and 1 : 10 is using all videos in the probe.

3.13 Conclusions

We address the two problems arising from the feature fusion of large N inputs, a common
scenario in unconstrained FR. With large N features, modeling intra-set relationships with
attention mechanisms are prohibitive due to computational constraints while sequential
inference suffers from the reduced contribution of early frames. In this work, we explore the
possibility of dividing N inputs into 7" smaller unordered batches whose inference result is the
same as concurrent N inference. To this end, we introduce a two-stage cluster and aggregate

paradigm. The clustering stage, inspired by order-invariance of incremental mean operation,
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is designed to linearly combine N inputs to M global cluster centers, whose assignment
is invariant to the batch-order. The aggregation stage efficiently produces a fused output
from M clustered features, while utilizing the intra-set relationship. We show our proposed
CAFace outperforms baselines on unconstrained face datasets such as IJB-B and IJB-S.
Limitations Cluster and Aggregate is a feature fusion framework that learns the weights of
individual inputs, given a fixed feature extractor £. Weight estimation, in other words, is
an interpolation among the given set of features which is a double-edged sword, as it gives
the interpretability, but is not capable of extrapolation. Therefore, when the given feature
extractor F is sub-optimal, it could be favorable to relax the constraint and let the model
extrapolate for better performance.

Potential Negative Societal Impacts We believe that the machine learning community as
a whole should strive to minimize the negative societal impacts. Large scale face recognition
training datasets inevitably comprise web-crawled images which are without formal consent,
or IRB review. We refrained from using any dataset withdrawn by its creators such as
VGG-2 [33] or MSIMV2 [82] to avoid any known copyright issues. We hope that the FR
community can collectively move toward collecting datasets with informed consent, fostering

R&D without societal concern.
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CHAPTER 4

DCFACE: SYNTHETIC FACE GENERATION WITH DUAL CONDITION
DIFFUSION MODEL

Generating synthetic datasets for training face recognition models is challenging because
dataset generation entails more than creating high fidelity images. It involves generating
multiple images of same subjects under different factors (e.g., variations in pose, illumina-
tion, expression, aging and occlusion) which follows the real image conditional distribution.
Previous works have studied the generation of synthetic datasets using GAN or 3D models.
In this work, we approach the problem from the aspect of combining subject appearance
(ID) and external factor (style) conditions. These two conditions provide a direct way to
control the inter-class and intra-class variations. To this end, we propose a Dual Condition
Face Generator (DCFace) based on a diffusion model. Our novel Patch-wise style extractor
and Time-step dependent ID loss enables DCFace to consistently produce face images of the
same subject under different styles with precise control. Face recognition models trained on
synthetic images from the proposed DCFace provide higher verification accuracies compared
to previous works by 6.11% on average in 4 out of 5 test datasets, LFW, CFP-FP, CPLFW,
AgeDB and CALFW. Code Link

4.1 Introduction

What does it take to create a good training dataset for visual recognition? An ideal
training dataset for recognition tasks would have 1) large inter-class variation, 2) large
intra-class variation and 3) small label noise. In the context of face recognition (FR), it
means, the dataset has a large number of unique subjects, large intra-subject variations,
and reliable subject labels. For instance, large-scale face datasets such as WebFace4M [300]
contain over 1M subjects and large number of images/subject. Both the number of subjects
and the number of images per subject are important for training FR models [55,122]. Also,
datasets amassed by crawling the web are not free from label noise [33,300].

In various domains, synthetic datasets are traditionally used to help generalize deep

60


https://github.com/mk-minchul/dcface

3. Subject Consistency

Labeled Dataset

2. Style Variation

Figure 4.1 Illustration of three factors that characterize a labeled face dataset. It contains
large subject variation, style variation and label consistency. Synthetic face datasets should
be created with all three factors in mind. Face images in this figure are samples generated by
our proposed method which combines arbitrary ID condition with style condition while

preserving subject identity.

models when only limited real datasets could be collected [64,98,232,302] or when bias
exists in the real dataset [133,234]. Lately, more attention has been drawn to training with
only synthetic datasets in the face domain, as synthetic data can avoid leaking the privacy
of real individuals. This is important as real face datasets have been under scrutiny for
their lack of informed consent, as web-crawling is the primary means of large-scale data
collection [82,99,300]. Also, synthetic training datasets can remedy some long-standing issues
in real datasets, e.g. the long tail distribution, demographic bias, etc.

When it comes to generating synthetic training datasets, the following questions should
be raised. (i) How many novel subjects can be synthesized (ii) How well can we mimic
the distribution of real images in the target domain and (iii) How well can we consistently
generate multiple images of the same subjects? We start with the hypothesis that face dataset
generation can be formulated as a problem that maximizes these criteria together.

Previous efforts in generating synthetic face datasets touch on one of the three aspects
but do not consider all of them together [17,188]. SynFace [188] generates high-fidelity face
images based on DiscoFaceGAN [59], coming close to real images in terms of FID metric [90].

However, we were surprised to find that the actual number of unique subjects that can be
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1. Sampling Stage 2. Mixing Stage

L) Generate ID image ID Image X%
Gig k4 : Eia
Subject : A

Predicted X7, ,
Identity Generator E

~ Choose Style image Style Image X2,
7 . £ - = Egy Subject : A h
Subject : B
Labeled

Style Bank Dual Condition Generator G,,;, Dataset

Figure 4.2 Two stage dataset generation paradigm. In the sampling stage, 1) G;4 generates
a high-quality face image X;; that defines how a person looks and 2) the style bank selects a
style image X, that defines the overall style of the final image. The mixing stage generates
image with identity from X4 and style from X,. Repeating this process multiple times, one

can generate a labeled synthetic face dataset.

generated by DiscoFaceGAN is less than 500, a finding that will be discussed in Sec. 4.3.1.
The recent state of the art (SoTA), DigiFace [17], can generate 1M large-scale synthetic face
images with many unique subjects based on 3D parametric model rendering. However, it
falls short in matching the quality and style of real face images.

We propose a new data generation scheme that addresses all three criteria, i.e. the large
number of novel subjects (uniqueness), real dataset style matching (diversity) and label
consistency (consistency). In Fig. 4.1, we illustrate the high-level idea by showcasing some of
our generated face samples. The key motivation of our paper is that the synthetic dataset
generator needs to control the number of unique subjects, match the training dataset’s style
distribution and be consistent in the subject label.

In light of this, we formulate the face image generation as a dual condition inverse
problem, retrieving the unknown image Y from the observable Identity condition X,;; and
Style condition Xy;,. Specifically, X, specifies how a person looks and X, specifies how
Xq should be portrayed in an image. X, contains identity-independent information such as
pose, expression, and image quality.

Our choice of dual conditions (identity and style) is important in how we generate a
synthetic dataset as ID and style conditions are controllable factors that govern the dataset’s

characteristics. To achieve this, we propose a two-stage generation paradigm. First, we
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generate a high-quality face image X,;; using a face image generator and sample a style
image X, from a style bank. Secondly, we mix these two conditions using a dual condition
generator which predicts an image that has the ID of X;; and a style of X,;,. An illustration
is given in Fig. 4.2.

Training the mixing generator in stage 2 is not trivial as it would require a triplet of

XA

sty

(X X3

sty

) where XsAty is a hypothetical combination of the ID of subject A and the
style of subject B. To solve this problem, we propose a new dual condition generator that

can learn from (X2, X4 ) a tuple of same subject images that can always be obtained in a

sty
labeled dataset. The novelty lies in our style condition extractor and ID loss which prevents
the training from falling into a degenerate solution. We modify the diffusion model [91,213]
to take in dual conditions and apply an auxiliary time-dependent ID loss that can control
the balance between sample diversity and label consistency.

We show that our Dual Condition Face Dataset Generator (DCFace) is capable of
surpassing the previous methods in terms of FR performance, establishing a new benchmark
in face recognition with synthetic face datasets. We also show the roles dataset subject
uniqueness, diversity and consistency play in face recognition performance.

The followings are the contributions of the paper.
® We propose a two-stage face dataset generator that controls subject uniqueness, diversity

and consistency.

@ For this, we propose a dual condition generator that mixes the two independent conditions

Xiq and Xy
® We propose uniqueness, consistency and diversity metrics that quantify the respective

properties of a given dataset, useful measures that allow one to compare datasets apart

from the recognition performance.
® We achieve SoTA in FR with 0.5M image synthetic training dataset by surpassing the

previous methods by 6.11% on average in 5 popular test datasets.
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4.2 Related Works

Face Recognition Face Recognition (FR) is the task of matching query imagery to an enrolled
identity database. SOTA FR models are trained on large-scale web-crawled datasets [55,82,300]
with margin-based softmax losses [55,102,122,154,240]. The FR performance is measured on
various benchmark datasets such as LFW [100]|, CFP-FP [202|, CPLEW [296], AgeDB [174]
and CALFW [297]. These datasets are designed to measure factors such as pose changes and
age variations. Performance on these datasets for models trained on large-scale datasets such
as WebFace260M is well above 97% [122| in verification accuracy.

Synthetic Face Generation Recent advances in generative models allow high fidelity
synthetic face image generations [30,47,91,115-117,215]. GANs have been widely used to
manipulate, animate or enhance face images [47,59,96,143,187,221,231,262|. They typically
learn disentangled representations in GAN latent space that control desired face properties.
On the contrary, some works leverage the 3D face prior from 3D datasets (e.g., 3DMM [24])
for controllable synthesis [52,73,75,119,170,178,185,207]. These methods have advantages in
the fine-grained control over face generation and 3D consistency yet lack in style or domain
variation.

Recent advances in the latent variable models such as diffusion or score-based models have
shown great success in high-quality image generation with a more stable and simple objective
of MSE loss [91,179,213,215-218|. Diffusion models have advanced the conditional image
generation in tasks such as text-conditional image generation, inpainting, etc [25,190,196,246].
We adopt the diffusion model as a backbone and explore how the two image characteristics,
namely ID and style images, can control complementary information, the subject appearance
and the style of an image.

Face Recognition with Synthetic Dataset Synthetic training datasets offer an advantage
over real datasets with regards to ethical issues and class imbalance problems as large-
scale face datasets have been criticized for lacking informed consent and reflecting racial

biases [17,55,274,300]. Despite the benefit, use of synthetic datasets as the sole training data is
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not widely adopted due to the resulting low recognition performance. In various domains such
as face recognition [17,150, 188|, fingerprint recognition [64,260], and anti-spoofing [158,219],
synthetic datasets have been shown to improve recognition when combined with real images.

In the face domain, SynFace [188] studied the efficacy of using DiscoFaceGAN [59] for
synthetic face generation. Recently, DigiFace-1M [17] studied the efficacy of 3D model based
face rendering in combination with image augmentations to create a synthetic dataset. We
propose a face dataset generation method that can generate both a large number of subjects
and diverse styles that are close to the real dataset.

4.3 Proposed Approach
We propose Dual Condition Face Dataset Generator (DCFace), a two-stage dataset

generator (see Fig. 4.2). Stage 1 is the Condition Sampling Stage, generating a high-quality
ID image (X;q) of a novel subject and selects one arbitrary style image (X,) from the bank
of real training data. Stage 2 is the Mixing Stage which combines the two images using the
Dual Condition Generator.

For trainable models in each stage, Stage 1 requires training an ID image generator G4.
For the style bank, we can conveniently use any real face dataset that we wish generated
samples to follow. Stage 2 requires training a dual condition mixer G,,;,. Both G;; and G,,;.
are based on diffusion models [91]. We describe each component and the associated training
procedure in the following subsections.

4.3.1 Preliminary

Diffusion models [91,213] are a class of denoising generative models that are trained
to predict an image from random noise through a gradual denoising process. One notable
difference from the class of GAN-based generators [79] is in the objective function and the
sampling procedure. The forward process as expressed in Eq. 4.1 corrupts the input X using

variance controlled Gaussian noise over t time-steps,

¢ (Xi|Xi1) =N (Xt; vi- 6tXt717ﬁtI> ; (4.1)

and the denoising is done by training a model €4( X, t) to predict the initial noise € with an
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Figure 4.3 Comparison of the number of unique subjects generated by DiscoFaceGAN [59]
and unconditional DDPM [91]. Uniqueness is the number of unique subjects measured by a
face recognition model. By varying the threshold which determines a match between two
subjects, we plot the number of unique subjects as defined in Eq. 4.11. Unconditional
DDPM and DiscoFaceGAN are trained on FFHQ [116] and each generates 10,000 samples.

The ability to generate novel subjects is larger for DDPM.

Ly objective,

ﬁzEnXO,e[Heg(\/oz_th—i—\/l—ozte,t) —eHﬂ (4.2)

X

B and oy are pre-set variance scheduling scalars. The denoising diffusion model (DDPM)
has shown success in producing diverse samples in text-conditioned image generation [190].
We find that in unconditional face generation, DDPM is also capable of generating many
unique subjects. For instance, Fig. 4.3 compares DiscoFaceGAN [59] with DDPM [91] in
their capacity to generate different subjects for every sample. It shows that DDPM [91] is a
good model choice for G;3 and G,,;; as it can generate many unique subjects. For G4, we
adopt the unconditional DDPM trained on FFHQ [116], having observed that it is capable of
generating a large number of unique subject images.
4.3.2 Dual Condition Generator G,,;,

The two-stage data generation requires Dual Condition Generator G,,;, which is a
conditional DDPM. Specifically, two conditions X;q and X, are injected into the denoiser

€0( X1, t, Eia(Xia), Esty (X)) using trainable feature extractors E;q and Ey, and cross-
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Figure 4.4 a) A diagram of G,,;, during training. At each step, we draw two labeled images
from the labeled training dataset and use them as X;; and X,. We ensure X4 to be the
good-quality frontal view image. e is the time-step embedding in DDPM [91]. X, also
serves as a target image and we apply Gaussian noise € to X, to create X; as DDPM
specifies. Then €y(X,,t, X;4, X, ) is trained to predict € using Lysp, conceptually
equivalent to the reconstruction loss to recover X,. We also apply L;p as in Eq. 4.10 for
the dependence on X,4. b) Patch-wise Style Extractor generates style vectors from small
patches of images. Style vectors are architecturally constrained from containing full ID
information. ¢) Time-step dependent ID Loss is a linear interpolation between the X;; and
Xty in the recognition feature space. It forces €y to rely on X4 to extract the subject’s

appearance and gradually shift the style to X,,.

B —)XA

attentions. G, is responsible for the operation X7 + Xty sty

a mixing of an image of

a novel subject A and an arbitrary style image of different subject B.

A

Naive training would require the reference image X , an image of subject A in the

style of X gy. This reference is absent in the labeled training dataset. As such, we modify

A A
sty - Xsty’

the operation to XA + X using two different images from the same subject as
illustrated in Fig. 4.4(a). But this formulation is prone to a trivial solution of ignoring X7,
making the ID condition unused during test time. To mitigate this issue, we propose the
following two elements.

Patch-wise Style Extractor £, The motivation of Style Extractor is to map an image

Xy to a feature that contains little ID information, forcing G, to rely on X4 for ID

information. In prior works such as StyleGAN, 1% and 2"¢ order statistics of a feature are
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shown to resemble the image style [116,123,136]. Yet, resulting statistics are reduced in
spatial dimensions and consequently without spatially local informations such as pose.

We propose a module that can extract style information without losing spatial information.
Specifically, consider a pretrained and fixed face recognition model F and its intermediate
feature Fy(Xyy) = Ly e RHW We divide the feature into a k x k grid. For each element

. . , H W . . : .
in the grid I¥ e R“%*% | we perform non-linear mapping on the mean and variance of I’;;y.

sty
Specifically,
It = BN(ConV(ReLU(Dropout(Ifzy)))), (4.3)
uf,fy — SpatialMean(I*), Uf{y — SpatialStd(I*), (4.4)
s" = LN (W, © pli, + Wo © 0li)) + Pos) (4.5)
By (X)) =8 =[s', 8% s"... " &, (4.6)

where s’ corresponds to I’;iy being a global feature, where k = 1. The final output s is
a concatenation of all style vectors for each patch. Each s* is a mean and variance of
local information which is constrained from containing full pixel-level details with the ID
information. And P, is a learned position embedding to let the model differentiate different
patch locations. BN and LN are BatchNorm [107] and LayerNorm [16]. Fj is a shallow CNN
taken from the early layers of a pretrained FR model. It is fixed and not updated to prevent
it from optimizing I, , serving only to create style information. By varying the grid size kxk,
we can represent style at different spatial locations. An illustration of Ey, can be found in
Fig. 4.4(b).

Time-step Dependent ID Loss To train Dual Condition Generator G,,;,, the original
DDPM objective of Ly loss, Eq. 4.2 is not sufficient to guarantee the consistency in subject
identity between the ID condition X,; and the prediction, XO. To ensure the ID consistency,
one could devise a loss function to maximize the similarity between X;; and the predicted

denoised image X, in the ID feature space using a pretrained FR model, F. Specifically,
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Figure 4.5 Illustration of conditional distributions in 2D space. Colored regions represent
the true data distribution with individual colors representing different labels. Colored

triangles represent generated samples with corresponding labels. For each scenario except
(a), the generated distribution does not follow the true distribution. Consistency, diversity

and uniqueness analysis can quantify the shortcomings.

following the Eq.15 of DDPM [91], one-step prediction of the original image is
Xo=(Xy — VI — awes(Xest, Xia, X))/ V0. (4.7)
A simple ID loss to increase cosine similarity (CS) is
Lusver = =C8 (F(Xi0), F(X0))) (48)

However, this loss is in conflict with MSE loss and is empirically observed to reduce the
predicted image quality. This is because the FR model, F' is not invariant to image style;
some style of X4 has to match in order to completely reduce Li.ive1- In contrast, one could
also use
Luaivez = =CS (F(Xi1,). F(X0)) ) (49)
as during training the label of X, and X4 are the same. However, Ly,ive2 causes the model
to depend on Xy, for ID information. Thus, during evaluation, when X, and X4 are
different subjects, the label consistency in the generated dataset is compromised. We show
this in Tab. 4.2.
Instead, we propose to interpolate between F'(X,4) and F'(X,) across diffusion time-steps.

Specifically,

Lip = — %CS <F(Xid)a F(XO>)> (4.10)

— (1= )CS (F(Xun). F(X0)))
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where %:% is a time-dependent weight that linearly changes from 0 to 1. When t=T, € is
predicting X, ; from random noise, and we let the model fully exploit the ID information of
Xiq. Gradually as t increases, we let the model’s prediction walk into the direction of Xg,.
Note that during training, the actual label of X, and X4 are the same. So the interpolation
in the loss forces the prediction to be the same in identity but gradually shifting in style
toward X,,. This loss allows €p(X¢,t, X4, Xsty)) to play different roles depending on ¢. For
t =T, € will exploit X;4 to infer front-view ID rich image. And as t — 0, it will change the
image’s style to match the style of X;,. The final loss is Ly;gg + AL;p with A as a scaling
parameter.

E;; and Conditioning Mechanism Following the success text-conditional image generation
and inpainting using DDPM [186, 190, 246|, we adopt a similar architecture for inserting
conditions into the model. We concatenate E;q(X;4) and Ey,(Xs,) and put in €y using
cross-attention and adaptive group normalization layers (AdaGN) [186]. E;4 is a CNN, with
the same architecture as a small FR model (e.g. ResNet50). And Ej; is trained end-to-end

with € to extract useful ID feature for eg.

4.3.3 Condition Sampling Strategy

ID Image Sampling For sampling ID images, we generate 200, 000 facial images from Gp,
from which we remove faces that are wearing sunglasses or too similar to the subjects in
CASIA-WebFace with the Cosine Similarity threshold of 0.3 using F,,,. We are left with
105,446 images. Then we narrow them down to 62,570 images that are unique according
to uniqueness, Eq. 4.11 using F.,y and 7 = 0.3. Then we explore two different options, 1)
random sampling and 2) gender/ethnicity balanced sampling as G4 has a skewed distribution
towards White subjects as shown in Tab. 4.1. We use [9] to classify the ethnicity and
use [109,257] to detect sunglasses. We denote the sampling option 1 as random and 2 as
balance.

Style Image Sampling For style sampling, for each X4, we randomly sample X, from

the style bank. We denote this option as random. We also explore the option of sampling
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White | Asian | Others | Black | Indian
CASIA-WebFace 0.634 0.144 | 0.074 0.074 | 0.072
DDPM G4 0.660 0.209 | 0.034 0.046 | 0.048
Balanced Ethnicity | 0.200 0.200 | 0.200 0.200 | 0.200

Table 4.1 Ethnicity Distribution of CASTA-WebFace. Ethnicity prediction is made using [9].

DDPM Gy is trained on FFHQ [116].

Xty from the pool of images whose gender/ethnicity matches that of X;;. We denote this
option as match.

4.4 Dataset Evaluation

In evaluating the synthesized dataset, one often adopts 1) FID [90] for evaluating the
distribution similarity to the real images and 2) subsequent recognition performance. In this
section, we propose three class-dependent metrics that aid us in understanding the property
of generated labeled datasets. We let F.,, be an recognition model used for evaluating
synthesized face datasets. Note that this is different from F in ID loss. F'is a model for
training loss and F,,; is for evaluating metrics. The more generalizable F,,,; is, the more
accurate the metrics become in capturing the identity and diversity of the synthesized dataset.

Let y. be a class label, and f; = F.,(X;). Let d(f;, f;) be the distance between two
images in F,,, feature space.

Uniqueness Consider the following non-overlapping r-ball in F,,, space,

U={fi:d(fi,f;) >r, j<i,i,5€{l,..,N}}, (4.11)
where d(f;, f;) is the cosine distance. Then |U| is the count of unique subjects determined by
the threshold r in an unlabeled dataset. Note that the set U is equivalent to sequentially
adding a r-ball into F,q-space until you cannot add more without collision. |U]| is subject to
both r and F_,4. In FR, r is a threshold in the FR model that is set to determine match or
non-match.

For a labeled synthetic dataset, one generates multiple feature sets {ff} for the same
label. To count the number of unique subjects, we calculate the number of unique centers,
fe= i S Ve fe for ¢ € {1, ...,C}, where C' is the number of subjects and N, is the number

N,

of images per subject. Then we define the number of unique subjects in a labeled dataset
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with |U.| where U, is
UC:{fC:d(fcn7fcm>>/r’m<n7n7me{17"70}}7 (4'12)

For the metric, we use Ugqss = |Ue|/C, the ratio between the number of unique subjects and
the number of labels.
Intra-class Consistency It measures how consistent the generated samples are in adhering

to the label condition, as

C N,
1 1

Cintra = 5 Z ﬁc Z d( z’c> fc) < T, (413)
c=1 i=1

which is the ratio of individual features f{ being close to the class center f¢. For a given
threshold r, higher values of C;,;., mean the samples are more likely to be the same subject
under the same label.

Intra-class Diversity It measures how diverse the generated samples are under the same
label condition. Note that the diversity is in the style of an image, not in the subject’s
identity. We define the style space as a vector space defined by Inception Network [19§]
features pretrained on ImageNet [53| following the convention of [134], denoting the real and
generated image inception vectors as {s{}, {35}.

For intra-class diversity, we measure how many real images fall into the style space
manifold defined by the generated images under the same label condition. We compute this
by extending the Improved Recall Metric [134], from comparing the unconditional distributions
of real and fake images to comparing the label-conditional distributions. Specifically, for a
set of real and generated feature vectors {s{}, {35} under the same label condition y., we
define k-nearest feature distance r, as 1, = d (§j — NN, (§j, {§j})), where NN, returns the
k-nearest feature vector in {55} and

1,38 € {55} st d (55— 55) <y

I(si, {55})= (4.14)

0, otherwise.
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Figure 4.6 A plot of FR performance on 5 synthetic datasets with respect to Consistency

and Diversity metrics. Color intensity and circle size denotes the FR accuracy.

d(-) is an Euclidean distance. Then diversity is defined by

C N

Dintra = Z > A {35} (4.15)

N =

which is the fraction of real image styles manifold covered by the generated image style
manifold as defined by k-nearest neighbor ball. If the style variation is small, then r; becomes
small, reducing the chance of d (sf — §§) < r,. We compute the recall per class to capture
style variation conditional on the subject label.

In Fig. 4.5, we illustrate different scenarios of conditional generation and how these metrics
can capture the shortcomings in each scenario. In Sec. 4.5 and Fig. 4.6, we measure the
metrics on our generated datasets and compare with previous synthetic datasets [17,188].
We find that FR performance is at best when consistency and diversity are balanced. Also,
we find SynFace and DigiFace have high Cj,4,, and low D4, compared to our method in
Fig. 4.5.

4.5 Experiments

For ;4 which generates ID images, we adopt the publicly released unconditional DDPM [91]
trained on FFHQ [116]. For G, we train it on CASIA-WebFace [99] after initializing
weights from G;4. Although using all of CASTA-WebFace is a valid setting, we split it into a

95-5 split between train and validation sets. The validation set is used as a real dataset in
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[Grid Size| Loss [Loss Model[ Uctass | Cintra | Dintra | FR Perf. |

SynFace - . 0.080 [ 0.9966 | 0.131 | 74.75
DigiFace | - - 0.178 | 0.9973 | 0.297 | 83.45
Ix1 0.978]0.9987 0.4418 | 79.28
3x3 I F 0.956 | 0.9809 | 0.7030 | 85.79
5x5 o 0.924 | 0.9035 | 0.7734 | 89.04
T 0.690 | 0.5937 | 0.7950 | 50.00
Luaivel 0.98870.9996 | 0.6546 | 84.75

5%5 | Lnaive2 F 0.866 | 0.8046 | 0.7835 | 50.00
Lip 0.924 | 0.9035 | 0.7734| 89.04

s I F 0.924 [ 0.9035 | 0.7734 | 89.04
S Fhigger | 0.954]0.9197 | 0.7715 | 89.89

Table 4.2 Model Ablation. For FR performance, we generate a synthetic dataset of 10K
subjects with 50 images per subject using (random, random) ID and style sampling strategy.

Blue color indicates the adopted setting for subsequent experiments.

measuring the uniqueness, consistency and diversity metrics. G,,;, is trained for 10 epochs
with a batch-size of 256 using AdamW Optimizer [129,164] with the learning rate of 0.001.
Training takes 8 hours using two A100 GPUs. Once G,,;, is trained, we use G;q, Gz and a
style bank to generate a synthetic labeled dataset. The style bank is the CASTA-WebFace
training set. For sampling, we use DDIM [215] with 200 intervals. Generating 500K samples
takes about 20 hours using one A100 GPU.

To train FR models, for a fair comparison, we adopt the training scheme of [17,188] using
IR-SE-50 [55] as a backbone and AdaFace [122] as a loss function. We evaluate the trained
FR models on five datasets, LFW [100], CFP-FP [202]|, CPLFW |[296], AgeDB [174] and
CALFW [297]. CFP-FP and CPLFW are designed to measure the FR in the large pose
variation and AgeDB and CALFW are for the large age variation. To measure the consistency,
diversity and uniqueness during evaluation, we adopt F.,q as IR101 [55] model trained on

WebFace4M [300] with AdaFace [122] loss.

4.5.1 Model Ablation

To show the efficacy of our proposed modules, we ablate on 1) the grid size in Style
extractor Eg,, 2) Time-step dependent ID loss and 3) the ID loss backbone F’s. The number
of samples we generate for the ablation are 10K subjects with 50 images per subject, similar

to CASTA-WebFace image counts. We report the FR performance with the synthetic data by
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averaging the 5 validation set verification accuracies. To measure U.jqss, Cintra and Dipira,
we use 500 subjects with 20 real images from the held-out validation set of CASIA-WebFace
and generate an equivalent number of images from each method.

Grid Size We choose 4 grid sizes ranging from 1x1 to 7x7. Note that 1x1 corresponds
to the style vector of a whole image. We expect to see higher spatial control in X, as the
grid size increases. In Tab. 4.2, we report the three metrics Ugqss, Cintra and Dipgrq. As
the grid size increases, g, features contain more fine-grained information, possibly related
to ID, lowering the consistency. However, the diversity increases, making the conditional
distribution similar to the real dataset. The subsequent FR performance using the model is
the best in the setting 5 x5, which is a good compromise between consistency and diversity.
In Fig. 4.7, we show the effect of the grid size with examples.

ID Loss For ID loss, we compare Lip with Ljaver and Lypaivee in Tab. 4.2, Using Lyaiver
or Lyaiveo both suffer from lower FR performance, but for different reasons. L1 has low
diversity because it is optimized to be similar to X;; of front-view high quality face images.
Lyaivez has low consistency because of the lack of dependence on X4, making the resulting
dataset with random labels. FR performance of 0.5 means the model diverged and is returning
random predictions. Lip, a linear interpolation of the L .ive1 and Lyaiveo across time-steps
results in the best performance.

ID Loss Backbone F' ID Loss requires a pretrained FR model, F'. For all of our experiments,
we use F' as IR50 trained on CASIA-WebFace. But, we are curious if there is a benefit to
have a better representation from F'. For this, we ablate Fj;gge,, @ model pretrained on a
larger dataset, WebFace4dM [300]. Tab. 4.2 shows that a better FR backbone induce the
generator to synthesize better datasets, even without explicitly showing WebFace4M images
to generators. But for fairness in comparing to the real CASIA-WebFace dataset, we do not

use Fp;gqer for subsequent analysis.
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1D Style LFW |CFPFP | CPLFW | AGEDB | CALFW || AVG
random | random | 98.05 | 84.17 82.20 89.38 91.40 89.04
random | match | 98.28 | 84.61 82.32 89.12 91.28 89.12
balance | random | 98.30 | 83.27 81.60 89.40 91.27 88.77
balance | match | 98.38 | 84.06 82.45 89.30 91.38 89.11
balance | over smpl|98.55 | 85.33 | 82.62 89.70 91.60 || 89.56

Table 4.3 Sampling Ablation. We generate a synthetic dataset of 10K subjects with 50
images per subject, using the setting indicated by the blue text in Tab. 4.2. over smpl is

over-sampling X;; during training for showing more front-view faces.

[ Methods Venue [ # images (# IDsx # imgs/ID) [ LFW [ CFP-FP | CPLFW [ AgeDB [ CALFW [ Avg [ Gap to Real |

SynFace ICCV21 | 0.5M (10K x 50) 91.93 75.03 70.43 61.63 74.73 74.75 26.58
DigiFace WACV23 | 0.5M (10K x 50) 95.4 87.4 78.87 76.97 78.62 83.45 13.39
DCFace (Ours) - 0.5M (10K x 50) 98.55 85.33 82.62 89.70 91.60 89.56 5.65
DigiFace WACV23 | 1.2M (10K x 72 + 100K X 5) 96.17 89.81 82.23 81.10 82.55 86.37 9.55
DCFace (Ours) - 1.0M (20K x 50) 98.83 88.4 84.22 90.45 92.38 90.86 4.14
DCFace (Ours) - 1.2M (20K x 50 4 40K x 5) 9858 | 83.61 | 85.07 | 90.97 | 92.82 | 91.21 3.74

[ CASIA-WebFace (Real) | 0.49M (approx. 10.5K x 47) [ 9942 | 96.56 | 89.73 [ 94.08 | 9332 [ 94.62 ] 0.0 ‘

Table 4.4 Verification accuracies of FR models trained with SoTA synthetic training
datasets. SynFace [188] is a GAN-based dataset with a latent space mixup technique.
DigiFace [17] is a 3D model-based dataset with heavy image augmentation. DCFace uses the
model setting from the ablation study, Tab. 4.2, 4.3 indicated by blue colors. FR backbone is

IR-SE50 [55] + AdaFace [122] to match the setting of DigiFace.

4.5.2 Sampling Ablation

Using the sampling strategy defined in Sec. 4.3.3, we ablate on the ID sampling options
(random, balance) and style sampling methods (random, match) in Tab. 4.3. We find that
either balancing the gender/ethnicity distribution or making the gender/ethnicity of style
image equal to that of ID images does not bring significant performance gain.

On the other hand, to compensate for lower label consistency compared to the real
dataset, we include the same X, for 5 additional times for each label. This has the effect
of oversampling X;; during training FR model. When we add the oversampling option
to (balance, match) setting, we observe an average verification accuracy of 89.56%, 0.52%

increase over the (random, random) setting.
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Figure 4.7 An example of SynFace and DigiFace in rows 1-2 and DCFace with different grid
size settings in rows 3-7. SynFace (DiscoFaceGAN) generates mostly frontal-view
high-quality images and DigiFace contains synthetic face images with unrealistic texture
compared to real images. Our grid size ablation changes the contribution of X, and X;4. A
good FR performance is a compromise in-between, 5x5. Note that our method can have
diverse styles such as low lighting, pose, glassses, hat, etc. Using X,; to query subjects in
CASTA-WebFace and DCFace datasets returns top 5 most similar subjects. We see X4

sufficiently different from other (real or fake) subjects.

4.5.3 Comparison with Previous Methods

For training FR models with synthetic datasets, we compare with SynFace [188] and
DigiFace [17]. We compare 0.5M and 1.2M image count settings. The first setting corresponds
to the size of the CASTA-WebFace real dataset. The second setting is to evaluate the effect
of increasing the training dataset size. In Tab. 4.4, we show the verification accuracies of 5
validation sets. In 0.5M regime, our DCFace can surpass DigiFace in 4 out of 5 datasets with
an improvement of 6.11% on average. In CFP-FP dataset with extremely large pose variation,
DigiFace performs better, showing the merit of 3D consistent face synthesis using 3D models.
DCFace has a good balance of consistency and diversity with many unique subjects, leading
to a better FR performance in general. Note the larger style variation compared to SynFace

and DigiFace in Fig. 4.7.
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The last column of Tab. 4.4 shows the gap between synthetic and real, calculated as

(REAL—SYN)/SYN, e.g. 5.65%=2162=8950 [t indicates how much improvement is needed
to be on par with the real dataset. In 0.5M setting, DCFace reduces the gap to real
performance by 57% over the SOTA. When we use more synthetic data as in 1.2M regime,

the synthetic dataset performance comes closer to that of the real dataset (3.74% in gap), a

60.9% improvement from the previous method (9.55% in gap).
4.6 Training Details

4.6.1 Architecture Detals

The dual condition generator G,,;, is a modification of DDPM [91] to incorporate two con-
ditions. We insert two conditions X4 and X, into the denoising U-Net €y( X, t, X4, Xsty).
Conditioning images X, and X4 are mapped to features using Eg, and E,4, respectively.
According to Eq. 6 of the main paper, the style information Eg, (X, ) is the concatenation

of style vectors at different kx k patch locations,
Euy(Xgy) =5 = [s', 8% s".. " s] ¢ REFH1XC, (4.16)

On the other hand, ID information is a concatenation of features extracted from a trainable
CNN (e.g. ResNet50 [86]), which produces an intermediate feature I;4 of shape R™™52and a

feature vector fi; of shape R3'2. Specifically,
Ei(X;q) =1 = [Flatten(Lg), fia] + Pemp € R?C, (4.17)

where Flatten refers to removing the HxW spatial dimension and R** is from concatenating
features of length 7«7 and 1. P.,,; is a learnable position embedding for distinguishing
each feature position for the subsequent cross-attention operation. Detailed illustrations of
Eg,(Xsy) and E,;4(X;q) are shown in Fig. 4.8. C for the channel dimension of Ey, (X))
and Eiq(X,q) is 512.

When FEg,(Xg,) and E;4(X;q4) is prepared, they together form (k? 4+ 1) + 50 vectors of
shape 512. These can be injected into the U-Net €4 by following the convention of the DDPM

based text-conditional image generators [190]. Specifically, cross attention operation can be
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Figure 4.8 Left: An illustration of X,. The key property of X, is in restricting the
information in X, from flowing freely to the next layer. The fixed feature encoder F, and
the patch-wise spatial mean-variance operation destroy the detailed ID information while
preserving the style of an image. We create an output of size REH1XC Right: A simple
CNN based on ResNet50. We take intermediate representation and the last feature vector

and concatenate them together to create a output of size R?>C.

written as a modification of attention equation [236] with query @, key K and value V' with
additional query Q., key K..

QW, (KW,)'

Vd
QWQ ([K7 Kc]Wk

Vd

where W, Wy, and W, are learnable weights and [-] refers to concatenation operation. In

Attn(Q, K, V') = SoftMax ( > w,V, (4.18)

.
Cross-Attn(Q, K, V', K., V.) = SoftMax ( ) ) W[V, V], (4.19)

our case, Q = K =V are an arbitrary intermediate feature in the U-Net. And K, =V,
are conditions generated by Eg, (X, ) and E;4(Xq), concatenated together. This operation
allows the model to update the intermediate features with the conditions if necessary. We
insert the cross-attention module in the last two DownSampling Residual Blocks in the U-Net,
as shown in Fig. 4.9.

To increase the effect of X, in the conditioning operation, we also add f;4 to the time-step
embedding t.,,,- As shown in the right side of Fig. 4.9, the Residual Block in the U-Net
modulates the intermediate features according to the scaling vector provided by fiq + tems-
GNorm [259] refers to Group Normalization and SiLU refers to Sigmoid Linear Units [63].

Adding f;q to t.,, for the Residual Block allows more paths for X;4 to change the output of
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Figure 4.9 Illustration of DDPM U-Net with conditioning operations highlighted. The red
arrow indicates how the dual conditions are injected into the intermediate features of U-Net
using cross-attention layers. For clarity, up-sampling stages are not illustrated, but they are
symmetric to the down-sampling stages. On the right is a detailed illustration of the
Residual Block with timestep and ID condition. t.,,, and f;; from F;; are added together

and used to scale the output of the Residual Block.

U-Net.

4.6.2 Training Hyper-Parameters

The final loss for training the model end-to-end is Ly;sg + AL;p with A as a scaling
parameter. We set A = 0.05 to compensate for the different scale between L2 and Cosine
Similarity. All our input image sizes are 112 x 112, following the convention of SoTA face

recognition model datasets [55,99,300]. And our code is implemented in Pytorch.
4.7 More Experiment Results

4.7.1 Adding Real Dataset

We include additional experiment results that involve adding real images. Although the
motivation of the paper is to use an only-synthetic dataset to train a face recognition model,
the performance comparison with an addition of a subset of the real dataset has its merits; it
shows 1) whether the synthetic dataset is complementary to the real dataset and 2) whether
the synthetic dataset can work as an augmentation for real images.

Tab. 4.5 shows the performance comparison between DigiFace [17] and our proposed
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DCFace when 1) a few real images are added and 2) both synthetic datasets are combined.
The performance gap for DigiFace is large, jumping from 86.37 to 92.67 on average when
2K real subjects with 20 images per subject are added. In contrast, ours show a relatively
less dramatic gain, 91.21 to 92.90 when few real images are added. This indicates that
DigiFace [17] is quite different from the real images and ours is similar to the real images.
This is in-line with our expectation as we have created a synthetic dataset that tries to mimic

the style distribution of the training dataset, whereas DigiFace simulates image styles using

3D models.

4.7.2 Combining Multiple Synthetic Datasets

In the second to the last row of Tab. 4.5, when we combined the two synthetic datasets
without the real images, the performance is the highest, reaching 93.06 on average. This result
indicates that different synthetic datasets can be complementary when they are generated

using different methods.

# Synthetic Imgs # Real Imgs | LFW | CFPFP | CPLFW | AGEDB | CALFW || AVG G}?};’;O
DigiFace | 1.2M (10K x 72+ 100K x 5) 0 96.17 | 89.81 | 8223 | 81.10 82.55 | 86.37 | 8.72
DigiFace | 1.2M (10Kx72+100Kx5) | 2Kx20 | 99.17 | 94.63 88.1 90.5 90.97 || 92.67 | 2.06
DCFace | 1.2M (20K x 50+40K x 5) 0 98.58 | 88.61 | 85.07 | 90.97 | 9282 [91.21[ 3.61
DCFace | 1.2M (20K x 50+40K x 5) 2Kx20 | 9897 | 94.01 | 86.78 | 9180 92.95 | 92.90 | 1.82
\ DCFace-+ DigiFace (2.4M) \ 0 19920 [ 9363 | 8725 [ 9225 [ 92.95 [ 93.06 ] 1.65 |
[ CASIA | 0 | 05M  [99.42] 9656 [ 89.73 | 94.08 | 9332 [9462] 0 |

Table 4.5 Verification accuracies of FR models trained with synthetic datasets and subset of
real datasets. In all settings, the backbone is set to IR50 [55] model with AdaFace loss [122]

for a fair comparison.

4.8 Analysis

8C.1 Unique Subject Counts In Fig. 4.10, we plot the number of unique subjects that
can be sampled as we increase the sample size. The blue curve shows that the number of
unique samples that can be generated by a DDPM of our choice does not saturate when we
sample 200,000 samples. At 200,000 samples, the unique subjects are about 60,000. And

by extrapolating the curve, we estimate the number might reach 80,000 with more samples.
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Our DDPM of choice is trained on FFHQ [116] dataset which contains 70,000 unlabeled
high-quality images. The orange line shows the number of unique samples that are sufficiently
different from the subjects in the CASIA-WebFace dataset. The green line shows the number
of unique samples left after filtering images that contain sunglasses. The flat region is due
to the filtering stage reducing the total candidates. The plot shows that DDPM trained
on FFHQ dataset can sufficiently generate a large number of unique and new samples that
are different from CASIA-WebFace dataset. However, with more samples, eventually there
is a limit to the number of unique samples that can be generated. When the number of
total generated samples is 100, 000, one additional sample has approximately 24% chance
of being unique, whereas, at 200,000, the probability is 15%. The rate of sampling another
unique subject decreases with more samples. The model used for evaluating the uniqueness
is IR101 [55] trained on the WebFace4M [300] dataset. And we use the threshold of 0.3. We
would like to note a typo in Sec. 3.3 of the main paper, where the number of unique subjects

should be corrected from 62,570 to 42, 763.

60000

50000

40000
30000
20000

= Unique
10000 Unique + Different from CASIA-WebFace
- Unique + Different from CASIA-WebFace + Filtering

Uniqueness Count

0

0 25000 50000 75000 100000 125000 150000 175000 200000
Number of Samples

Figure 4.10 Plot of unique subject count as the number of samples from G4 is increased
from 1000 to 200,000. At 200,000, one additional sample has approximately 15% chance of

being unique. And the rate decreases with more samples.

8C.2 Feature Plot In Fig. 4.11, we show the 2D t-SNE [235| plot of synthetic images
generated by 3 different methods (DiscoFaceGAN [59], DigiFace [17] and proposed DCFace).
The red circles represent real images from CASIA-WebFace. We extract the features from
each image using a pre-trained face recognition model, IR101 [55] trained on WebFace4M [300].

We show two settings we sample (a) 50 subjects with 1 image per subject and (b) 1 subject

82



with 50 images per subject. Note that the proximity of DCFace image features is closer
to CASTA-WebFace image features, highlighted in a circle. For each setting, we show the
features extracted from an intermediate layer of IR101 and the last layer. As the layer

becomes deeper, the features become suitable for recognition, as shown in the last column of

the figure.
(a) 50 Subject 1 Images (Inter-class Dist.) (b) 1 Subject 50 Images (Intra-class Dist.)
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Figure 4.11 (a) the t-SNE plot of features from synthetic and real datasets of 50 subjects
per dataset. It shows how 50 randomly sampled subjects from each dataset are distributed.
The distribution between real (red) and DCFace (green) is the closest. (b) the t-SNE plot of
features from synthetic and real datasets of 1 subject per dataset with 50 images. We
randomly sample 1 subject from each dataset. The last layer features are well separated as

the model is a face recognition model that separates the features of different subjects.

8C.3 Comparison with Classifier Free Guidance

When €(x4, ¢) learns to use the condition ¢, the difference €(z;, ¢) —€(x;) can give further
guidance during sampling to increase the dependence on c. But, in our case, the ID condition
is the fine-grained facial difference that is hard to learn with MSE loss. Proposed Time-
dependent ID loss, L;p helps the model learn this directly. Row 3 vs 4 of Tab. 4.6 shows
that L;p is more effective than CFG.

Interestingly, with a large guidance scale, CFG becomes harmful. CFG decreases diversity
as pointed out by [92]. We observe that guidance with X;, leads to consistent ID but with

little facial variation, the same phenomenon in DCFace with grid-size 1x1 in Eg,,, in Tab. 2
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\ ‘ Conditions ‘ Train Loss ‘ Sampling | FR.Perf 1 ‘

| 1] CNN(Xq), CONN(Xy,) | MSE | + Guide | 7338 |
2 [ ONN(Xia), Fury(Xaty) MSE x 82.30
3| ONN(Xi0), Ly (Xaty) MSE + Guide 84.05
4 | ONN(Xi0), Fuy(Xay) | MSE+L;p X 89.56

Table 4.6 Green Fy, and L;p indicates the novelty of our paper. For guidance, we adopt
10% condition masking during training and the guidance scale of 3 during sampling. FR.Perf

is an average of 5 face recognition performances as in the main paper.

(main). Good FR datasets need both large intra and inter-subject variability and we combine
Eg, and L;p to achieve this.

8C.4 FID Scores Note that our generated data is not high-res images like FFHQ when
compared to how SynFace is similar to FFHQ. (Tab. 4.7 row 5 vs 6). But, we point out that
our aim is not to create HQ images but to create a database with realistic inter /intra-subject
variations. In that regard, we have successfully approximated the distribution of the popular

FR training dataset CASIA-WebFace (FID=13.67).

| Generator Train Data | Source (real/syn) |  Target (real) [FID ||

|
|

1] - | CASIA (train) | CASIA (val) | 9.57 |
2 CASIA (train) DCFace CASIA (val) 13.67
3 FFHQ+3DMM SynFace CASIA (val) 38.48
4| 3D Face Capture DIGIFACEIM CASIA (val) 71.65
5 CASIA (train) DCFace FFHQ (train+val) | 35.45
6 FFHQ+3DMM SynFace FFHQ (train-+val) | 21.75
7 3D Face Capture DIGIFACEIM | FFHQ (train+val) | 68.67

Table 4.7 FID scores of synthetic vs real datasets. For synthetic datasets, we randomly
sampled 10,000 images. See Line 630 for Casia-WebFace Train and Val set split. All images

are aligend and cropped to 112x112 to be in accordance with CASIA-WebFace.

Having said this, we note FID is not comprehensive in evaluating labeled datasets. It
cannot capture the label consistency nor directly relate to the FR performance. As such,
SynFace/DigiFace do not report FID. We propose U,D,C metrics that enable holistic analysis

of labeled datasets.
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8C.5 Does DCFace change gender? DCFace combines X;p and X, while adhering to
the subject ID as defined by a pre-trained FR model. Factors weakly related to ID, such
as age and hair style, can vary. Biometric ambiguity can occur due to makeup, wig, weight
change, etc. even in real life. The perceived gender may change, but changes such as hair are
less relevant to subject ID for the FR model.

8C.6 Why DCFace is better in U,D,C metrics? We note DCFace is not better in all
U,D,C. Fig. 6 (main) shows SynFace has the highest consistency (C). But, DCFace excels in
the tradeoff between C and D. In other words, style similarity to the real dataset (i.e. D) is
lacking in other datasets and it is as important as ID consistency. As such, U,D,C metrics

reveal weak /strong points of synthetic datasets.
4.9 Visualizations

4.9.1 Time-step Visualizaton

Fig. 4.12 shows how DDPM generates output at each time-step. The far left column
shows X, the desired style of an image. The far right column shows X4, the desired ID
image of choice. In early time-steps, the network reconstructs the front-view image with
an ID of X;4. And gradually, it interpolates the image into the desired style of X,. The

gradual transition can be in the pose, hair-style, expression, etc.

Figure 4.12 A plot of DCFace outputs at each time-step.
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4.9.2 Interpolation

In Fig. 4.13, we show the plot of interpolation in X,. While keeping the same identity
X4, we take two style images X1 and X0 We interpolate with av in aEgppy (Xst1) + (1 —
@) By (Xsy2) wWith « increasing linearly from 0 to 1. The interpolation is smooth, creating

an intermediate pose and expression that did not exist before.

Figure 4.13 A plot of DCFace output with style interpolation.

4.10 Miscellaneous

Similarity threshold Threshold=0.3 is based on FR evaluation model having a threshold
of 0.3080 for verification with TPRQFPR=0.01% : 97.17% on 1JB-B [253]. FPR=0.01% is
widely used in practice and the scale of similarity is (—1, 1). At threshold=0.3, FFHQ has 200

(2%) more unique subjects than DDPM, signaling a similar level of uniqueness.

Style Extracting Model We use the early layers of face recognition model for style
extractor backbone. Our rationale for adopting the early layers of the FR model, as opposed
to that of the ImageNet-trained model is that the early layers extract low-level features and
we wanted features optimized with the face dataset. But, it is possible to take other models

as long as it generates low-level features.
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Evaluation on Harder Datasets We evaluate on IJB-B [253] (TPRQFPR=0.01%: 75.12)
and TinyFace [46] (Rankl: 41.66). We include this result for future works to evaluate on

harder datasets.

Real and Generated Similarity Analysis In addition to Fig.7 mathcing X;4 with CASIA-
WebFace, matching all Xo (generated) images against CASIA-WebFace at threshold=0.3, we
get 0.0026% FMR. This implies that only a small fraction of CAISA-WebFace images are

similar to the generated images.

4.11 Societal Concerns

We believe that the Machine Learning and Computer Vision community should strive
together to minimize the negative societal impact. Our work falls into the category of
1) image generation using generative models and 2) synthetic labeled dataset generation.
In the field of image generation, unfortunately, there are numerous well-known malicious
applications of generative models. Fake images can be used to impersonate high-profile figures
and create fake news. Conditional image generation models make the malicious use cases
easier to adapt to different use cases because of user controllability. Fortunately, GAN-based
generators produce subtle artifacts in the generated samples that allow the visual forgery
detection [14,76,245,279]. With the recent advance in DDPM, the community is optimistic
about detecting forgeries in diffusion models [203]. It is also known that proactive treatments
on generated images increase the forgery detection performance [14], and as generative models
become more sophisticated, proactive measures may be advised whenever possible.

Synthetic dataset generation is, on the other hand, an effort to avoid infringing the privacy
of individuals on the web. Large-scale face dataset is collected without informed consent and
only a few evaluation datasets such as IJB-S [112] has IRB compliance for safe and ethical
research. Collecting large-scale datasets with informed consent is prohibitively challenging
and the community uses web-crawled datasets for the lack of an alternative option. Therefore,

efforts to create synthetic datasets with synthetic subjects can be a practical solution to this
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problem. In our method, we still use real images to train the generative models. We hope
that research in synthetic dataset generation will eventually replace real images, not just in
the recognition task, but also in the generative tasks as well, removing the need for using

real datasets in any form.

4.12 Implementation Details and Code

The code will be released at https://github.com/mk-minchul/dcface. For preprocess-
ing the training data CASIA-WebFace [99], we reference AdaFace [122] and use MTCNN [285]
for alignment and cropping faces. For the backbone model definition, TFace [3] and for
evaluation of LFW [100], CFP-FP [202], CPLFW [296|, AgeDB [174] and CALFW [297], we
use AdaFace repository [122].

4.13 Conclusion

This paper presents a method for creating a synthetic training dataset for face recognition.
Dataset generation is studied from the perspective of generating many unique subjects with
large style diversity and label consistency. We propose the Dual Condition Face Generator to
this end and show its large FR performance gain over previous methods on synthetic dataset
generation. We believe our approach takes one step towards matching the performance of
real training datasets with synthetic training datasets.

Limitations This work addresses the problem of generating label consistent and diverse
datasets for face recognition model training. In our model ablation, we find that sacrificing
label consistency for diversity to some degree is beneficial for the FR model training. However,
this is not ideal; for instance, our synthetic face generator lacks 3D consistency across pose,
which is an advantage of generative models with 3D priors. Secondly, the goal of our research
is to release a synthetic face dataset that alleviates the dependence on large-scale web-crawled
images. As shown in our experiments, there is still some performance gap between real and
synthetic training datasets. In this work, we take one step towards the goal and hope that

the continued research will introduce a standalone synthetic face dataset.
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CHAPTER 5

KEYPOINT RELATIVE POSITION ENCODING FOR FACE RECOGNITION

In this paper, we address the challenge of making ViT models more robust to unseen
affine transformations. Such robustness becomes useful in various recognition tasks such as
face recognition when image alignment failures occur. We propose a novel method called
KP-RPE, which leverages key points (e.g. facial landmarks) to make ViT more resilient
to scale, translation, and pose variations. We begin with the observation that Relative
Position Encoding (RPE) is a good way to bring affine transform generalization to ViTs.
RPE, however, can only inject the model with prior knowledge that nearby pixels are more
important than far pixels. Keypoint RPE (KP-RPE) is an extension of this principle, where
the significance of pixels is not solely dictated by their proximity but also by their relative
positions to specific keypoints within the image. By anchoring the significance of pixels
around keypoints, the model can more effectively retain spatial relationships, even when those
relationships are disrupted by affine transformations. We show the merit of KP-RPE in face
and gait recognition. The experimental results demonstrate the effectiveness in improving
face recognition performance from low-quality images, particularly where alignment is prone

to failure. Code and pre-trained models are available.

5.1 Introduction

Geometric alignment has shown to be highly effective for certain computer vision problems,
such as face, body and gait recognition [55,56,100,122,128,131, 139,149,154, 169,172,174,
202, 240, 253, 289, 290, 292, 296]. Alignment is the process of transforming input images,
to a consistent and standardized form, often by scaling, rotating, and translating. This
standardization helps recognition models learn the underlying patterns and features more
effectively. As a result, many state-of-the-art (SoTA) face recognition models [55,122,172,240]
rely on well-aligned datasets [54,55,82,300] to achieve high accuracy.

Fig. 5.1 shows a toy example with a training dataset MNIST [58] and test set AfINIST [197]

which is in unseen affine transformation of MNIST. Using a shallow ViT [61] model, one can
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Toy Example for Measuring Affine Transformation Robustness

Train Set & ﬂ .

(MNIST) n‘ ‘.
F.

(AffNIST) &. d'-.

Unseen Affine Transform Keypoints*

KP-RPE offers robustness to

3 —_
-PE - I s
Abs-PE = unseen affine transforms by g
& using keypoints. =
Abs-PE* - ; E Jq—lJ
~ o
© e
— 0
RPE- " P2
e
N 0
iRPE- ) : 2
& v is
32 H
KP-RPE- <
o
80 85 90 95 100

AfINIST Test Accuracy %

Figure 5.1 Toy Example illustrating how different Position Embeddings impact the ViT’s
robustness to unseen affine transforms. Abs-PE refers to the learnable Absolute Position
Embedding. RPE and iRPE refers to Relative Position Embedding adopted to ViT [105,256].
Keypoints in MNIST is arbitrarily defined to be the four corners of a box that covers a digit.
Abs-PE* is drawing the keypoints onto the input image. KP-RPE uses the keypoints to
adjust the RPE.

easily achieve 98.1% accuracy in the MNIST test set. However, in AfINIST, ViT with the
original Absolute Position Embedding obtains only 77.27% accuracy. Such a sharp decrease
in performance with unseen affine transform causes problems in applications that rely on
accurate input alignments.

In face recognition, alignment can be imperfect, especially in low-quality images where
accurate landmark detection is difficult [54,148]. Thus, images with low resolution or taken
in poor lighting may result in misalignment during testing. Given the interplay between
alignment and recognition, it becomes crucial to proactively handle potential alignment
failures, which often result from, e.g., low-quality images. In other words, there is a need for
a recognition model that is robust to scale, rotation, and translation variations.

We revisit the Relative Position Encoding (RPE) concept used in ViT [61] and find

90



Problem: query key relationship is invariant to scale, pose change Keypoint H}) Dependent

) ~ RPE: relationship based on distance in the image plane. S ! S KP-RPE
Image Space T Scale Change Pose Change Unique Bj; for different <}>
ot : f \ f
o = s b
\ & BE ) :
Key Sl g e

/ Ll 7 4 %

B;; for RPE » N N N y

(learned attention offset) Al ﬁ*' ) A\l fOx, ) A\l fOx.4) ‘\ fOx, ’+)

Relative Position Embedding a) Eye to Nose Relationship b) Eye to Mouth Relationship  ¢) Skin to Skin Relationship d) Eye to Mouth Relationship

Figure 5.2 [llustration of RPE [205] and proposed KP-RPE. The blue arrow represents the
learned attention offset B;; between a query 7 and key j of attention in RPE. The query-key
relationship at the same 7 and j should represent different relationships as the scale or pose
change. But B;; does not change in RPE. KP-RPE addresses this issue by incorporating the

distance to the keypoints when calculating the learned attention offset in RPE.

that RPE can be useful for introducing affine transform robustness. RPE [205] enables the
model to capture the relative spatial relationships among regions of an image, learning the
positional dependencies without relying on absolute coordinates. As shown in Fig. 5.1, adding
RPE to ViT increases the performance in AffINIST. With RPE [205], queries and keys of
self-attention [236] at closer distances can be assigned different attention weights compared
to those at a greater distance. While RPE allows the model to exploit relative positions,
it has a limitation: even if an image changes in terms of scaling, shifting, or orientation,
the significance of the key-query position in RPE stays the same. This static behavior is
illustrated in Figs. 5.2 a)-c). Notably, the key-query relationship is the same regardless of the
corresponding pixels’ semantic meaning changes.

We hypothesize that an RPE which dynamically adapts based on image keypoints, such
as facial landmarks, could improve the model’s comprehension of spatial relationships in the
image. By leveraging the spatial relationships with respect to these keypoints, the model can
adapt to variations in scale, rotation, and translation, resulting in a more robust recognition
system capable of handling both aligned and misaligned datasets. Fig. 5.2 d) highlights a
keypoint-dependent query-key relationship.

To this end, we introduce KeyPoint RPE (KP-RPE), a method that dynamically adapts
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the spatial relationship in ViT based on the keypoints present in the image. Our experi-

ments demonstrate that incorporating KP-RPE into ViT significantly enhances the model’s

robustness to misaligned test datasets while maintaining or even improving performance on

aligned test datasets. We show the usage of KP-RPE in face recognition and gait recognition

as the inputs share the same topology (face or body) that allows the keypoints to be defined.

Finally, KP-RPE is an order of magnitude faster than iRPE [256], a widely used RPE that

depends on the image content.
In summary, the contributions of this paper include:

@ The insight that RPE (or its variants) can improve the robustness of ViT to unseen affine
transformations.

® The development of Keypoint RPE (KP-RPE), a novel method that dynamically adapts
the spatial relationship in Vision Transformers (ViT) based on the keypoints in the image,
significantly enhancing the model’s robustness to misaligned test datasets while maintaining
or improving performance on aligned test datasets.

® Comprehensive experimental validation demonstrating the effectiveness of our proposed
KP-RPE, showcasing its potential for advancing the field of recognition by bringing model’s
robustness to geometric transformation. We improve the recognition performance across
unconstrained face datasets such as TinyFace [46] and IJB-S [112] and even non-face

datasets such as Gait3D [67,292].

5.2 Related Works

Relative Position Encoding in ViT Relative Position Encoding (RPE) is first introduced
by Shaw et al. [205] as a technique for encoding spatial relationships between different elements
in a sequence. By adding relative position encodings into the queries and keys, the model can
effectively learn positional dependencies without relying on absolute coordinates. Subsequent
works, such as those by Dai et al. [50] and Huang et al. [105], refine and expand upon the
concept of RPE, demonstrating its effectiveness in natural language processing (NLP) tasks.

The adoption of RPE in Vision Transformers [61] has been explored by several researchers.
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For instance, Ramachandran et al. [189] propose a 2D RPE method that computes the x, y
distance in an image plane separately to include directional information. A notable RPE
method in ViT is iRPE [256], which considers directional relative distance modeling as well as
the interactions between queries and relative position encodings in a self-attention mechanism.

Despite the success of these RPE methods in various vision tasks, they do not specifically

address the challenges associated with scale, rotation, and translation variations in face recog-
nition applications. This shortcoming highlights the need for RPE methods that can better
handle these variations, which are common in real-world low-quality face recognition scenarios.
To address this, we propose KP-RPE, which incorporates keypoint information during the
network’s feature extraction, significantly enhancing the model’s ability to generalize across
affine transformations.
Keypoints and Spatial Reasoning Keypoint detection, often associated with landmarks,
has been fundamental in various vision tasks such as human pose estimation [35,177], face
landmark detection [31,132,224,285|, and object localization [183]. These keypoints serve as
representative points that capture the essential structure or layout of an object, facilitating
tasks like alignment, recognition, and even animation.

Face landmark detection is commonly carried out alongside face detection. MTCNN [285]
is a widely-used method for combined face detection and facial landmark localization, utilizing
cascaded CNNs (P-Net, R-Net, and O-Net) that collaborate to detect faces and landmarks
in an image. RetinaFace [54], on the other hand, is a single-stage detector [144,153] based
landmark localization algorithm, demonstrating strong performance when trained on the
annotated WiderFace [269] dataset. TinaFace [299] further enhances detection capabilities by
incorporating SoTA generic object detection algorithms. MTCNN and RetinaFace are often
used for aligning face datasets.

Recent advances in keypoint detection techniques, particularly using deep neural networks,
have led to using keypoints to improve the performance of recognition tasks [220,265|. For

instance, |[83] proposes a keypoint-based pooling mechanism and shows promising results
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in skeleton-based action recognition and spatio-temporal action localization tasks. Albeit
its benefit, many models including ViTs do not have pooling mechanisms. KP-RPE is the
first attempt at incorporating keypoints into the RPE which can be easily inserted into ViT

models.
5.3 Proposed Method

5.3.1 Background

Self-Attention Self-attention is a crucial component of transformers [236], which is a popular
choice for a wide range of NLP tasks. ViT [61] applies the same self-attention mechanism
to images, treating images as sequences of non-overlapping patches. The self-attention
mechanism in Transformers calculates attention weights based on the compatibility between
a query and a set of keys. Given a set of input vectors, the Transformer computes query (Q),

key (K), and value (V) matrices through linear transformations:
Qz’ = CU,'WQ, Kj = .’,UjWK, Vj = .’L‘jWV, (51)

where x; is the i-th input vector, and Wy, Wi, and Wy, are learnable weight matrices.
The self-attention mechanism computes attention weights as the dot product between the

query and key vectors, followed by a softmax normalization:
o QZKJT - exp(e;;)
ij = s Qi T =N o
vy, Zj:l exp(eij)

where dj, is the dimension of the key vectors. Finally, the output matrix Y is computed as

(5.2)

the product of the attention weight matrix and the value matrix: Y, = Z;V:1 a;; V.
Absolute Position Encoding

Transformers are inherently order invariant, as their self-attention mechanism does not
consider input token positions. To address this, absolute position encoding is introduced [74,

236], which adds fixed, learnable positional embeddings to input tokens:
x, = x; + PE(), (5.3)

where az; is the updated input token with positional information, @x; is the original input token,

and PE(7) is the positional encoding for the i-th position. These embeddings, generated using
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sinusoidal functions or learned directly, enable the model to capture the absolute positions of
elements.
Relative Position Encoding (RPE)

RPE, introduced by Shaw et al. [205] and refined by Dai et al. [50] and Huang et
al. [105], encodes relative position information, essential for tasks focusing on input element
relationships. Unlike absolute position encoding, RPE considers query-key interactions based

on sequence-relative distances. The modified self-attention calculation for RPE is:

) {
el = (Qz‘i‘R( )(K; +R]
Y Vi

Y = Za” (V;+R)). (5.4)

Here, Rg, RK and RV are relative position encoding between the i-th query and j-th key
with shape R%. Each R is a learnable matrix of R**%: where R;; corresponds to the
relative position encoding for distance d(i,j) = k and K is the maximum possible value of
d(i, 7). To obtain relative position encoding, we index the R matrix using the computed
distance R[d(i,7)]. Common choices for d are quantized Euclidean distance, separate z,y
cross distance [189]. [256] uses a quantized x,y product distance, which encodes direction
information. Note, query location i is a 2D point (i,4,). Fig. 5.3 a) and b) illustrate the

distance between i and all possible j with different distance functions. For KP-RPE, we

modify [256] and allow the RPE to be keypoint dependent.

5.3.2 Keypoint Relative Position Encoding
Building upon the general formulation of [256], we begin with the following RPE formula-
tion:
QiKj" + B,

e = T (5.5)

Here, B;; is a scalar that adjusts the attention matrix based on the query and key indices
i,j. Assuming a set of keypoints P € R¥-*? is available for each @, our goal is to make B;;
dependent on P. For face recognition, P is the five facial landmarks (two eyes, nose, mouth
tips). For gait recognition, P is 17 points from the joint locations of skeleton predictions.

For the MNIST toy example, P is five keypoints from the four corners and the center of the
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Figure 5.3 Depiction of key-query combinations in an image, given a query location
i = (7,7) (x). Distinct colors represent varying attention offset values in RPE based on the
distance between ¢ and j. We are showing B,—(77); for all j € (14 x 14). a) The distance
function is a quantized Euclidean distance. b) Product distance proposed in iRPE accounts

for direction. ¢) We adopt b) and allow B, ; to vary based on keypoint locations (e).

minimum cover box of a foreground image. As such P can be defined for objects with shared
topology.
The novelty of KP-RPE lies in the design of B;;. Since

Bij = W[d<27])] € Rla (56)

comprises of a learnable table W and a distance function d(i, j), we can make W or d(i, j)
depend on the keypoints. At a first glance, d(i, j, P), conditioning the distance on P seems
plausible. However, we find that it leads to inefficiencies, as distance caching, which is
precomputing d(i, j) for a given input size, is only feasible when d(¢, j) is independent of the

input. Therefore, we propose an alternative where the bias matrix W, is a function of P:
By, = (P)[d(i, ). (5.7)
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Figure 5.4 a) [llustration of KP-RPE. First a mesh grid M and an image-specific keypoints
P are generated. Then the broadcasted difference D is calculated, and we linearly map D to
f(P). Finally for a given i, j, we can find the B;; = f(P)[4, d(¢, 7)]), which is used to adjust
the attention map in self-attention. b) Backbone contains multiple transformer blocks

followed by an MLP for classification. KP-RPE is used where multi-head attention modules

exist. KP-RPE is efficient as f(P) is computed once.

We propose three variants of f(P) building up from the simplest solution.

Absolute f(P) Let P € RM*2? be the normalized keypoints between 0 and 1. First,
the simplest way to model the indexing table is to linearly map P to the desired shape.
f(P) = P"W, where P’ € R>*(V2) is reshaped keypoints P and W, € RZN)XK g 3 Jearnable
matrix. K is the maximum distance value in d(i, j). For each distance between ¢ and j, we
learn a keypoint adaptive offset value. However, this f(P) only works with the absolute
position information of P and the relative distance between i and j. It is missing the relative
distance between P and (i, j).

Relative f(P) To improve, f(P) can be adjusted to work with the position of keys and
queries relative to the keypoints. In other words, so that the query-key relationship in B;;
depends on the query-landmark relationship. To achieve this, we generate a mesh grid
M € RV*2 of patch locations containing all possible combinations of 4, and i,. N represents

the number of patches. We then compute the element-wise difference between the normalized
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grid and keypoints P to obtain a grid of 7, j relative to the keypoints:

D = Expand(M, dim=1) — Expand(P, dim=0), (5.8)

RNXNLXQ

where D is the broadcasted tensor difference of shape . Finally, we reshape D and

linearly project it with W . Specifically,

D’ = Reshape(D) € RV(2Ne) (5.9)
f(P)=D'W, € RV (5.10)
By, = f(P)[i,d(i, j)] € R". (5.11)

In other words, the offset value B;; is determined with respect to the positions of the
keypoints and is unique for each query location. This approach allows for more expressive
control of the query-key relationships with the keypoint locations. An illustration of this is
shown in Fig. 5.4.

Multihead Relative f(P) Lastly, we can further enhance our method by tailoring the
query-keypoint relationship for each head in the attention mechanism. When there are

2NL)XHK By reshaping

H heads, we simply expand the dimension of W, to W, € R(
f(P), we obtain f(P)" for each head. Furthermore, considering the multiple self-attentions
in ViT which entails multiple RPEs, we can individualize f(P) for each self-attention by

CNL)xNeHE where N, represents the

additionally increasing the dimension of W, to W, € R
transformer’s depth. Since f(P) is computed only once per forward pass, this modification
introduces negligible computational overhead compared to other operations. In Sec. 5.4.2,
we evaluate and compare the various KP-RPE versions (basic, relative keypoint, multiple

relative keypoint), demonstrating the superior performance of the multiple relative keypoint

approaches.
5.4 Face Recognition Experiments

5.4.1 Datasets and Implementation Details
To validate the efficacy of KP-RPE, we train our model using aligned face training

data and evaluate on three distinct types of datasets: 1) aligned face data, 2) intentionally
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Low Quality Aligned Dataset High Quality Aligned Dataset High Quality Unaligned Dataset

Method TinyFace [46] 1JB-S [112] CFPFP [202] 1JB-C [169] CFPFP [202] 1JB-C [169]
Rank-1 Rank-5 Rank-1 Rank-5 Verification TAR@O0.01% Verification TARQ@O0.01%
ViT 68.24 72.96 59.60 68.31 96.11 92.22 72.81 21.62
ViT -+ iRPE 69.05 73.10 62.49 70.50 97.01 92.72 77.91 34.73
ViT+KP-RPE  69.88 74.25 63.44 72.04 96.60 94.20 93.56 91.85

Table 5.1 Ablation of RPE on ViT-small. Aligned is the standard protocol with raw face
images (detector bounding box) aligned by RetinaFace [54] and resized to 112x112.
Unaligend takes the raw face images and simply resizes it to 112x 112. Aligned setting
always shows better performances and Unaligned is for simulating alignment failure. Low

Quality Aligned dataset may have alignment failures.

Low Quality Aligned Dataset High Quality Aligned Dataset High Quality Unaligned Dataset
Method TinyFace [46] 1JB-S [112] CFPFP [202] LJB-C [169] CFPFP [202]  IJB-C [169]
Rank-1 Rank-5 Rank-1 Rank-5  Verification TAR@0.01% Verification TAR@0.01%
KP-RPE Absolute f(P) 68.11 72.42 9.97 69.13 96.51 90.96 68.09 14.91
KP-RPE Relative f(P) 69.42 73.71 62.51 70.77 96.74 94.28 89.70 85.22
KP-RPE MultiHead f(P) 69.88 74.25 63.44 72.04 96.60 94.20 93.56 91.85

Table 5.2 Ablation of KP-RPE with three different formulations of keypoint dependent RPE
tables f(P). The sharp increase in Unaligned setting shows the robustness to unseen affine

transform manifests with Relative f(P). Multihead f(P) further improves the performance.

unaligned face data, and 3) low-quality face data containing misaligned images. For the
evaluation, aligned face datasets include CFPFP [202], AgeDB [174], and IJB-C [169]. For
unaligned face data, we intentionally use the raw CFPFP [202] and IJB-C [169] datasets
without aligning them. Raw images, as provided by their respective creators, are equivalent
to images cropped based on face detection bounding boxes. Lastly, we assess the model’s
robustness on low-quality face datasets, specifically TinyFace [46] and LJB-S [112], which are
prone to alignment failures. This comprehensive setup enables us to examine the effectiveness
of our proposed method across diverse data conditions.

The training datasets MSIMV2 [55] MSIMV3 [57] and WebFace4M [300] are released
as aligned and resized to 112x 112 by RetinaFace [54] whose backbone is ResNet50 model
trained on WiderFace [269]. For keypoint detection in KP-RPE, we also use RetinaFace [54]
but with lighter backbone MobileNetV2 for faster inference. Given the sensitivity of ViTs
to hyperparameters, we report the exact settings for learning rate, weight decay, and other

parameters in the later section. For ablation dataset, we take the MSIMV2 subset dataset as
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used in [122].

Following the training conventions of [122,230], we adopt RandAug [49], repeated aug-
mentation [94], random resized crop, and blurring. We utilize the AdaFace [122] loss function
to train all models. For ablation, we employ ViT-small, while for SOTA comparisons, we use
ViT-base models. The AdamW [164] optimizer and Cosine Learning Rate scheduler [163,254]
are used. In WebFace4M trained models, we adopt PartialFC [10,11] to reduce the classifier’s

dimension.

5.4.2 Ablation Analysis

Row 1 in Tab. 5.1 shows results on the baseline ViT. Row 2 and 3 show results on the
baseline ViT with iRPE and our proposed KP-RPE. KP-RPE demonstrates a substantial
performance improvement on unaligned and low-quality datasets, without compromising
performance on aligned datasets. Last row highlights the difference between ViT and
ViT+KP-RPE. Also, Fig. 5.5 shows the sensitivity to the affine transformation, i.e., how the
performance changes when one interpolates the affine transformation from the face detection
images to the aligned images in CFPFP dataset.

Tab. 5.2 further investigates the effect of modifications to KP-RPE. By making KP-RPE
dependent on the difference between the query and keypoints (row 2), we observe a significant
improvement in unaligned dataset performance. Also, by allowing unique mapping for each
head and module in ViT (row 3), we achieve a further improvement. In other words, more
expressive KP-RPE is beneficial for learning complex RPE that depends on the keypoints of
an image. Overall, the ablation study highlights the necessity of each component in KP-RPE
and the effectiveness of KP-RPE in enhancing the robustness of face recognition models,

particularly with unaligned and low-quality datasets.

5.4.3 Computation Analysis
In this section, we analyze the computational efficiency of our proposed KP-RPE in terms
of FLOPs, throughput, and the number of parameters. Tab. 5.3 shows that KP-RPE is

highly efficient, with only a small increase in the computational cost (FLOPs) compared to
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Figure 5.5 Plot of Verification Accuracy in CFPFP [202]. On the X-axis, we interpolate the
affine transformation from raw data (Detection Image) to canonical alignment (Alignment
Image). Note KP-RPE is robust to affine transformations, while all models have been

trained on the aligned image dataset.

Eval Train %A in Train

GFLOP A in GFLOP Throughput Throughput  Throughput # Param
IResNet50 12.62 - 1432.72 img/s  337.93 img/s - 43.59M
ViT Small 17.42 @ 1303.15 imgs/s  333.17 img/s @D 95.95M
ViT Small 4+ iRPE 18.13 @D+0.71 832.12 imgs/s  186.55 img/s (1D-44.01% 96.07M
ViT Small + KP-RPE 17.44 D+0.02 1145.90 imgs/s ~ 302.70 img/s  (1-9.15% 96.00M
ViT Small + KP-RPE (+ Ldmk) 17.58 @®+0.16 1085.22 imgs/s  302.70 img/s @0-9.15% 96.49M
TResNet101 24.19 - 773.12 imgs/s  189.74 img/s - 65.156M
ViT Base 24.83 ® 644.10 imgs/s  162.94 img/s ® 114.87TM
ViT Base + iRPE 26.25 @+1.42 337.32 imgs/s  79.40 img/s  (®-51.27% 114.98M
ViT Base + KP-RPE 24.90 ®+0.07 502.57 imgs/s  136.15 img/s (2-16.44% 115.08M
ViT Base + KP-RPE (+ Ldmk) 25.04 ®-+0.21 489.37 imgs/s  136.15 img/s (2-16.44% 115.56M

Table 5.3 Computation resource comparison. GFLOP refers to Giga Floating Operating per
Second. We measure it as [193]. Throughput refers to the number of images processed per

second during the train/eval iteration.

the backbone: 0.02 GFLOP increase for ViT Small and 0.07 GFLOP increase for ViT Base
(ViT vs ViT+KP-RPE). Notably, KP-RPE is considerably more efficient than iRPE, which
incurs an increase of 0.71 GFLOP for ViT Small and 1.42 GFLOP for ViT Base.

Considering training throughput, which factors in computation time during training (with
backpropagation), KP-RPE’s efficiency is more pronounced. It only reduces throughput by
9.15% for ViT Small and 16.44% for ViT Base, as opposed to iRPE’s larger decrease. Also,
we show the GFLOP and throughput with the landmark detection time included. Landmark
detection time is negligible compared to the total feature extraction time.

Also, our method introduces a negligible increase in the number of parameters: just

0.05M for ViT Small and 0.21M for ViT Base. Hence, incorporating KP-RPE into the model
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Low Quality Dataset High Quality Dataset

Method Backbone Train Data TinyFace [46] 1JB-S [112] AgeDB [174] CFPFP [202] 1JB-C [169)
Rank-1 Rank-5 Rank-1 Rank-5 Verification Accuracy TARQFAR=0.01%

PFE [208] CNNG64 MSIMV?2 [55] - - 50.16 58.33 - - -

ArcFace [55] ResNet101 MS1IMV?2 [55] - - 57.35 64.42 98.28 98.27 96.03
URL [210] ResNet101 MSIMV?2 [55] 63.89 68.67 59.79 65.78 - 98.64 96.60
CurricularFace [102] ResNet101 MS1IMV?2 [55] 63.68 67.65 62.43 68.68 98.32 98.37 96.10
AdaFace [55] ResNet101 MSIMV?2 [55] 68.21 71.54 65.26 70.53 98.05 98.49 96.89
AdaFace [55] ResNet101 MS1IMV3 [57] 67.81 70.98 67.12 72.67 98.17 99.03 97.09
AdaFace [122] ViT MSIMV3 [57] 72.05 74.84 65.95 71.64 97.87 99.06 97.10
AdaFace [122] ViT+KP-RPE  MSIMV3 [57] 73.50 76.39 67.62 73.25 97.98 99.11 97.16
ArcFace [55] ResNet101 WebFacedM [300]  71.11 74.38 69.26 74.31 97.93 99.06 96.63
AdaFace [122] ResNet101 WebFacedM [300]  72.02 74.52 70.42 75.29 97.90 99.17 97.39
AdaFace [122] ViT WebFacedM [300]  74.81 77.58 71.90 77.09 97.48 98.94 97.14
AdaFace [122] ViT+RPE WebFacedM [300]  74.92 77.98 71.93 77.14 97.15 99.01 97.01
AdaFace [122 ViT4+KP-RPE  WebFacedM [300] 75.80 7849 72.78 78.20 97.67 99.01 97.13
AdaFace [122 ResNet101 WebFacel2M [300]  72.42 74.81 71.46 77.04 98.00 99.24 97.66
AdaFace [122 ViT4+KP-RPE WebFacel2M [300] 76.18 7897 7294 77.46 98.07 99.30 97.82

Table 5.4 SoTA comparison on low-quality and high-quality datasets. ViT models are
ViT-Base sized.

achieves enhanced performance without a substantial rise in computational cost or model
complexity.
5.4.4 Comparison with SoTA Methods

In this section, we position ViT+KP-RPE, against SoTA face recognition methodologies
with large-scale datasets and large models. We undertake a comprehensive evaluation,
covering both high-quality and low-quality image datasets. The results, as shown in Tab.5.4,
underscore the strengths of KP-RPE. Notably, the inclusion of KP-RPE does not impair
the performance on high-quality datasets, a testament to its applicability to both low and
high-quality datasets.

This becomes particularly compelling when we observe the performance on low-quality
datasets. Consistent with the findings of our ablation study, the introduction of KP-RPE leads
to an appreciable improvement in these challenging scenarios. This supports our thesis that
face recognition models with robust alignment capabilities can indeed enhance performance on
low-quality datasets. In summary, our model with KP-RPE not only maintains competitive
performance on high-quality datasets but also brings significant improvements on low-quality

ones, marking it a valuable contribution to the field of face recognition.
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5.4.5 Note on the Landmark Predictor

KP-RPE in all experiments uses our own MobileNet [199] based RetinaFace [54] to predict
landmarks for KP-RPE. We train MobileNet version for computation efficiency. However, the
original landmark predictor used for aligning the test datasets is ResNetb0-RetinaFace [54].
We also report the KP-RPE performance with the officially released ResNet50-RetinaFace.
We report this to compare KP-RPE on the same ground with other models by using the same
landmark used to pre-align the testset. The face recognition performance of KP-RPE-+Official
is similar to KP-RPE+Ours (75.86 vs 75.80 in TinyFace Rank1). Our MobileNet-RetinaFace
is improved to perform similarly to ResNet50 in landmark prediction by applying additional
tricks while training. Therefore, the face recognition performances are also similar. Unlike
vanilla RetinaFace on face alignment, ours is fully differentiable during inference and named

Differentiable Face Aligner.

5.4.6 Scalability on Larger Training Datasets

We train the ViT+KP-RPE model on a larger WebFacel2M [300] dataset to demonstrate
the potential of KP-RPE in its scalability and applicability in real-world, data-rich scenarios.
Tab.5.4’s last row shows that the performance continues to increase with WebFacel2M
dataset.
Discussion Why are noisy keypoints more useful in KP-RPE than in simple alignment? The
short answer is that not all predicted points are noisy in an image while alignment as a result

of one or more noisy point impacts all pixels.

5.5 Gait Recognition Experiments

KP-RPE is a generic method that can generalize beyond face recognition to any task with
keypoints. We apply KP-RPE to gait recognition using body joints as the keypoints.
Dataset. We train and evaluate on Gait3D [292], an in-the-wild gait video dataset. In our
experiments, we use silhouettes and 2D keypoints preprocessed and released by the authors
directly. Following SMPLGait [273,292], we use rank-n accuracy (n = 1,5, 10), mean Average

Precision (mAP), and mean Inverse Negative Penalty (mINP) for evaluation.
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Model Rank-1 Rank-5 mAP mINP

GaitSet [40] 36.7 58.3  30.01 17.30
MTSGait [291] 48.7 671  37.63 21.92
DANet [167] 48.0 69.7 — —
GaitGCI [62] 50.3 685 395 243
GaitBase [67] 64.6 81.5  55.31 31.63
HSTL [242] 61.3 76.3 5548 3477
DyGait [243] 66.3 808  56.40 37.30
SwinGait-2D [66]  67.1 837 5876 34.36
+ KP-RPE 682 844 6081 36.19

Table 5.5 KP-RPE performance on Gait3D [292] compared with the baseline. KP-RPE

boosts all metrics by a large margin.

Implementation Details We implement SwinGait-2D [66] as the baseline in our experiments.
SwinGait-2D is chosen over SwinGait-3D [66] because we focus on exploiting the geometric
information in gait recognition. SwinTransformer [160] uses vanilla relative positional encoding
for each windowed self-attention. To incorporate KP-RPE into the SwinTransformer, we
modify the 2D grid M to be the size of the window as opposed to the image size. Following
the default configuration of [292], we use an AdamW [164| optimizer with a learning rate
3 x 107" and weight decay 2 x 1072, accompanied by an SGDR. [163] scheduler. We train our
models for 60,000 iterations, sampling 32 subjects and 4 sequences per subject in a batch.

Results and Analyses In Tab. 5.5, we compare to SoOTA approaches, including SwinGait-
2D [66], with and without KP-RPE. We can see that the KP-RPE shows a significant
improvement over SwinGait-2D, with 1.1 % and 0.7 % improvement on rank-1 and -5 accuracies,
respectively. mAP has improved by 2.05% and mINP by 1.23 % of the baseline) compared
to SwinGait-2D. We believe that a great portion of the improvement comes from KP-RPE
exploiting the gait information contained in 2D skeletons. Gait skeletons contain identity-
related information, such as body shape and walking posture. This demonstrates that

KP-RPE is both effective and generalizable to gait recognition.

5.6 Training Details
Training code will be released for reproducibility. Our experiments were conducted using

the PyTorch deep learning framework. Detailed information pertaining to the training
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parameters, configurations, and specifics can be referred to in Tab. 5.6. We employed the
Vision Transformer (ViT) model architectures as implemented in the InsightFace GitHub
repository, ensuring a well-established and tested model foundation. When measuring the
throughput of our KeyPoint Relative Position Embedding (KPRPE), we utilized an NVIDIA
RTX3090 GPU.

Ablation Experiments Large Scale Experiments

Backbone ViT Small ViT Large
LR 0.001 0.0001
Batch Size 512 1024
Epoch 34 36
Momentum 0.9
Weight Decay 0.05
Scheduler Cosine
Optimizer AdamW
Warmup 3
AdaFace Loss Margin 0.4
AdaFace Loss h 0.333
Flip, Brightness, Contrast, Scaling,
Augmentation Translation, RandAug [49](magnitude:14/31),
Blur, Cutout, Rotation (20°)
PartialFC None sampling rate 0.6
RepeatedAug Prob 0.5 0.1

Table 5.6 Details for training face recognition models with or without KPRPE.

5.7 Supplementary Performance Analysis

5.7.1 Performance Across Various Loss Functions

In our extensive evaluation, we have employed three popular loss functions: AdaFace [122],
CosFace [240], and ArcFace [55], to train the Vision Transformer (ViT) in combination with
our proposed KeyPoint Relative Position Embedding (KPRPE). As demonstrated by the
results in Tab. 5.7 rows 3-6, our method exhibits consistent performance improvements on
lower quality datasets across all three loss functions when compared to the standalone ViT.
This signifies the versatility of KPRPE in synergizing with a variety of loss functions to

enhance the robustness of face recognition models to less-than-optimal image quality.
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Low Quality Dataset High Quality Dataset

Method Backbone Train Data TinyFace [46] 1JB-S [112] AgeDB CFPFP 1JB-C
Rank-1 Rank-5 Rank-1 Rank-5 Verification Accuracy 0.01%
AdaFace [122] ViT WebFacedM [300]  74.81 77.58 71.90 77.09 97.48 98.94 97.14

AdaFace [122] ViT+KPRPE WebFacedM [300] 75.80  78.49 72.78 78.20  97.67 99.01 97.13
ArcFace [55]  ViIT+KPRPE WebFacedM [300] 75.62  78.57 73.04 78.62  97.57 99.06 97.21
CosFace [240] ViT4+KPRPE WebFacedM [300]  75.48 78.30 72.22 77.67 97.45 98.94 96.98

Table 5.7 SoTA comparison on low-quality and high-quality datasets. IJB-C [253] reports
TARQFAR=0.01%.

5.7.2 Performance with Different Number of Keypoints
We include the impact of the number of keypoints in KP-RPE. We initiated the analysis
with 5 keypoints, the maximum available in RetinaFace. And gradually reduce the number

of points.

Number of Keypoints TinyFace Rankl TinyFace 5 AgeDB CFPFP

5 69.88 74.25 95.92 96.60
4 69.58 73.63 95.65 96.57
3 69.66 73.95 95.77 96.80
2 69.26 73.42 95.73 95.97
No Keypoints (Vanilla ViT) 68.24 72.96 95.57 96.11

Table 5.8 Performance by changing the number of keypoints.

For datasets characterized by lower image quality like TinyFace, the performance dimin-
ishes as the number of keypoints reduce. But it does not diminish compared to not using
the keypoints. It could be that the information about the scale and rotation of an image
could still be captured by few points as 2 or 3. Interestingly, in high-resolution datasets, the
trend is absent and the performance remains relatively consistent regardless of the number of
keypoints used. More keypoints can be adopted with other landmark detectors but they are

not trained with low quality images in WiderFace as the dataset only provides 5 points.

5.7.3 Sensitivty to Landmark Error in KPRPE
To test the sensitivity of KPRPE to the landmark prediction error, we take the prediction

of the landmark predictor and perturb it by the following equation,

Ly =L+ olL. (5.12)
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Figure 5.6 Verification accuracy measured in CFPFP dataset with added noise in landmark

predictions.

« is a parameter that changes the level of noise in the prediction. We change a from
0 to 0.1 after noting that 0.1 makes the NME score to be 0.12 which is far worse than the
NME score of 0.05 in WiderFace which is a harder dataset. Therefore, & = 0.1 is an extreme
scenario where all of the inputs have failed to the level which exceeds the average level of
failure in WiderFace by two times.

Note that as we add noise into the landmark prediction, the performance goes down,
signaling that KPRPE is dependent on the landmark prediction. However, the amount of
performance drop within the range of realistic noise level is not too much (about 1.5%).

Fig 5.11 shows the experiment setting in a diagram.

5.7.4 Why are noisy keypoints more useful in KP-RPE than in simple alignment?

The short answer is that not all predicted points are noisy in an image while alignment
as a result of one or more noisy point impacts all pixels. For a more concrete example, in
Fig. 5.7, we have taken images from WiderFace which contains human-annotated ground
truth keypoints and compared them with RetinaFace prediction. Fig. 5.7 (a) shows a well
aligned scenario. (b) and (c¢) show that when one or two landmarks (red color) deviate from
the ground truth (GT), the resulting alignment changes dramatically. For KP-RPE, this
is a less severe problem because individual landmarks affect the RPE indepenently in the
landmark space (0-1). On the other hand, when affine transformation is regressed to align

the image to a canonical space, individual landmark error becomes correlated and amplified.
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Figure 5.7 Keypoints in Aligned images. Blue: ground truth keypoints. Yellow/Red:
RetinaFace keypoints with less/more than 5% error from GT. Overlay of (b,c) shows how

small deviation from one or two points can lead to significant scale, translation change.

5.8 Training Landmark Detector (MobileNet-RetinaFace)

RetinaFace [54], a single-stage face detector, is built upon Feature Pyramid Network [144|
(FPN) and Single Shot MultiBox Detector [153|. It is originally designed for detecting
multiple faces using anchor boxes in each location in an image. However, in our case, we
assume the presence of one face, and we leverage this constraint to improve the landmark
detection performance and efficiency of the model. This assumption is valid if a face detector
crops out a face, which is a standard practice in face recognition. With this assumption,
we can modify the RetinaFace to predict more accurate landmarks when the input image is
cropped. We adopt few training techniques and a faster aggregation technique and name
it Differentiable Face Aligner (DFA). The name suggests that with the modifications we
propose, the face alignment network is differentiable (unlike RetinaFace because of NMS and

CPU based cropping), making it potentially useful for other applications in computer vision.

Training Data Adaptation We adapt the training data WiderFace [269] for our Differen-
tiable Face Aligner (DFA) by cropping out facial images using the ground truth bounding

boxes. And we resize the input to be 160x160. This change in data size and distribution
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allows the model to specialize in localizing landmarks for single faces, ultimately improving

its performance.

Aggregation Network The motivation for the aggregation network is to eliminate the
Non-Maximum Suppression (NMS) and output a single landmark prediction from multiple
anchor boxes. We design a network that takes in the output of FPN and aggregates it to a
single prediction. The architecture of the aggregation network consists of MixerMLP [229].
Specifically, let X be an image, and let Fypp, Focore and Figx be the set of the output of
FPN followed by the corresponding multitask head (bounding box, face score and landmark
prediction) for each anchor box. For example, when an image is sized 160 x 160, there are

1050 anchor boxes. Based on these outputs, we predict the weights for fusing the outputs.

Specifically,
O = Concat (Fypor; Fovores Frams) € RI0X(CovontCacoretCiame) — R1050x(4+1+10) (5.13)
w = Softmax(MixerMLP(0)) € R, (5.14)
L = w Figm- (5.15)

The final output L is the weighted average of the landmarks in all anchor boxes. The
aggregation network is trained end to end with the rest of the detection model with the
smooth L2 Loss [194] between L and the ground truth landmark LE7.

By incorporating these modifications, we show in Sec. 5.8.1 that our DFA achieves superior
landmark detection performance compared to the RetinaFace while using a more efficient

backbone architecture.

Training Details For the training of our Differentiable Face Aligner (DFA), we incorporated
specific training settings to optimize the performance. We used an input image size of 160
pixels, with a batch size of 320. Training was conducted for 750 epochs, ensuring that

the model had adequate exposure to learn and generalize from the dataset. Training was
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Figure 5.8 Cumulative Error Distribution curve and the corresponding NME for models

evaluated on WiderFace [269] validation set.

performed using the WiderFace training dataset, with images cropped using the ground truth
bounding boxes and a padding of 0.1.
5.8.1 Landmark Detection Performance

In this section, we evaluate the performance of our proposed Differentiable Face Aligner
(DFA) in terms of landmark detection. We use the Normalized Mean Error (NME) as the
metric and evaluate on WiderFace validation set [269] as in RetinaFace [54].

Fig. 5.8 shows an improvement in NME when using DFA compared to the baseline
RetinaFace. The RetinaFace with MobileNet backbone achieves an NME of 0.077, while the
one with ResNet50 achieves 0.0553. In contrast, our DFA achieves 0.0518, demonstrating its
superiority in landmark detection.

Moreover, the DFA model benefits from the introduction of the aggregation network, which
eliminates the need for the NMS stage. The improvement in NME due to the aggregation
network is from 0.0527 to 0.0518. This not only simplifies the overall pipeline but also
contributes to the enhanced performance of the DFA model in the landmark detection. With
a straightforward modification in the training data and an aggregation stage that assumes a

single-face image, a lightweight backbone with better performance can be trained.
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5.9 1JB-S Evaluation Method

[JB-S [112] is a video-based dataset that defines probe and gallery templates according to
its predefined video clip of arbitrary length. This naturally implies one must perform feature
aggregation (fusion) when frame-level features are predicted. Since the backbone predicts
a unit-norm feature vector for one image, the simplest method would be to average all the
features within the template. The most popular method is to utilize norm-weighted average,
where the features are averaged before normalization [122]. This only works if the norm is a
good proxy for the prediction quality. However, in certain cases, depending on various factors
such as dataset, learning rate, backbone, optimizer, etc., that go into the training of a model,
this may not be the case. Also, in our experience, ViT4+KPRPE was not the case.

Therefore, we propose a proxy that could easily replace the norm with another quantity
that can be found within a model. Since DFA predicts the landmarks L and a face score
F.ore, we derive a fusion score using those quantities. First, let us review the conventional

norm-weighted feature fusion equation for a set of N number of feature vectors {f;} v where

fi = || fill2 - f; decomposes f; into the norm and the unit length feature.
N _
fnorm weighted — Z =1 ||]V H2 . (516)

In the equation above, f; represents the i-th frame-level feature, and N is the total number
of frames. Now, for KPRPE, we propose a new feature fusion method, incorporating the face
score and the Euclidean distance between predicted landmarks L and the canonical landmark
f,, which is a known set of landmarks that the training images are aligned to. This distance

score, d, is computed as:

di )
h

(5.17)

where h = 0.2 is a fixed constant that allows the score to be bounded between 0 and 1.

The face score F_ . represents the quality of the image, and d; assigns more weight to

well-aligned images. Proposed feature fusion equation, hence, becomes:

N ; r
= dl ) F?score S Ji
JKPRPE = 2i i )/ : (5.18)
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This method allows for the aggregation of features even when the feature norm does not serve
as a good proxy for the quality of an image. In computing IJB-S result for ViT-+KPRPE, we
use this fusion method.

However, for a fair comparison in IJB-S, it is important to apply this fusion method to
previous methods. Therefore, we include the breakdown of with and without landmark score
based fusion. For single image based datasets such as TinyFace, AgeDB or CFPFP, feature

fusion is not needed.

Training Data: MSIMV3  Feature Fusion Method IJBS Rankl IJBS Rank5 TinyFace Rankl

ViT Base+IRPE Average 62.49 70.50 69.05
ViT Base+IRPE Landmark based 63.81 71.30 69.05
ViT Base+KPRPE Average 63.44 72.04 69.88
ViT Base+KPRPE Landmark based 64.68 72.33 69.88
Training Data: WebFacedM Feature Fusion Method IJBS Rankl IJBS Rankb TinyFace Rankl
ViT Large+IRPE Average 71.32 76.22 74.92
ViT Large+IRPE Landmark based 71.93 77.14 74.92
ViT Large+KPRPE Average 65.95 71.64 75.80
ViT Large+KPRPE Landmark based 72.78 78.20 75.80

Table 5.9 Breakdown of with and without fusion method in various backbones and datasets.

The performance of ViT+KP-RPE consistently surpasses ViT+iRPE, both in scenarios
using Averaging or Landmark-based fusion. This affirms the efficacy of KP-RPE in enhancing
performance, even in single image contexts like TinyFace. Importantly, while the keypoint
detection step is integral to KP-RPE, it isn’t incorporated within iRPE, making a direct
comparison based on this score less straightforward for iRPE.

Interestingly, average fusion does not synergize well with ViT+KP-RPE. Contrary to
typical observations where feature magnitude positively correlates with image quality [122],
with ViT+KP-RPE, a higher feature magnitude actually suggests reduced image quality.
It remains unclear why this inverse relation emerges in our model. Through empirical
observations, the relationship between feature magnitude and image quality appears contingent
on the chosen training dataset and model architecture. For instance, models based on the
ResNet architecture consistently exhibit a positive correlation between feature magnitude

and image quality.
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5.10 Alignment Visualizations
TinyFace |46] and IJBS [112], which are prone to alignment failures. In Fig 5.9 we show

some success and failure caes in alignment. These images are taken from the released aligned

dataset itself.

BB

Aligned

slsEle s
2 Lidd

Figure 5.9 Actual examples of aligned and mis-aligned images from TinyFace [46] (row1,3)

Mis-aligned

and I1JB-S [112] (row2,4) datasets. These are shown as processed and used by [122]. Lines

are placed on the eyes for a visual guide for an alignment.

5.11 Comparison with SOTA Off-the-Shelf Landmark Detector

We evaluate the off-the-shelf landmark detector SLPT [261] (CVPR2022), which delivers
strong performance on the high-quality WFLW [258] dataset. However, its performance dips
significantly on the WiderFace dataset, populated with lower-quality images, as demonstrated
in Tab. 5.10. This evaluation is not aimed at drawing a direct comparison between SLPT
and DFA, as DFA is trained specifically on WiderFace. Instead, it serves to underline the
performance variations of landmark detectors when trained on diverse datasets, stressing the
importance of training dataset selection. Additionally, DFA boasts a magnitude faster speed
than SLPT.

Since SLPT predicts 98 landmarks compared to 5 landmarks in DFA,| we convert the
SLPT landmarks by selecting indices that represent the left eye, right eye, nose, left mouth,

and right mouth. An example is shown in Fig. 5.10.
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Models Train Data NME FLOP Params
DFA MobileNet ~ WiderFace [269] 0.0518 0.14 GFLOP  0.49M
SLPT [261] 6 Layer WFLW [258] 0.1104 8.40 GFLOP 13.19M

Table 5.10 Comparison of DFA to SoTA Landmark detector. Note that NME is evaluated

on on WiderFace Validation set. DFA is trained on WiderFace training set. SLPT is trained

on WFLW. Direct NME comparison is not fair as the training dataset is different.

SLPT 98 Landmarks Converted to 5 Landmarks

Figure 5.10 For converting 98 points landmarks from SLPT output, we choose indices 96, 97,
o7, 76, 82.

5.12 Pipeline Detail

In this section, we elaborate on the inference scenarios involved in evaluation pipelines. A
face recognition pipeline could be simplified to the following diagram. For a given raw image
(a), the face detector crops out an image containing a face region (b). Then a conventional
alignment algorithm (MTCNN, RetinaFace, DFA) simultaneously predicts the landmarks (c)
from (b). The least-square minimization algorithm is used to align (b) into the aligned image
(d) using keypoints (c) and a reference landmark. This reference landmark is arbitrarily
chosen, but the FR community usually adopts one popular setting.

When one trains or evaluates face recognition models, most of the time, it is using aligned
images (d), highlighted by the blue path. In our main paper, Tables 1,2, and 4, the aligned
dataset and low-quality dataset are evaluated this way. The unaligned dataset in Tables 1
and 2 refers to the orange path. Whenever KPRPE is used, the keypoints are predicted using

the inputs (b) or (d) depending on the path.
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Figure 5.11 An illustration of face recognition pipeline from the raw image (a) to the aligned

image (d).

5.13 KPRPE Visualization

We show the learned attention offset values in KPRPE. The red star denotes the query
location and the blue circles represent the predicted landmarks. We pick head index 0 and
plot the Transformer depth 0,1,3,5,7. Figs. 5.12 show different patterns of learned offset
based on depth and query locations. Note that the higher values are denoted by a stronger
blue color. Some attention offsets are 1) far from the query location, 2) horizontal pattern,
etc. But there is an inherent bias toward attending nearby pixels.

Also, we show in Fig. 5.13, an image with different images, therefore different landmark
patterns. The changes in attention are not as dramatic as the changes across different head
or depth. However, these changes observed in Fig .5.13 account for the spatial variations in

the image once they accumulate over all of the attention modules in the model.

5.14 Conclusion

In this work, we introduce Keypoint-based Relative Position Encoding (KP-RPE), a
method designed to enhance the robustness of recognition models to alignment errors. Our
method uniquely establishes key-query relationships in self-attention based on their distance

to the keypoints, improving its performance across a variety of datasets, including those
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Figure 5.12 KPRPE Learned Offset B;; visualization for different Transformer depths.

with low-quality or misaligned images. KP-RPE demonstrates superior efficiency in terms of
computational cost, throughput and recognition performance, especially when affine transform
robustness is beneficial. We believe that KP-RPE opens a new avenue in recognition research,
paving the way for the development of more robust models.

Limitations While KP-RPE shows impressive face recognition capabilities, it does require

keypoint supervision, which may not always be readily available and can constrain its
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application, particularly when the dataset is not comprised of images with a consistent
topology. Future work should consider the self-discovery of keypoints to lessen this dependence,
thereby boosting the model’s flexibility.

Potential Societal Impacts Within the CV /ML community, we must strive to mitigate
any negative societal impacts. This study uses the MSIMV™* dataset, derived from the
discontinued MS-Celeb, to allow a fair comparison with SoTA methods. However, we
encourage a shift towards newer datasets, showcasing results using the recent WebFace4M
dataset. Data collection ethics are paramount, often requiring IRB approval for human data
collection. Most face recognition datasets likely lack IRB approval due to their collection
methods. We support the community in gathering large, consent-based datasets or fully

synthetic datasets [17,124], enabling research without societal backlash.
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CHAPTER 6

SAPIENSID: FOUNDATION MODEL FOR UNIFIED HUMAN
RECOGNITION

Existing human recognition systems often rely on separate, specialized models for face and
body analysis, limiting their effectiveness in real-world scenarios where pose, visibility, and
context vary widely. This paper introduces SapiensID, a unified model that bridges this gap,
achieving robust performance across diverse settings. SapiensID introduces (i) Retina Patch
(RP), a dynamic patch generation scheme that adapts to subject scale and ensures consistent
tokenization of regions of interest, (ii) a masked recognition model (MRM) that learns from
variable token length, and (iii) Semantic Attention Head (SAH), an module that learns pose-
invariant representations by pooling features around key body parts. To facilitate training,
we introduce WebBody4M, a large-scale dataset capturing diverse poses and scale variations.
Extensive experiments demonstrate that SapiensID achieves state-of-the-art results on various
body RelD benchmarks, outperforming specialized models in both short-term and long-term
scenarios while remaining competitive with dedicated face recognition systems. Furthermore,
SapiensID establishes a strong baseline for the newly introduced challenge of Cross Pose-Scale
RelD, demonstrating its ability to generalize to complex, real-world conditions. The dataset,

code and models will be released.

6.1 Introduction

Human recognition has traditionally been approached through domain-specific models
focused exclusively on either face [55,102,122-124,128,154,239,240| or body 80,110, 140,
149,151, 268| recognition (or RelD). Each of these modalities relies heavily on specific dataset
alignments, where face recognition models are optimized for tightly cropped, aligned facial
images [1,54,82,300], and body recognition models are designed to process full-body images
of standing individuals [212,250,268,295].

Despite the advances in both face and body recognition, no single model has yet effectively

managed to handle a diverse range of poses and visible area simultaneously. However,
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Fixed Whole Body Aligned Face

Figure 6.1 SapienslID is a human recognition model trained on a large-scale dataset of
human images featuring varied poses and visible body parts. For the first time, a single
model performs effectively across diverse face and body benchmarks [100,212,268,297]. This
marks a significant improvement over previous body recognition models, which were often
limited to one specific camera setup or image alignments for one model, with worse
performance in in-the-wild scenarios. Additionally, we introduce a large-scale, cross-pose and
cross-scale training and evaluation set designed to facilitate further research in this area. —

The name SapiensID pertains to the ability to recognize humans.

in real-world scenarios, human recognition often requires harnessing the full spectrum of
available clues, integrating both face and body information. Typically, individual modality
outputs are fused at the feature or score level [87,147] to mitigate this issue. In other
words, no single model can handle both face image and body image at the same time as
robustly as the modality-specific model. A unified model would mark a significant advance
in human recognition, freeing users from constraints on visible facial or standing-body views
and allowing reliable identification across varied poses and scales of different body parts. As
shown in Fig. 6.2, current research on body recognition models relies heavily on in-domain
datasets, fail to generalize effectively to other datasets.

Addressing this gap is important for several reasons. In real-world applications, human
recognition systems should operate across a variety of poses (sitting vs standing) and visible
contextual areas (upper torso vs whole body) [271]|. Furthermore, a model capable of handling
varied inputs simplifies model deployment and usage for downstream tasks by eliminating

the need for preprocessing steps such as face alignment [54] or dependency on camera
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Figure 6.2 Conventionally, face and body recognition were handled independently.
Furthermore, body recognition models were trained on one specific dataset without the
ability to generalize to other datasets. SapiensID model for the first time generalizes across

modalities and different body poses and camera settings.

setups [212,268].

However, addressing this problem is not trivial. First, it requires a large-scale labeled
human image dataset that captures a wide range of poses and visibility variations. Secondly,
even with such a dataset, the model must be capable of managing the substantial variability
in scale and pose that human images naturally show. As in Fig. 6.1, close-up portraits
show a large face, while full-body shots display it much smaller. Modality-specific models
have eliminated the scale inconsistency problem with some form of pre-alignment stage.
For instance, body recognition models assume consistent camera setup [212,268| and face
recognition models assume the images are aligned with 5 facial landmarks to a canonical
position [54,285]. Such transformations of input reduce irrelevant variability in recognizing a
person, making training easier. However, models fail to generalize when the preprocessing
step fails [125].

To this end, we propose SapiensID, one model capable of handling the complexities of

human recognition in diverse settings. Our contributions are
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® Model Innovations: We introduce three major improvements over conventional special-

ized recognition models:

1. Retina Patch addresses scale variations often encountered in human images by

dynamically allocating more patches to important regions.

2. Masked Recognition Model reduces the number of tokens, achieving 8 x speed up

in ViT during training.

3. Semantic Attention Head addresses pose variations by learning to pool features

around keypoints.

@ Data Contribution: To aid the development and evaluation of SapiensID, we release
WebBody4M (Fig. 6.1), a large-scale dataset specifically designed for comprehensive

human recognition across different poses and scales.

Our approach is a paradigm shift human recognition, laying the groundwork for research

that bridges the gap between specialized models and holistic recognition systems.
6.2 Related Works

6.2.1 Face Recognition

Face Recognition (FR) matches query images to an enrolled identity database. State-of-
the-art (SoTA) FR models are trained on large-scale datasets [55,82,300] with margin-based
softmax losses [55,102,122,154,240]. FR performance is evaluated on a set of benchmarks, e.g.
LFW [100], CFP-FP [202], CPLFW [296|, AgeDB [174], CALFW [297], and 1JB-B,C [169,253].
They are designed to assess the model’s robustness to factors such as pose variations and
age differences. Models trained on large datasets, e.g. WebFace260M, achieve over 97%
verification accuracy on these benchmarks [122]. FR in low-quality imagery is substantially
harder and TinyFace [46] and IJB-S [112] are popular benchmarks.

Face recognition is often accompanied by facial landmark prediction [31,132,224,285] so
that input faces are aligned and tightly cropped around the facial region. However, when

alignment fails, FR models perform poorly [125]. Eliminating alignment would not only
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simplify the pipeline but also enhance robustness in conditions where alignments are prone
to fail. We propose an alignment-free paradigm capable of handling any human image with

or without a visible face.

6.2.2 Body Recognition

Body recognition, a.k.a. Person Re-identification (RelD), seeks to identify individuals
across different times, locations, or camera settings. Prior works [71,72,137,138, 146,241,278,
284,295] focus on short-term scenarios where subjects generally end up with the same attire.
Removing this assumption has led to long-term, cloth-changing ReID [41,80, 95,110, 140, 238,
268,280], on datasets such as PRCC [268], LTCC [212], CCDA [149] and CelebRelD [103,104].

All of these datasets are composed primarily of whole-body images, where the subjects are
fully visible from head to toe, with poses generally limited to walking or standing. While this
format has been valuable in the development of person RelD models for controlled environ-
ments, it lacks the scale and visibilty variety often encountered in real-world applications. To
address these limitations, we propose a novel model capable of handling diverse and complex
poses and visible areas. Further, to facilitate the training and evaluation of these models, we

introduce a new large-scale, labeled dataset that significantly broadens pose-scale diversity.

6.2.3 Patch Generation for Vision Transformers

In Vision Transformer (ViT) [61], an image is divided into patches, with each transformed
into a token via linear projection. This patch-based approach transforms images to an
unordered set of tokens for sequence-to-sequence modeling [236], processing images in a
scalable and flexible way in downstream tasks. Typically, patches are created by dividing an
image into a grid with a specific number of patches.

Several works explore how the patchifying process helps ViT capture multi-scale objects in
images [249|. For instance, [51] predefines patch counts without resizing the input, retaining
the image’s aspect ratio and scale. [22] randomizes patch sizes in training for generalization
across image scales, enhancing efficiency while sometimes reducing accuracy. Importantly,

the representation quality of specific regions, such as face or hand, depends on the number
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of tokens allocated to those areas. A smaller face within a constant patch size, for example,
generates fewer tokens and thus captures less detail than a larger face. To address this, we
propose to maintain a consistent number of tokens for regions of interest while ensuring full,

non-overlapping coverage across the image in line with grid-based tokenization principles.

6.3 Proposed Method
A human recognition model is formulated as a metric learning task such that images of

the same subject are closer in feature space than those of different subjects, satisfying
A(E, £) < dE), £5). (6.1)

where fi and ffl denote the feature vectors of two different images ¢ and j of the same
subject A, while f& represents the feature vector of an image of a different subject B.
Notably, the subjects A and B are not observed during training. Following established
research on margin-based techniques for enhancing intra-class compactness in the feature
space [55,122,154,172,240|, we utilize a margin-based softmax loss [122] to train our model
on a labeled dataset. We collect a large-scale web-collected human image training dataset
which will be discussed in Sec. 6.3.4.

The key challenge that sets this apart from prior work on a separate face [55,154] or
body [140,268| recognition task is that the input image can be highly varying in 1) scale
and 2) body pose. To tackle these challenges, we propose a new architecture, which will be

discussed in the subsections.

6.3.1 Retina Patch (RP)

To address the issue of varying scale in human images, we propose a novel Retina Patch
mechanism inspired by the human eye’s ability to adapt focus dynamically to regions of
interest (ROIs) within a scene. In natural images, subjects can appear in diverse poses and
with varying visibility of the face and body, leading to substantial differences in scale across
regions. For instance, in a full-body image, a face may be a small portion, whereas in a

close-up, it dominates. To account for these variations, our Retina Patch dynamically assigns
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Figure 6.3 Comparison between the standard grid patch scheme of Vision Transformers
(ViT) and our Retina Patch. While maintaining the same or lower computational budget
(number of tokens), Retina Patch dynamically allocates more patches to critical regions (e.g.,
face and upper torso) in an image. This allocation enhances the model’s ability to capture
fine-grained details in important regions, and to handle varying scales more effectively than

fixed grid patch.

more patches to critical regions within the image.

Assume we have an input image i and a set of image-dependent regions of interest,
{ROI’ | » = 0,1,..., R}, each defined by a bounding box. There are R ROIs per image.
Details on how ROIs are computed will be discussed later. We also let ROI{, be the whole
image. For each ROIfn, we set a specific number of patches m,. and an order z,., both controlling
how many patches can come from each ROI.

To obtain patches, we may perform a grid patching operation on each ROI independently.
However, this would naturally result in overlapping patches with redundant feature extraction.
Our aim is to cover the whole image with patches without any overlap. To avoid redundancy,
overlapping patches between regions with a lower order (e.g., order z = 1) and those with
a higher order (e.g., order z = 2) are excluded from the patch set of the low-order regions.

This selective inclusion process ensures that each patch belongs uniquely to the ROI with the
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Figure 6.4 Illustration of Retina Patch and Position Encoding computation. Top: It shows
three different ROIs generating patches at various scales (e.g., full image, upper torso, face).
It also shows the corresponding position encodings sampled from the same spatial locations
as the patches, allowing ViT to infer spatial context and understand where each patch

originated within the image. Bottom: patches and position embedding created by Retina

Patch.

highest priority, as indicated by the order. Specifically,
R R
P’ = U (Piﬁmr1 - U P§01T2> ) (6.2)
=0 ro=ri+1
where Prp represents the set of patches for region ROIL, of image ¢, and r denotes the index
of each ROI, ordered by their respective priorities for patch inclusion.

This approach allows us to dynamically allocate critical regions with more patches while
ensuring that the entire image is represented by patches without repetition. Also, the scale
inconsistency is mitigated as long as the ROIs are semantically defined (e.g., face, upper
torso). The number of patches within each ROI is kept consistent across images, ensuring
that each patch covers a similar scale within its designated ROI. Fig. 6.3 uses an example to
compare the vanilla grid patch of ViT with our proposed Retina Patch.

Computing ROI Retina Patch is a generic algorithm that can work for any class of images

by designing ROIs for the particular domain. In this paper, for recognizing a subject from a
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human image, we set the ROIs in 3 parts: 1) whole image, 2) upper torso and 3) face. The
upper torso and face ROIs are computed using the off-the-shelf body keypoint detector [34].
Tokenization The input to ViT’s transformer block is a set of tokens or feature vectors.
Since each patch’s size is dependent on both the ROI size and the number of patches m,., the
size of each patch may not be the same across ROIs. We simply resize all patches to be the
size of patches from the whole image ROIj. We then use a linear layer to map each patch to
the desired dimension, as in ViT.

Position Embedding Since Transformer operates on sets of tokens without inherent order,
Position Embedding (PE) is crucial for informing ViT of the spatial origin of each patch
within the original image. For tokens of Retina Patch, we cannot use a traditional PE as the
patch’s source location is dynamic. Thus, we propose a Region-Sampled PE.

Let PE € RO>W he the fixed 2D sin-cosine position embedding [23,45] for the whole
image. Given a normalized region of interest ROI. = (2,4, hi, w!) with values between 0
and 1, we define a sampling grid Gridgoy: over the region [z}, x} +w}] and [y}, ;. + h;] within
the position embedding PE. Let (h;, w;) be the target output shape for PEgq;i, such that
h! - w. = m,, the desired number of patches for ROI'. The Region Sampled PE, PEgop is
then obtained by bilinearly interpolating PE at the points in Gridgop to match the shape
(A, wy):

PEgop = GridSample(PE, Gridgoy: , (h,, w).)). (6.3)

By using region-specific position embeddings, Retina Patch enables the model to differentiate
between patches from distinct areas of the image while preserving spatial structure similar to
the patches. An example is shown in Fig. 6.4.
6.3.2 Masked Recognition Model (MRM)

For each image, Retina Patch results in different numbers of tokens because different
ROIs create different areas of intersection. For example, the number of patches from ROI,
in Fig. 6.4 is 12 x 12 but the upper torso ROI; subtracts 4 x 4 patches from ROI to avoid

overlap. This operation leads to a different number of tokens per image, which prevents
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Figure 6.5 Illustration of Masked Recognition Backbone with masking and attention scaling
trick for batched input during training. In testing, we pad with mask tokens to make the

length the same.

us from training and testing with batched inputs. To address the token inconsistency, we
propose the Masked Recognition Model (MRM), introducing two key techniques: (1) masking
with attention scaling and (2) a variable masking rate.

Masking with Attention Scaling During training, we select tokens to keep. Unlike
MAE [85], which discards the masked tokens, we replace them with a learnable mask token.
We do this because (i) the mask token will be used during testing for padding the input,
and (ii) this allows the model to explicitly know how many tokens are masked. Yet, since all
masked tokens share the same value, we can reduce computation by applying the Attention
Scaling Trick.

Specifically, although there are multiple masked tokens, we can achieve the same effect
with a single mask token by adjusting its attention scores to reflect the total number of
masked tokens. Let n; be the total number of tokens for ¢-th image, n; be the number of
tokens we keep, and n,,; = n; —ny be the number of masked tokens. We modify the attention

computation in the Transformer as:
A = softmax (QKT/\/a + 5) , (6.4)
where Q € R#+Dxd and K € R +1)*4 are the query and key matrices with tokens to keep
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and one mask token. d is the embedding dimension. We add a bias matrix § € R™*" so that
it is mathematically equivalent to repeating the mask tokens n,,; times during attention
computation.

log 1,4, if j is the mask token,

8 = (6.5)

0, otherwise.

In summary, we reduce the number of tokens from n; to (ny + 1). Note that (ng + 1) is
fixed and not image dependent. But we adjust the attention to make it equivalent to using
n; tokens where n,,; tokens replaced by learnable mask tokens. By applying the Attention
Scaling Trick, we handle varying token counts in training. Also in practice, ny is set to be
about 1/3 of n;, masking 66% of tokens for the speed gain. During testing, we simply find
the longest token length and pad the others with the mask token to batchify the inputs. An
illustration is in Fig. 6.5.

Variable Masking Rate As we view masked training as a form of augmentation, we
randomize ny during training and adjust the batch size correspondingly. For each batch, let

ny be the sampled number of tokens to keep,
i = ng + (ng — nyg,) - e VO, (6.6)

A is a scaling factor, and U(0, 1) denotes a random uniform distribution between 0 and 1. In
short, ny is sampled from a distribution that peaks at n, and exhibits an exponential decay
in probability toward n;.

With a randomized token length n,, we adjust the batch size B based on the relationship

ni o %7 where increasing n;, would require decreasing B to maintain the same GPU
memory and FLOP. And we adjust the learning rate according to the effective batch size
Lag; = L3, X By, /By, to maintain consistent gradient magnitudes per sample.

The effect of (1) masking with attention scaling and (2) variable masking rate is ablated

in Tab 6.5. While (1) and (2) are both helpful, the effect of (2) is more pronounced.
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Figure 6.6 Illustration of semantic pooling in Semantic Attention Head. Keypoints (e.g.,

nose, feet) are used to grid-sample position embeddings (PE), forming queries that repeat n
times and added with a global offset bias B. This setup enables attention to slightly varied
locations around each keypoint. Value comes from ViT backbone and Key is the PE. Result

is a learned pooling mechanism.

6.3.3 Semantic Attention Head (SAH)

In biometric recognition, the head module is key for converting the backbone’s output
feature map into a compact feature vector for recognition. Face recognition models flatten the
feature map and apply linear layers [55,122|, while body recognition models use horizontal
pooling [34,272]. However, these approaches rely on input image alignment (aligned face or
standing body) which fails when there are large pose variations. To tackle this, we introduce
a Semantic Attention Head (SAH) that extracts semantic part features from key body parts,
making the representation less sensitive to pose.

Our method uses keypoints (e.g., nose, hip) for capturing semantic parts. But instead of
sampling features only at keypoints, which may miss the surrounding context, SAH learns to
pool features around each keypoint. We construct a semantic query Q};p (e.g., nose) using

2D position embeddings (PE) from the backbone, sampled at keypoint locations:
Qj,, = GridSample(PE, kp’) + B, (6.7)

where PE is the fixed 2D image position embedding. kp, € R">*?2 is the image-specific

predicted keypoints [34]. We duplicate keypoints n times and add shared bias B € R™*C.
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The purpose of B is to learn to offset the center of attention so that it learns to pool from
diverse locations around keypoints. Key in attention is the fixed PE. Value is the backbone’s
feature map. The attenton with Q};p captures the neighborhood of the backbone feature map
around keypoints:

Oi

part = Attention (sz, PE, backbone(Xi)) : (6.8)

The O;art € RB*F*C contains semantic part features corresponding to k keypoints. Finally,

applying a multi-layer perceptron (MLP) to the flattened O°

part Produces a feature,

/"= MLP(flatten(O},.)). (6.9)

By learning to pool features adaptively around each keypoint, this attention mechanism enables
pose-invariant recognition that goes beyond conventional alignment-dependent methods.
Fig. 6.6 illustrates the attention pooling.
Training with Mixed Datasets While SAH effectively handles pose variations, we hypoth-
esize that key cues for recognition differ between short-term and long-term training datasets.
Clothing and hairstyle, for example, are useful in short-term datasets but less reliable in
long-term due to possible appearance changes.

To aid learning with mixed datasets which combines short-term and long-term datasets,
we introduce one more measure during training. We introduce a learnable scale that controls

the importance of individual part features in (O°

vart) for each dataset. It is to allow the model

to emphasize features that are most discriminative for each dataset. During testing, however,
we can use the average scale because we do not want utilize the knowledge about the test
dataset a priori.
Specifically, let W, € R* be a weight for the ¢-th dataset. For each sample, we choose the
weight and apply
f* = MLP(flatten(O’ ., - ¢(Wy))), (6.10)

part ’

where o is the Sigmoid function, ensuring weights are between 0 and 1, controlling the

influence of each of the k semantic parts. We observe that after training, short-term datasets
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LTCC (General) PRCC (SC) [268] CCVID (General) Market1501 MSMTI17 [250]

Method Arch Train Data Avg topl mAP topl mAP topl mAP topl mAP topl mAP

CAL [80] R50 LTCC 48.64 | 74.04 40.84 99.51 95.64 75.63 28.08 35.60 16.11  15.92 5.06
CAL [80] R50 PRCC 35.07 | 20.69 6.19 100.00 99.76 74.48 20.86 18.97 6.47 2.56 0.69
CAL [80] R50 LTCC+PRCC 49.69 72.41 38.12 99.54 99.01 74.83 29.43 43.65 21.03 14.48 4.44
CLIP3DRelD [151] R50 LTCC 50.89 | 75.66  45.15 99.43 96.43 77.28 30.01 41.66  20.33  17.45 5.50
CLIP3DRelD [151] R50 PRCC 35.14 | 21.30 6.19 100.00 99.84 71.73 19.81 20.93 7.49 3.28 0.85
SOLDIER [44] Swin-Base | LU4M+Market1501 | 64.85 | 73.83 36.28 99.51 99.53 40.27 36.56 97.03 94.04 48.64 2277
SOLDIER |[44] Swin-Base | LU4AM+MSMT17 70.19 | 74.44 36.74 99.30 98.71 32.73 27.76 89.85 73.20 91.12 78.01
HAP [281] ViT-Base | LU4AM+LTCC 45.71 | 65.11 29.02 95.53 86.44 44.16 30.43 51.63  27.29  20.89 6.56
HAP [281] ViT-Base | LU4M-+PRCC 54.09 | 63.29 29.36 98.84 98.38 49.15 37.73 7349  50.11  29.61  10.99
HAP [281] ViT-Base | LU4M-+Market1501 | 66.61 | 73.02 35.97 99.30 98.45 54.74 45.14 96.23 9220 48.01  23.02
HAP [281] ViT-Base | LU4AM-+MSMT17 66.64 | 67.95 32.07 99.15 96.50 37.81 30.52 80.37  57.07 89.13  75.85
HAP [281] ViT-Base | WebBody4M (Ours) | 61.49 | 56.80 25.88 99.72 98.26 89.00 71.65 66.18 4241  43.61 21.42

SapiensID (Ours) ViT-Base | WebBody4M (Ours) | 73.05 | 72.01 34.56 100.00  98.79  92.57 77.82 88.18  68.26  67.25  31.02
LTCC (CC) [212] PRCC (CC) CCVID (CC) [80] CCDA T149] Celeb-RelID [103]

Method Arch Train Data Avg topl mAP topl mAP topl mAP topl mAP topl mAP

CAL [80] R50 LTCC 28.40 | 38.01 18.84 37.00 3520 74.97 25.08 3.91 9.67 37.42 3.92
CAL [80] R50 PRCC 24.71 6.38 3.14 55.69 55.64 71.61 17.40 2.85 8.61 23.59 2.20
CAL [80] R50 LTCC+PRCC 29.46 | 33.16 16.27 45.39 4542  73.89 26.65 3.74 9.14 37.11 3.81
CLIP3DReID [151] R50 LTCC 30.24 41.84 22.58 40.81 38.38 76.28 26.69 4.31 10.18 37.31 4.02
CLIP3DRelD [151] R50 PRCC 25.79 6.63 3.17 62.40  61.97  69.32 16.38 3.17 8.89 23.82 2.17
SOLDIER [44] Swin-Base | LU4AM+Market1501 | 24.84 | 25.00 12.18 26.87 3212 39.61 35.48 8.62 16.48  46.37 5.66
SOLDIER [44] Swin-Base | LUAM+MSMT17 22.17 26.02 11.33 22.27 25.36 31.85 26.48 8.79 15.54 47.95 6.14
HAP [281] ViT-Base | LU4M+LTCC 20.21 | 25.00 11.63 26.14 2234 41.64 25.77 4.56 11.18  30.28 3.54
HAP [281] ViT-Base | LU4M+PRCC 26.12 29.08 12.52 38.05 41.94 45.73 33.12 5.13 13.40 37.79 4.48
HAP [281] ViT-Base | LU4M+Market1501 27.49 24.74 11.71 33.90 37.00 52.37 41.33 8.30 16.02 44.38 5.20
HAP [281] ViT-Base | LU4M+MSMT17 21.61 | 2347 10.74 23.82  25.00 34.54 26.81 6.27 13.33  46.37 5.77
HAP [281] ViT-Base | WebBody4M (Ours) | 44.90 | 22.70 9.96 54.93  49.38  88.34 68.66 28.80 41.49  65.78 18.93

SapiensID (Ours) ViT-Base | WebBody4M (Ours) | 66.30 | 42.35 17.79 78.75 72.60 88.72 72.22 61.84 69.08 92.80 66.92

Table 6.1 Generalization comparison with SoOTA RelD models on two settings. "Long-term"
refers to clothing change (CC) protocol of LTCC, PRCC, and CCVID datasets, while
"short-term" the same clothing (SC) protocol. For other datasets, the data capture
characteristics define short or long-term conditions. SapiensID demonstrates superior
generalization in both settings. Our WebBody4M dataset shows higher performance in
long-term RelD, but not with the dataset alone, as shown in the comparison of HAP vs
SapiensID with the same training set. The proposed Retina-Patch and Semantic Attention

Head are essential for learning under large pose and scale variations.

tend to focus on the clothing and long-term datasets focus on the upper torso. The weight is
for learning discriminative parts during training but we do not use dataset-specific weights in
testing.
6.3.4 WebBody Dataset

To facilitate the training, we collect a large-scale, labeled human dataset from the web.
Specifically, we gather 94 million images with 3.8 million celebrity names. Given the inherent
noise in web-sourced name queries, we perform extensive label cleaning. First, we use
YOLOvVS8 [111] to crop the dominant person in each image to a size of 384 x 384, adding
padding to maintain aspect ratio. We then extract facial features using RetinaFace [54] and

KP-RPE [125]. Following the approach in [300], we apply DBSCAN [65] clustering to identify
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Method Arch Train Data Avg WebBody Testset

topl mAP
CAL [80] R50 PRCC 947 | 4.29 0.64
CAL [80] R50 LTCC 3.79 6.57 1.02
'SOLDIER [44] Swin-Base | Market1501 | 3.22 542 1.02°
SOLDIER |[44] Swin-Base MSMT17 5.96 9.95 1.98
- HAP [281] ViT-Base | LTCC | 1.74 289 0.58°
HAP [281] ViT-Base PRCC 2.61 4.37 0.85
HAP [281] ViT-Base | Market1501 4.31 7.22 1.39
HAP |281] ViT-Base MSMT17 4.87 8.22 1.52
HAP |281] ViT-Base | WebBody4M | 47.12 64.36 29.89
SapiensID (Ours) | ViT-Base | WebBody4M | 64.41 | 76.82  52.00

Table 6.2 RelD Performance on variable pose and scale settings.

the most consistent group of images for each name. By assuming all images stem from a
single name query, we relax the similarity threshold beyond conventional face recognition
standards. We also exclude any images with face features matching those in validation
sets [100, 174,202,296, 297].

This process yields a labeled dataset with 4.4 million images across 217, 722 unique subjects.
However, because the dataset is labeled based on facial similarity, it lacks images where the
face is obscured (e.g., back-facing images). To address this, we incorporate additional body
RelD training datasets [70,80,103,212,222,264,268,295|, which account for approximately 10%
of the final dataset. After merging, the resulting dataset—mamed WebBody4M-—comprises
4.9 million images and 263, 920 subjects in total. WebBody4M is the largest labeled dataset
to date with high pose and scale variation. The keypoint visibility distribution of different
body parts shows a predominance of visible upper body, with visibility decreasing gradually
down the body (around 17% visible ankles). An example of the WebBody4M dataset can be
seen in Fig. 6.1.

The dataset collection and label cleaning procedure is similar to WebFace4dM dataset [300].
We compare the face-cropped version of WebBody4M with WebFace4M and observe that
an FR model trained on WebBody4M-FaceCrop is similar in performance to WebFace4M.
Separate from the WebBody4M, we also prepare a test set called WebBody-test to evaluate
the cross pose-scale RelD performance. It comprises 96,624 images of 4,000 gallery and

probe subjects. Examples are shown in Fig. 6.2.
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6.4 Experiments

Implementation Details To train SapiensID on Webbody4M, we use AdaFace [122] loss
and ViT-Base with KP-RPE as the main backbone [125], following the convention of face
recognition model training pipeline. We do not include additional losses such as Triplet
Loss [200] since there are a sufficient number of subjects in the training set. Input image size
is 384 x 384 with white padding if the aspect ratio is not 1. We use 3 ROIs (whole image,
upper torso, and head) and the grid size per ROI is 12 x 12 leading to a maximum 144 x 3
number of patches. With masked recognition training, we replace at most 66% of tokens with
mask (Sec. 6.3.2), leading to ~9 times speed up in training. The masking probability and
batch size rule are discussed later. We use 7 H100 GPUs to train the whole model in 2 days,
starting from scratch.

Whole Body RelID The task identifies individuals walking or standing in distant camera
views, categorized into short or long-term scenarios based on the time gap between captures
and the likelihood of clothing changes. Tab. 6.1 shows our results on the RelD benchmarks.
A significant departure from prior works is the use of a single SapiensID model across all
evaluation settings, whereas previous methods employ fine-tuned models for each evaluation
dataset (one model per dataset). This distinction highlights SapiensID’s potential for
deployment in diverse, unseen, real-world environments.

SapiensID achieves the highest average mAP of 73.05% across short-term RelD benchmarks.
Furthermore, we attain SOTA results on all evaluated long-term RelD datasets. This strong
performance underscores the value of the WebBody4M dataset in training a generalizable
model. However, this achievement would not have been possible without our SapiensID
architecture, which effectively handles variations in pose and visible body areas. A strong
baseline (HAP [281]) trained on WebBody4M alone does not achieve comparable results,
highlighting the importance of our architectural innovations to leverage the dataset. SapiensID
marks a significant advance by being the first single model capable of strong performance

across short and long-term RelD tasks.
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OccludedRelID

Method Training Data
topl mAP
KPR [214] + SOLDIER | LU4M +OccludedReID | 84.80 82.60
SapiensID WebBody4M 87.30 75.57

Table 6.3 Performance in occluded RelD. SapiensID achieves a higher top-1 accuracy, while
KPR [214] shows a higher mAP. SapiensID is trained without OccludedRelD training data.

Method AdaFace-VIT [122] SapiensID (Ours)
Train Data ngBody4M— WebBody4M
aceCrop
LFW [100] 99.82 99.82
CPLFW [296] 95.12 94.85
CFPFP [202] 99.19 98.74
CALFW [297] 96.07 95.78
AGEDB [174] 97.97 97.33
Face Avg 9763 97.31
LTCC [212] 21.70 72.01
Market1501 [295] 7.81 88.18
Body Avg 1476 80.10
Combined Avg 56.19 89.80

Table 6.4 Performance on cross-modality setting. Face recognition is evaluated on aligned
face recognition datasets and body recognition is evaluated on short-term RelD datasets.

LTCC and Market1501 measure topl of short-term setting.

Cross Pose-Scale RelD Real-world human recognition can present scenarios where subjects
are captured across varying camera viewpoints and exhibit diverse poses, such as sitting,
bending, or engaging in activities. For example, a security camera might capture a person
standing upright, while a social media photo shows the same individual sitting in a cafe. This
poses a challenge for conventional RelD systems. We refer to this setting as Cross Pose-Scale
RelD.

To evaluate this setting, we introduce the WebBody-Test dataset, specifically designed
to encompass such pose and scale variations. Tab. 6.2 details the performance comparison
on this dataset. Conventional RelD models struggle to generalize to this scenario due to
the significant shift in visual appearance caused by pose and scale changes. SapiensID with
the highest performance establishes a strong baseline for this research area. Since the task
itself is challenging, there is still room for improvement. WebBody dataset demonstrates the
potential of SapiensID to address the complexities of Cross Pose-Scale RelD, while offering a

valuable starting point for future research in this area.
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Whole Body RelD

All Face Short {,ong
(D) viT 59.54 | 90.63  56.17 31.81
(2) ViT+RP 66.35 | 9293  59.16 46.95
(3) ViT+SAH 71.67 | 95.84  72.63 46.55
(4) ViT+RP+SAH (SapiensID) | 78.67 | 96.66 73.05 66.30
(4) — Learned Mask 76.99 | 96.08 70.44 64.46
(4) — Variable ng 74.39 | 95.95  69.58 57.64

Table 6.5 Ablation study of SapiensID. Face is the average accuracy of CPLFW, CFPFP,
CALFW, and AGEDB. Short and Long Term use the average of the datasets in Tab 6.1.

Results show the necessity and strong complementarity of both RP and SAH in SapiensID.

LTCC CC PRCC CC

Topl mAP Topl mAP

1 None 0.00 3.56 1.47 4.28

2 | 14+Nose 25.77 5.78 2721  21.04

3 | 2+Eye 30.61 8.87 63.87  55.17

4 | 3+Mouth 38.01 11.81 73.36  65.05

5 | 4+Ear 39.80 14.05 77.65 70.45

6 | 5+Shoulder 41.84 15.82 79.73 73.14

7 | 6+Elbow 41.07 16.64 80.55 73.54

8 | 7T+Wrist 41.07 1716 79.34  73.16

9 | 8+Hip 40.56  17.50 79.99  73.38

10 | 9+Knee 42.35 1773 79.00 72.88
11 | 10+Ankle (Full) | 42.35 17.79 78.75 72.6

Table 6.6 Impact of adding body parts on RelD. None means all features are zeroed out.

Each row adds features to the previous row.

Occluded RelD Occlusions, whether due to obstacles in the scene or self-occlusion from
the subject’s pose, present a further challenge for robust human recognition. We evalu-
ate SapiensID in occluded scenarios on the OccludedRelD dataset [301], comparing with
KPR [214], a SOTA method designed for occlusion handling. As shown in Tab. 6.3, SapiensID
achieves a competitive performance of top-1 87.30%, demonstrating its strong ability to
handle occlusions even without being explicitly trained on the OccludedRelD dataset. This
result further underscores the value of our architecture and training dataset in learning
representations that are resilient to real-world challenges like occlusions.

Face Recognition We evaluate on traditional aligned face recognition benchmarks to assess
the ability to handle FR tasks. Tab. 6.4 compares SapiensID with a SoTA FR model,
AdaFace [122], both with a ViT-Base backbone. AdaFace is trained on faces aligned and
cropped to 112 x 112 by [54]. AdaFace achieves a slightly higher average accuracy of 97.63%

across five benchmarks. This marginal difference is expected, given AdaFace’s training on
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tightly cropped, aligned faces. However, SapiensID’s performance remains highly competitive,
bridging the gap between specialized face recognition and general human recognition tasks.
While AdaFace excels in FR datasets, its performance degrades when applied to RelD
datasets which contain images without visible face region (e.g. back of the face). AdaFace is
evaluated by cropping faces using [54]. In contrast, SapiensID maintains strong performance
across both modalities.
Ablation of Components Tab. 6.5 ablates SapiensID’s key components: Retina Patch
(RP) and Semantic Attention Head (SAH). Starting from a simple ViT backbone with
AvgMax pooling [80] as a baseline, we progressively incorporate RP and SAH to analyze their
individual and combined contributions. Performance is evaluated across face recognition and
both short-term and long-term RelD. The results show that both RP and SAH are essential.
We also show the importance of MRM. (4) - Learned Mask means using MAE [85] to
simply drop tokens. (4) - Variable ny is fixing n; without sampling. The result shows that
learned mask is of some benefit while changing the masking rate during training is of larger
benefit.
Analysis of Part Contribution To see the impact of body parts in recognition, we erase
part features by making them zero. Tab. 6.6 shows a trend of performance gain as more
parts are added. For LTCC dataset accuracy increases from 25.77% to 42.35% as body
parts from the nose to ankle are incorporated. This suggests that including the full range
of body parts aids recognition. In contrast, PRCC achieves high performance by using
upper body cues, reaching a top-1 accuracy of 80.55% with parts up to the shoulder and
elbow. Lower body features add minimal or even negative value. This analysis implies the
benefit of scenario-specific adjustments where relevant body regions can optimize recognition
performance. We also visualize the part features similarity with sample images from the test

set of WebBody4M in Fig 6.7. Samples of different scales and poses are visualized.
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Similiiy

Figure 6.7 Part Similarity Visualization. Top shows the same subject pairs. Bottom shows
different subject pairs. Part features provide some indication of where the similar parts are,

but the final similarity is generated through a nonlinear mapping of the part features.
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Figure 6.8 Illustration of the feature vector generation in SapiensID. First, Retina Patch
(RP) generates image patches. Then, Masked Recognition Model (MRM) modifies the
number of tokens. Finally, Semantic Attention Head (SAH) produces the feature vector from

the set of tokens.

6.5 Method Details

6.5.1 Training Details
The training pipeline of SapiensID is largely similar to the setting of training a ViT model
in face recognition [125]. This is possible because WebBody4M is a labeled dataset with a

sufficient number of subjects, just as face recognition datasets. We use the AdaFace [122] loss
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and optimize the model with the AdamW [164| optimizer for 33 epochs. The learning rate is
scheduled by the Cosine Annealing Learning Rate Scheduler [163] with an additional warm-up
period of 3 epochs. The maximum learning rate is set to 0.0001. We use 7 A100 GPUs with
a batch size of 128. We also change the classifier to PartialFC [11] with a sampling ratio of
0.1 to save GPU memory and gain computation efficiency. Overview of the model is shown
in Fig. 6.8.

For data augmentation, we find that it is important to use a moderate amount of geometric
augmentation (zoom in-out: 0.9 ~ 1.1, translation: 4+0.05) and aspect ratio adjustments
(0.95 ~ 1.05). We also find it effective for improving aligned face recognition performance to
include face-zoomed-in images frequently (40%). We also oversample images that contain

more visible keypoints because those images are relatively scarce (note Tab. 6.12).

6.5.2 Notation Clarification in the Main Paper

In Semantic Attention Pooling’s SAH, the equation presented as Eq. 6.8:

Oi

part

= Attention (Qj,, PE, backbone(X")), (6.11)

Attention(Q, K, V) is specifically defined as:
W,QW, KT
Vd

where Q, K, and V represent the query, key, and value matrices, respectively, and W,

O}, = softmax ( ) W.,V, (6.12)

W, and W, are their associated projection weights. This is how the size of the attenion is
modulated during learning.

Also notice that without the learnable projections W, , and a small d, the attention
simply focuses on the position with the highest proximity to the keypoint. To make sure that

we have this feature from the sharp peak at the keypoint location, we additionally use

) KT
beak = softmax (Q ) V. (6.13)
Vd
The final feature vector is computed by concatenating the two sets of semantic features

O!,.. and O , and flattening them for MLP projection. Specifically, it is

par pea.

fi = MLP(ﬂatten([Oi)arw ;eak}))' (614)
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The addition of O}, is simply to ensure that the model always has the feature from the
keypoint location. We have not tested how much performance gap is created by removing
this inductive bias in SAH. The final number of part features is 152 (19 keypoints x 4
offset repeats x 2 from concatenating O}, and O;eak. We realize that the readers could

be confused about the formulation of SAH attention, so we will make it clearer in the main

paper.

6.5.3 Things We Tried That Did Not Make it into the Main Algorithm

@ We tried to initialize the model with the Sapiens [118| pretrained backbone, thinking
it would be a good starting point that leads to better generalization. However, it did
not lead to better performance. We believe this is because: 1) our patch scheme is
dramatically different from the original patch scheme, and 2) Sapiens is trained with the
MAE [85] objective, which is suitable for dense prediction tasks. However, SapiensID is a
classification (or metric learning) task. Dense prediction tasks prioritize spatial consistency
and detailed reconstruction, whereas classification tasks focus on extracting discriminative
features, which may require different feature representations.

@ We tried using the differential layerwise learning rate [270], but it did not help and the
learning was only slower.

@ We tried not learning the size and offset for the Semantic Attention Head (SAH) by simply

taking the feature from the keypoint locations. This led to worse performance in general.

6.5.4 Transforming Keypoints to ROIs

SapiensID relies on predicted keypoints to define Regions of Interest (ROIs). Assuming
we have an input image roughly cropped around the visible body area (typically using a
person detector’s bounding box), we start with a set of predicted keypoints K = {(zx, yr) 2,
where N is the number of keypoints. Our goal is to generate bounding boxes for each ROI.
Specifically, we generate two bounding boxes—for the face and the upper torso—in the format

(1,y1, T2, Yy2), representing the top-left and bottom-right corners.
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1. Valid Keypoint Selection:

Let £ = {1,2,..., N} be the set of keypoint indices. For each keypoint k € I, the

coordinates are (zg,y) € R% We define a visibility indicator vy for each keypoint:

1, ifxp # —1 and yp # —1,

0, otherwise.

Define the sets of keypoint indices relevant to each ROI:

Ki: Left Eye  Kg: Left Mouth Corner
Ky: Right Eye K7: Right Mouth Corner
K3: Left Ear Kg: Left Shoulder

Ky: Right Ear  Ky: Right Shoulder

K5: Nose

Then Face Keypoints are
Mf = {Kb K27 K37 K47 K57 K67 K’?}
And Upper Torso Keypoints are

Mu = Mf U {K87 K97 K107K11}~

The valid keypoints for each ROI are those that are both visible and relevant:

Ve = ke My | vy =1}, (6.16)

yrrse — L e M, | v = 1}. (6.17)

2. Bounding Box Center and Size Calculation:

For each ROI (face or upper torso), we compute the center using the set V, which is

either Vface or ptorso.
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First compute the minimum and maximum coordinates among valid keypoints:

Trin = MIN T, Ymin = MDYy, (6.18)
key keV

Tmax = MAX Tk,  Ymax = MaX Y. (6.19)
key ke

Then calculate the center of the bounding box:

Lmin + Lmax Ymin + Ymax
G=—5  G= 5 (6.20)
Then determine the maximum distance d from the center to the valid keypoints:
= — ¢, )? —c,)2. 21
d=max /(o — ) + (.~ ) (6:21)
. Bounding Box with Padding;:
First define the bounding box size s with a padding factor p (e.g., p = 0.3):
s=dx (1+p). (6.22)
Then calculate the coordinates of the bounding box:
Ty =C—S, Y1=0Cy—S, (6.23)
To=cy+5, Yo=cy+s. (6.24)

. Making Bounding Box Divisible: To ensure that the patches cover the image
without any overlap, the boundaries of the bounding box must snap onto the patch
grid. In other words, the bounding box coordinate should be divisible by the patch size
(pw, pr) of the enclosing ROL. Let n, and n. be the desired number of rows and columns

for patches within the ROI. We modify the bounding box size s to ensure divisibility.

T y
=2 X pwy Y= 2] X pa (6.25)
D DPh

w

x y
=[] X pu, o= (p—il X D (6.26)

w
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The final, grid-aligned bounding box is then:
b = (2}, 1, 25, 95) € R". (6.27)

This snapping process ensures that the bounding box boundaries coincide with patch
boundaries, resulting in clean, non-overlapping patch extraction. We compute two
bounding boxes, bf® and b'™° using this process. All these steps can be conducted

in GPU for efficient computation.

6.5.5 Proof of Scaled Attention Equivalence

Let the scaled dot-product attention mechanism for self attention is defined as:

-
A = softmax <QK ) V,
Vd

We aim to prove that when a scaling factor & € R is added to the logits:

T

A = softmax (Q\i%

this is equivalent to repeating each key K; and value V; exactly m; times, where 9, = logm;.

5}V,

Proof: Consider the following term:

QK
Vd

For a query ¢ and key j, the element of this matrix is:

KT KT
(Ve +e), =g +oems
ij

where Q; is the i-th query and K is the j-th key. Applying the softmax function, we get:

+ 0.

CKT
exp (Qigj +logmj>

- — ,
> L €Xp (Qi};k + log mk>

Using the property exp(a + b) = exp(a) exp(b), this simplifies to:

Qi K/
exp (=== ) m;
Y oL €Xp ( \/Ek ) my
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Dataset Avg LFW CPLFW CFPFP CALFW AGEDB
WF4M 97.44  99.80 94.97 98.94 96.03 97.48

1;NB4M- 97.63 99.82 95.12 99.19 96.07 97.97
acecrop

Table 6.7 Performance Comparison between WebFace4dM and WebBody4M in the Face

Recognition Task.

This is equivalent to each key K; and corresponding value V; are duplicated m; times. We
discard the values corresponding to the mask, so the result of the attenion mechanism is
the same. Thus, the attention mechanism with é scaling is mathematically equivalent to

duplicating the keys and values proportionally to the number of times the mask appears.
6.6 Performance

6.6.1 WebBody4M vs WebFace4M Comparison

To assess the quality of the face image data within WebBody4M, we create WebBody-
Facecrop by cropping face from the WebBody datset. And we compare its face recognition
performance against WebFace4M [300], a dedicated large-scale face recognition dataset. We
train the same ViT-based model with AdaFace loss on both datasets. Tab. 6.7 presents the
results on standard face recognition benchmarks (LFW, CPLFW, CFPFP, CALFW, and
AGEDB). The model trained on WebBody4M achieves a slightly higher average accuracy
(97.63%) compared to that of WebFacedM (97.44%). This indicates WebBody4M label is of

comparable quality, even slightly exceeding WebFace4M label.

6.6.2 Fusion Performance

While SapiensID inherently handles both face and body information within a single model,
a common alternative approach involves training separate face and body recognition models
and fusing their outputs. We compare SapiensID’s performance with such multi-modal fusion
methods. We consider a baseline where a body model (CAL [80]) is trained on either PRCC
or LTCC, and a face model (ViT-Base [122]) is trained on WebFace4dM. We then fuse the
similarity scores of these two dedicated face and body models using three common fusion
strategies: Max Fusion, Min-Max Normalization Fusion, and Mean Fusion. Tab. 6.8 presents

the performance.
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LTCC CC PRCC CC

AVG Topl mAP Topl mAP
Body 42.04 38.01 18.84 | 55.69 55.63
Face 36.56 17.60 491 72.62 51.10
Fused-Max 42.93 39.80 13.25 61.22 57.45
Fused Min-Max | 49.92 39.80 12.95 79.00 67.93
Fused-Mean 49.99 39.80 12.82 | 79.48 67.85
SapiensID 52.87 42.35 17.79 78.75  72.60

Table 6.8 Performance table of score fusion (Body and Face).

Method KPR [214] + SOLDIER SapiensID
Training Data | LUPersondM + OccludedRelD  WebBody4M
OccludedRelD "Ry 52,60 T
LTCC General 0y .42 iy
I o1 1rae

Table 6.9 Generalization performance comparison under occlusion. SapiensID demonstrates

superior generalization to unseen datasets (LTCC) compared to KPR+SOLDIER.

As shown in the table, even the best fusion strategy (Mean Fusion) achieves an average
mAP of 49.99%, lower than SapiensID’s 52.87%. Fusion is more helpful in PRCC but not
much in LTCC with an increase in Topl and a decrease in mAP. This result highlights
the advantage of SapiensID’s unified architecture, which learns to integrate face and body
information more effectively than post-hoc fusion methods. Fusion methods treat each
modality independently, potentially missing valuable contextual information that arises from

their combined analysis.

6.6.3 Occluded RelD

Occlusions pose a significant challenge for robust human recognition. While specialized
methods can be effective within their training domain, generalization to unseen scenarios
is crucial for real-world deployment. We compare SapiensID’s performance with KPR
[214] combined with SOLDIER, a state-of-the-art occlusion handling method, to evaluate
their respective generalization capabilities. KPR+SOLDIER is trained on a combination
of LUPersondM and the OccludedRelID [301] dataset, while SapiensID is trained on our
WebBody4M dataset without any OccludedRelD data.

Tab. 6.9 presents the results on OccludedRelD and the LTCC dataset (both General
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LTCC CC PRCC CC LTCC CC PRCC CC

Topl mAP  Topl mAP Topl mAP Topl mAP
1 None 0.00 3.56 1.47 4.28 1 None 0.00 3.56 1.47 4.28
2 1+Nose 25.77 5.78 27.21  21.04 2 1+Ankle 27.04 7.37 45.05  35.32
3 2+Eye 30.61 8.87 63.87  55.17 3 2+Knee 32.14 9.55 55.12  44.97
4 3+Mouth 38.01 11.81 73.36  65.05 4 3+Hip 35.71 12.34 66.07  55.04
5 4+Ear 39.80 14.05 77.65  70.45 5 4+Wrist 37.24 13.83 67.63  58.43
6 5+Shoulder 41.84 1582 79.73 73.14 6 5+Elbow 40.05 15.72 69.57  62.61
7 6+Elbow 41.07 16.64 80.55 73.54 7 6-+Shoulder 41.33 16.87 73.84  67.80
8 7+Wrist 41.07  17.16 79.34  73.16 8 7+Ear 41.58 17.61 76.21  70.62
9 8+Hip 40.56  17.50 79.99  73.38 9 8+Mouth 41.58 17.95 78.18  72.63
10 9+Knee 42.35 17.73 79.00 72.88 10 9+Eye 41.58 17.80 79.23 72.92
11  10+Ankle (full) 42.35 17.79 7875 72.60 11  10+Nose (Full) 42.35 17.79 78.75  72.60

(a) top-down (b) bottom-up

Table 6.10 Comparison of feature erasing performance. (a) shows the performance as we
progressively introduce features from Nose to Ankle (top-down approach). (b) demonstrates

the performance when adding features from Ankle to Nose (bottom-up approach). Results

are evaluated on LTCC and PRCC Cloth Changing (CC) protocol.

LTCC CC PRCC CC LTCC CC PRCC CC
Topl mAP Topl mAP Topl mAP Topl mAP
1 None 2.30 1.89 12.67 4.78 1 None 2.30 1.87 12.50 4.78
2 1+Topl  5.10 2.61 78.04  67.29 2 1+Bottoml  2.81 2.26 24.56  10.89
3 2+Top2 27.04 11.88 79.25  70.53 3 2+Bottom2  6.12 3.08 31.22  16.94
4 3+Top3 29.34 1320 7835 69.85 4 3+Bottom3  5.87 3.62 33.78  20.65
5 4+4Top4d 33.67 13.88 77.82 69.55 5 4+Bottom4  10.20 4.26 33.08  24.59
6 5+Topb 37.24 1465 76.97  69.28 6 5+Bottom5  12.50 5.33 2210 21.31
7 6+Top6 36.48 1549 7855  70.39 7 6+Bottom6 16.07 6.48 24.47  24.80
8 T7+Top7 41.07 16.63 80.07 71.52 8 T7+Bottom7 3546 13.20 29.07  28.63
9 Full 42.35 17.79 78.75  72.60 9 Full 42.35 17.79 78.75 72.60
(a) top-add (b) bottom-add

Table 6.11 Impact of progressively adding visible parts from the (a) top and from the (b)
bottom. In contrast to Tab. 6.10 which measures the performance with the intermediate

features zeroed out, here the actual input image is masked out.

and Clothing Change protocols). KPR-+SOLDIER and SapiensID similar performance
on OccludedRelD, SapiensID demonstrates significantly better generalization performance.
On LTCC, SapiensID substantially outperforms KPR+SOLDIER across both protocols,
highlighting the limitations of specialized training. This underscores the importance of
training on diverse datasets like WebBody4M to achieve robust generalization in real-world
human recognition. SapiensID, by learning from a wide range of poses, viewpoints, and

clothing styles, is more adaptable and effective in unseen scenarios.
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Top Add

Bottom Add

Figure 6.9 Illustration of how Images are erased from top to bottom or bottom to top.

6.6.4 Impact of Body Part Features

We investigate the relative importance of different body parts in human recognition
by conducting an ablation study on the Semantic Attention Head (SAH). Starting from
part features (O;art in Eq. 6.8) multiplied by zero, we progressively undo masking, either
from nose-to-ankles (top-down) or ankles-to-nose (bottom-up). We evaluate performance
on LTCC (Clothing Change protocol) and PRCC (Clothing Change protocol). Results
are presented side-by-side in Tab. 6.10. The top-down approach generally yields faster
performance gains than bottom-up, suggesting that upper-body features contribute more
significantly to recognition.

Interestingly, ankle features alone appear more discriminative than nose features alone.
However, this counter-intuitive finding does not imply that ankles are inherently more
informative than noses for person identification. We hypothesize that this observation
arises because each part feature within SAH is not solely derived from the corresponding
body part. Due to the preceding ViT backbone’s attention mechanism, each part feature
incorporates information from other body regions. Therefore, the presented results reflect
the discriminative power of a part plus peripheral information from other parts, rather than
the isolated contribution of each part.

A more accurate assessment of a part’s individual discriminative ability would involve
manipulating the input image directly, such as by occluding specific body parts. This

approach, which isolates the impact of each part, is explored in the following section.
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6.6.5 Impact of Actual Image Erased

To isolate the contribution of each body region, we conduct a second ablation study
where we progressively erase sections of the input image, either top-down or bottom-up, as
illustrated in Fig. 6.9. We erase equal-sized horizontal strips, starting with a single strip
and progressively adding more until the whole image is erased (represented as "None" in
the tables). The "Full" row represents the baseline performance with the complete image.

Results are presented in Tab. 6.11.

Figure 6.10 Illustration of the masked image and the sampling distribution of the number of
tokens to keep ng. The red vertical line shows where the sampling took place for the right

image. From top to bottom, less samples are kept (more masking).

The direct manipulation of the image confirms the importance of upper body regions. On
both datasets, removing the top portion of the image drastically reduces performance. It
comes as a surprise that PRCC can achieve a very good performance with only 1 top strip
of image. But for LTCC, the lower parts are necessary to obtain a good performance. This
indicates that different datasets exhibit different characteristics that can be exploited for

conducting RelD.
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6.7 Visualization
6.7.1 Token Length Sampling Distribution

In Masked Recognition Model (MRM), we propose an adaptive token sampling strategy
during training to enhance the robustness and generalization of our masked recognition model.
Fig. 6.10 illustrates the sampling distribution and its effect on the input image. The number
of tokens to keep, ny, is determined by Eqn. 6.6:

e = ng + (g — ny) - e MU0,

where n; is the maximum possible number of tokens (432 in our case, with 3 ROIs of 12x12
patches each), ny is the minimum number of tokens to keep, U(0, 1) is a uniform random
variable, and A controls the decay rate (set to 4).

This sampling strategy allows us to retain between 26% and 80% of the tokens (112
to 345 tokens), with an average of 166 tokens per batch. As depicted in Fig. 6.10, heavy
masking can significantly distort the input image. Fixing the masking rate to such high levels
could introduce a distribution shift between training and testing (where all tokens are used),
causing a performance drop. Our adaptive sampling mitigates this issue by exposing the
model to a variety of masking ratios, encouraging it to learn robust representations that
generalize well to full token input during inference.

One thing to note is that the sampling of n; happens per batch. And when a larger ny, is
sampled per batch, we reduce the batch size accordingly for the given GPU memory (See

Sec. 6.3.2 for more details).

6.7.2 WebBody4M Dataset Body Parts Visibility

WebBody4M dataset encompasses a wide range of human poses and viewpoints, resulting
in varying visibility of body keypoints. Tab. 6.12 presents the percentage of images in which
each keypoint (left and right sides) is visible. As expected, keypoints in the upper body, such
as eyes and shoulders, exhibit high visibility rates (over 74% and 88% respectively). Visibility

decreases progressively down the body, with elbows and wrists around 50%, hips around
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Visibility Left (%) Right (%)

Eye 93.49 93.59
Ear 76.87 74.48
Shoulder 88.15 90.04
Elbow 53.76 53.80
Wrist 49.98 50.35
Hip 45.68 45.70
Knee 23.92 23.95
Ankle 16.98 17.00

Table 6.12 Keypoint Visibility in WebBody Dataset.

Webbody Celeb-Reid Market1501 LTCC DeepChange CCVID PRCC

Figure 6.11 Comparison of learned part weights across seven datasets. Left and right sides

are averaged together before visualization.

45%, and knees and ankles below 24% and 17% respectively. This distribution reflects the
natural tendency for upper body parts to be more frequently visible in unconstrained images,
as lower body parts are often occluded by clothing, objects, or the image frame itself. This
distribution also helps explain why upper body parts provide greater discriminative power

for person RelD in our earlier analysis (Supp 6.6.4).

6.7.3 Visualization of Part Weights

To facilitate effective learning from a mixture of short-term and long-term RelD datasets,
we hypothesize that it would be helpful to add learnable weights that modulate the importance
of individual part features within the Semantic Attention Head (SAH). Our conjecture is
the discriminative characteristics of body parts can vary significantly depending on whether
clothing remains constant or varying in the training dataset.

Fig. 6.11 visualizes the learned weights (Eqn. 6.14) for WebBody4M and several additional
whole-body RelD datasets. WebBody4M, primarily composed of web-collected images,

exhibits a higher emphasis on facial features compared to lower body parts. This is expected,
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as the WebBody4M was collected largely based on facial similarity.

In contrast to WebBody4M, auxiliary datasets like Market1501, LTCC, and PRCC, which
feature many images with consistent clothing (e.g., 1-3 outfits across 20-30 images per person),
show increased emphasis on body features for recognition. This highlights the importance
of body shape, pose, and clothing appearance as discriminative cues when attire remains
relatively constant. However, Celeb-RelD, similar to WebBody4M, primarily contains images
with clothing changes across captures. Consequently, Celeb-RelD exhibits a similar weighting
pattern, with less emphasis on body features and a relatively higher focus on other cues,
likely emphasizing facial features.

To validate the hypothesis, we conducted an ablation study to evaluate the impact of
training with learnable weights. Tab. 6.13 presents a comparison between SapiensID and
SapiensID without the learnable weights. In the latter, all aspects remain the same except
that the learnable weights are removed during training.

From the results, it is evident that the inclusion of learnable weights does not yield a
significant overall improvement. Instead, it shows a specific enhancement in long-term RelD
performance, possibly because WebBody4M’s learning was not hindered by the influence
of short-term datasets with same clothings. However, for short-term datasets, the addition
of weights does not result in performance gains. This suggests that while the weighting
mechanism provides insights into dataset-specific learning behaviors, it is not a definitive
factor for achieving better RelD performance.

In conclusion, while the introduction of learnable weights is interesting for analytical
purposes, we want to let the readers clearly know that it is not a deciding factor for learning
universal representation that works for both short-term and long-term RelD. Future research
could explore alternative methods that better balance the learning from diverse dataset

characteristics without negatively impacting specific subsets.
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Whole Body RelD
All Face Short Long
SapiensID 78.67 | 96.66 73.05 66.30
SapiensID-Weight | 78.59 | 96.66 75.72 63.39

Table 6.13 Performance comparison of SapiensID and SapiensID without weight masking

during training across different metrics.

Figure 6.12 Keypoint visualization (left) and corresponding Retina Patch results (right) for

images from the CUB dataset.

6.7.4 SAH Visualization

The Semantic Attention Head (SAH) plays a crucial role in SapiensID by generating pose-
invariant features. To understand how SAH behaves after training, we visualize its attention
maps in Fig. 6.13. To be specific, we visualize the following. Let Q};p = GridSample(PE, kp) +
B be the semantic query embedding for i-th image created by sampling from the fixed 2D
position embeddings (PE) at the 19 keypoint locations. The dimension is Q};p € R™xC,
where £ = 19 and n = 4 because it is repeated 4 times to learn 4 different offsets. In SAH,

we perform attention with Qj,, and PE by

W,QW, K"

© i

= softmax ( > W, V. (6.28)

i
part
In our visualization, we are showing

.
softmax (W) ,

Vd

for each keypoint and each offset. We have nk attention maps as shown by the visualization.
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Figure 6.13 Visualization of attention maps in the Semantic Attention Head (SAH). Regions

Offsets

with higher attention values are highlighted in red, while regions with lower attention values
are shown in blue. Blacked-out areas represent parts of the images without visible keypoints.
The visualizations provides how SAH allows learning both varied size and offsets based on a

set of keypoints.

For each input image, we show each row corresponds to a different offset. There are 4
rows because we learn n = 4 offsets for each of 19 keypoints. Offest refers to B € R"*¢ in

Eqn. 6.7. Offset bias allows the keypoints to move slightly from its original position. Each
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column correspond to different keypoints used by SAH (e.g., nose, left right shoulder, etc).
As the visualization shows, the learned attenion maps are not limited to the keypoint location

but also move around the keypoints and vary in size.

6.8 Potential Application of Retina Patch

While SapiensID focuses on human recognition, the Retina Patch (RP) mechanism has
broader applicability to other domains. Figure 6.12 demonstrates its potential for fine-grained
visual recognition, using the CUB birds dataset as an example. This dataset provides semantic
keypoints, enabling the definition of meaningful regions of interest (ROIs) for RP. We define
two ROIs: "head" (beak, forehead, crown, left eye, right eye, throat) and "body" (back, belly,
breast, nape, left wing, right wing) excluding tail, left leg and right leg.

The figure showcases multiple bird images processed with RP, illustrating its ability to
handle variations in bird size and head size. By dynamically allocating more patches to
these regions, RP ensures consistent representation of crucial features, regardless of their
scale within the image. Though we do not know whether the performance of CUB bird
classification will be improved with RP, we want to suggest that RP could be beneficial
for general recognition tasks where image naturally contains large pose and scale variation.
Future work could explore the integration of RP into models for more broad set of datasets

to quantitatively evaluate its benefits.

6.9 Limitations

While SapiensID demonstrates promising results for human recognition, its reliance on
predefined Regions of Interest (ROIs) introduces certain limitations. The effectiveness of
the Retina Patch mechanism hinges on the ability to define meaningful ROIs that capture
discriminative features. This approach works well for humans, who share a consistent body
topology and where keypoints like the face, torso, and limbs provide valuable cues for
recognition.

However, this reliance on ROIs poses challenges when dealing with objects or entities that

lack a consistent or well-defined structure. For instance, applying SapiensID to amorphous
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objects, scenes with highly variable elements, or categories with significant intra-class topo-
logical differences would require alternative strategies. In such cases, predefined ROIs might
not adequately capture the relevant information, or might even be detrimental by focusing
on irrelevant or inconsistent features. Future research could explore more flexible or adaptive
mechanisms for defining regions of interest, enabling the application of similar principles to a

wider range of object recognition tasks.

6.10 Ethical Concerns

Our goal is to facilitate research in human recognition while operating strictly within
the bounds of copyright law, privacy regulations, and ethical considerations. For large-scale
image datasets, it is a common practice to release datasets in URL format [18,201] because
researchers do not hold the rights to redistribute the data directly. By providing permanent
link URLs, labels and a one step code to download and prepare dataset, researchers can have
access and utilize the data responsibly, while respecting the rights of copyright holders and
individuals. We believe this approach balances the need for large-scale datasets to advance

research with the imperative to protect intellectual property and privacy.

6.11 Conclusion

SapiensID presents a paradigm shift in human recognition, moving beyond modality-
specific models to a unified architecture capable of identification across diverse poses and
body-part scales. Retina Patch, Semantic Attention Head, and Masked Recognition Model
combined with WebBody4M dataset, enable SapiensID to achieve SoTA performance across
various RelD benchmarks and establish a strong baseline for Cross Pose-Scale RelD. This

work marks a step towards holistic human recognition systems.
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CHAPTER 7

EFFICIENT HUMAN RECOGNITION FRAMEWORK
While unified face and body recognition models offer enhanced robustness across diverse
poses and scales, their reliance on Vision Transformers (ViTs) processing numerous tokens
often leads to prohibitive computational costs, hindering practical deployment in real-time
applications. This paper introduces a novel approach to significantly improve the efficiency
of unified biometric recognition ViTs without compromising accuracy. We propose Keypoint-
based Token Fusion (KP-ToFu), a heuristic token reduction strategy specifically designed
for biometrics, which merges less informative tokens while strategically preserving those
corresponding to crucial human keypoints essential for identification. To maintain spatial
reasoning capabilities after the token structure is altered by fusion, we develop Keypoint
Absolute Position Encoding (KP-APE). Additionally, we introduce Reasoning Tokens, pro-
gressively added learnable tokens that compensate for the reduced input token count and
enhance the model’s representational capacity for complex identity reasoning. Our synergistic
approach, combining KP-ToFu, KP-APE, and Reasoning Tokens, achieves state-of-the-art
performance on challenging joint face and body recognition benchmarks while providing
substantial computational speed-ups. We further demonstrate the versatility of our efficient
backbone by successfully adapting it to gait recognition. This work paves the way for fast,

accurate, and deployable unified human recognition systems.

7.1 Introduction

Human recognition remains a fundamental challenge in computer vision, crucial for
applications ranging from security surveillance to personalized user experiences. Historically,
this task has been tackled using disparate approaches: highly specialized models for face
recognition [55,101,102,122-124,128,154,239,240,252,276] and separate models for body-based
person re-identification (RelD) [80,110,140,149,151,268|. While successful in constrained
environments relying on specific alignments [1,54] or consistent camera views [212, 268],

this fragmented strategy falls short in real-world settings. Practical scenarios often present
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humans in diverse poses (sitting, standing, partial views) and scales, requiring systems to
leverage both face and body cues opportunistically [112,271]. The conventional solution
involves fusing outputs from multiple models [87,147|, adding system complexity and potential
failure points. A unified model, capable of processing the full spectrum of human appearance
variations, promises greater robustness and simpler deployment.

Recent advancements, such as the SapiensID framework, have moved towards this unifica-
tion using Vision Transformer (ViT) architectures. By processing multiple input resolutions
(e.g., whole body, upper torso, face), SapiensID aims to achieve scale invariance. However,
this approach comes at a steep price: computational cost. Feeding multiple high-resolution
views into a ViT drastically increases the number of input tokens (e.g., 432), leading to
significant computational overhead and slow inference speeds. It forms a critical bottleneck,
rendering such powerful unified models impractical for many real-world biometric applica-
tions, including real-time video analysis, large-scale identity searches, and deployment on
resource-constrained edge devices, where low latency and high throughput are paramount.
Addressing this efficiency gap is therefore essential to unlock the potential of unified human
recognition.

A promising direction for enhancing ViT efficiency is token fusion [27,121|, which reduces
the computational load by dropping or averaging redundant or less informative tokens within
the network. However, applying standard token fusion techniques directly to biometric
recognition tasks presents a major challenge. Biometric identification relies heavily on
preserving fine-grained details and the precise spatial arrangement of keypoints (e.g., facial
landmarks, body joints). Naive token fusion, which merges tokens without considering
their semantic importance, can inadvertently collapse these critical keypoint representations,
severely degrading the model’s discriminative ability and undermining the core purpose of
recognition.

To overcome this limitation while still reaping the benefits of token reduction, we first

propose Keypoint-based Token Fusion (KP-ToFu). The core motivation is to achieve computa-
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tional efficiency without sacrificing the crucial fine-grained information needed for biometrics.
KP-ToFu intelligently identifies tokens corresponding to essential human keypoints and
explicitly prevents them from being merged. Similar tokens are fused, significantly reducing
the token count while ensuring that the structural integrity of the human form, vital for
part-based matching, is preserved. This allows for substantial speed-ups while safeguarding
recognition accuracy.

Secondly, the act of merging tokens fundamentally disrupts the regular grid structure
inherent in the initial tokenization of the image. This disruption poses a significant problem
because standard methods for incorporating spatial awareness in ViTs, such as 2D Relative
Position Encoding (RPE) [89] or KP-RPE [125], rely on this grid structure to calculate
positional relationships. Without effective positional encoding, the model loses vital informa-
tion about where features are located relative to each other, further hindering recognition.
To address this, we introduce efficient keypoint Absolute Position Encoding. KP-APE is
specifically designed to calculate meaningful positional biases to keypoints even after tokens
have been fused and their original grid coordinates are lost, thereby allowing the model to
maintain spatial reasoning capabilities within the reduced and irregular token set.

Finally, while KP-ToFu preserves keypoints and KP-APE maintains spatial awareness,
the overall reduction in token count via fusion might lead to a potential loss in the model’s
representational capacity. The concern is that fewer tokens might limit the network’s ability
to perform complex reasoning and integrate information across different parts of the input
effectively. To counteract this, we introduce Reasoning Tokens. These are a small number
of randomly initialized, learnable tokens that are progressively added into the ViT blocks
alongside the image tokens. Similar to the [CLS| token, these reasoning tokens are not tied
to specific spatial locations. They serve as adaptable computational resources, providing
the network with additional capacity to synthesize features, model complex relationships,
and perform higher-level reasoning about identity, compensating for the information density

increase caused by token fusion.
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By combining KP-ToFu, KP-APE, and Reasoning Tokens, we construct an efficient yet
powerful backbone for unified human recognition. Our approach achieves state-of-the-art
results on challenging benchmarks requiring joint face and body identification, demonstrating
significant improvements in both computational efficiency and recognition accuracy. Fur-
thermore, we showcase the versatility of our optimized backbone by successfully adapting it
for efficient gait recognition through the addition of temporal attention mechanisms. This
work paves the way for deploying robust, unified human recognition systems in demanding

real-world applications where both accuracy and speed are critical.
7.2 Related Work

7.2.1 Biometric Recognition

The field of biometric recognition has traditionally operated with distinct silos for face
recognition (FR) [55,101, 102, 122-124, 128, 154, 239, 240, 252, 276] and body recognition
(Person RelD) [80,110,140,149,151,268]. While achieving high performance, these specialized
models often depend on constrained inputs, such as aligned faces [1,54] or canonical full-body
poses [212,268], limiting their utility in unconstrained real-world scenarios [112,271]. Recent
advancements, exemplified by models like SapiensID, have pioneered a unified approach,
developing single models capable of jointly processing face and body information across
varying scales and poses, often eliminating the need for strict pre-alignment [125|. This
unification offers enhanced robustness and simplifies deployment pipelines.

However, this progress towards unification introduced a new, critical challenge: computa-
tional efficiency. Architectures like SapiensID, which employ Vision Transformers (ViTs) and
process multiple input resolutions (e.g., face, upper-torso, full-body) to handle scale variance,
inherently generate a very large number of tokens. This large token count leads to substantial
computational demands and slow inference speeds, creating a significant barrier to deploying
these powerful unified models in practical, real-time biometric systems where low latency is
often crucial. The prohibitive cost associated with these initial unified models underscores

the urgent need for methods that can preserve their recognition capabilities while drastically
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improving their computational efficiency.

7.2.2 Token Reduction

The quadratic complexity of self-attention makes Vision Transformers (ViTs) compu-
tationally expensive, hindering their use in efficiency-sensitive applications like real-time
biometrics and motivating token reduction strategies. Existing methods include learned
approaches [8,68,142,171,182,192,275,277| that prune tokens using auxiliary modules often
requiring complex training, and simpler, training-free heuristic alternatives. Heuristic tech-
niques like pooling [168], sampling [68], and Token Merging (ToMe) |28, 29]—which pioneered
similarity-based training-free merging. Token Fusion [121] further explored strategies blending
pruning and merging concepts.

However, a critical limitation of these heuristic methods for biometrics is their lack of
semantic awareness. Merging tokens based solely on general feature similarity risks destroying
the fine-grained details and spatial relationships of key anatomical points (e.g., eyes, joints)
crucial for identification. Our work addresses this via Keypoint-based Token Fusion (KP-
ToFu), an approach that explicitly preserves important keypoint tokens during fusion. We
also propose KP-APE which is a modified version of KP-RPE [125] that can be applied to

reduced token sets.

7.3 Proposed Work

Our goal is to develop an efficient backbone for unified human recognition, capable of
processing diverse inputs containing faces and bodies across various scales and poses, while
remaining computationally tractable for practical applications. We formulate the task as
metric learning, aiming to produce discriminative embeddings where images of the same
identity are closer than images of different identities, trained using a margin-based softmax

loss [122]|. The overall pipeline is shown in Fig 7.1.

7.3.1 Overview and Baseline Input Processing
Inspired by multi-region processing but simplified for efficiency, we handle scale variance

by extracting the whole image, upper torso, and face regions (derived via keypoints [34]),
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Figure 7.1 Overview of the Proposed Pipeline. Tokens are merge each layer while the

keypoint tokens remain intact.

resizing each to a standard resolution (e.g., 384x384), and concatenating them horizontally
into a single wide image (e.g., 384x1152). This wide image is processed by a standard Vision
Transformer (ViT) backbone [60]|. Using 32x32 patches results in a large number of initial
tokens (N=432 for a 384x1152 input). These tokens, augmented with standard position
embeddings.

The primary challenge is the computational cost associated with processing this large
initial token count (N = 432) through self-attention layers, which have (O(N?)) complexity.
This significantly hinders practical deployment. To address this efficiency bottleneck, we
introduce the following techniques designed to reduce the effective number of processed tokens
while preserving critical biometric information: Keypoint-based Token Fusion (KP-ToFu),
Keypoint Absolute Position Encoding (KP-APE), and Reasoning Tokens, detailed in the
subsequent sections.

7.3.2 Keypoint-based Token Fusion (KP-ToFu)

Our approach to improving the efficiency of the ViT backbone hinges on reducing the

number of tokens N processed in its layers. We adapt recent training-free token reduction

techniques, specifically focusing on token merging, but tailor it for the biometric recognition.
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1. Standard Token Merging Standard Token Merging employs Bipartite Soft Matching
(BSM) [28] to identify the r most similar pairs of tokens (idxXge,idxqs) within an input
sequence X € RV*C_ Similarity is typically based on token features from the preceding
Multihead Self Attention (MSA) layer (e.g., using Key K vectors averaged across heads).
The r source tokens (indexed by idxg.) are then merged into their corresponding destination

tokens (indexed by idxqs) using Average Merging via scatter_reduce [121]:

Xsrc_selected — X[idXsrc] (71)

X'+ X.scatter _reduce(Xyre_selected; 1dXdst, mode="mean’) (7.2)

After merging, the r source tokens are removed, yielding N —r tokens. However, this standard
approach is unaware of token semantics and can inadvertently merge tokens representing

anatomical keypoints, degrading biometric performance.

2. Keypoint Identification and Index Partitioning For robust biometric recognition,
preserving keypoint information is crucial. We first identify the indices of tokens corresponding
to K anatomical keypoints (detected via [34]), denoted as the set I, C {1,...,N}. The
remaining token indices form the non-keypoint set Iy, = {1,..., N} \ Ixp. This distinction is

fundamental to our modified fusion strategy.

3. KP-ToFu: Keypoint-Preserving Merging Our Keypoint-based Token Fusion (KP-

ToFu) method modifies the BSM matching process to explicitly protect keypoint tokens. We

achieve this by carefully defining the source and destination pools for BSM:

@ The non-keypoint indices I, is partitioned into two subsets, [I(i)p and Ir(li)p, based on
alternating index.

® The Source (SRC) pool for BSM is restricted to tokens indexed by [r(i)p-

® The Destination (DST) pool for BSM includes tokens indexed by the other non-keypoint

1(2)

partition plus all keypoint tokens, i.e., I,

U Ly
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Then we find the r most similar pairs (idXg., idxqs;) between the SRC and DST pools, using

the same similarity metric (averaged Key vectors). Crucially, this construction guarantees

7

nkpy €1suring no keypoint token is ever

that the source indices idxg,. are always a subset of
selected for removal (Vi € idxge,7 & Iip).

The merging (Eq. 7.2) and subsequent removal of the r source tokens proceed as in
standard merging, producing a sequence of N — r tokens. KP-ToFu thus efficiently reduces

token count while guaranteeing the preservation of all K keypoint tokens, maintaining the

structural fidelity essential for accurate biometric recognition.

7.3.3 Keypoint Absolute Position Encoding (KP-APE)

Token fusion via KP-ToFu (Sec 7.3.2) disrupts the token grid, making standard positional
encoding methods like KP-RPE [125] impractical due to the excessive overhead of merging
relative positional biases at each layer. To efficiently provide spatial awareness in the reduced
token set, we introduce Keypoint Absolute Position Encoding (KP-APE).

KP-APE leverages the importance of anatomical landmarks in biometrics. We define a
set of learnable absolute position embeddings, Py, € RE*C one p;, € R for each of the K
keypoint types. At each layer [, KP-APE updates every token xgl) in the current sequence X
by adding a distance-weighted sum of the keypoint embeddings. Using learnable non-negative

decay parameters )\, the update is:
K
x = x4 e iy (7.3)
k=1

Here, X;(l) denotes the updated token feature vector, and d, ; is the distance between one
token and a keypoint token.

This distance d; ;, is determined by tracking token locations. We initialize (x, y) coordinates
for each token and update them at each layer [ in parallel with KP-ToFu. As tokens merge
(using indices idxge, idxgst ), their coordinates are also merged. In other words, the average
of coordinate represents the location of the new token. d; is then the Euclidean distance

between the resulting tracked coordinate of token 7 and the coordinate of keypoint k.
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This approach efficiently encodes spatial information. The benefit is that keypoint tokens
receive a strong signal from their corresponding embedding (d;, ~ 0 = e Mdir ~ 1,
assuming keypoints don’t merge into non-keypoints). Furthermore, all tokens gain awareness
of their position relative to keypoints via distance-modulated contributions based on their
dynamically updated effective locations. It adapts seamlessly to the fused token sequence at
each layer using tracked coordinates and fixed embeddings. KP-APE thus maintains crucial
spatial reasoning capabilities focused on keypoints within an efficient, fusion-compatible

framework.

7.3.4 Reasoning Tokens

To enhance pose/shape invariance and compensate for increased information density
after token fusion (Sec 7.3.2), we introduce Reasoning Tokens (RTs). These are learnable,
randomly initialized tokens, not tied to specific spatial image locations, functioning as
adaptable computational resources within the network.

RTs are progressively added based on a schedule specifying 7, > 0 new tokens for
each transformer block [. Let X0 € RN"*C pe the image tokens entering block [, and
RO € RM"*C he the RTs propagated from the previous block (M) = 0). We initialize r;
new RTs, R\, € RxC.

The full input sequence to block I’s self-attention is the concatenation:
7 = Concat(X® RO RY ) e RNV MO +r)xC (7.4)

All tokens in Z® interact. The output tokens corresponding to R®) and RY, form the
propagated set R+ for the next block. These RTs provide additional capacity for the model
to synthesize features, integrate information across image tokens, and potentially distill more
abstract, invariant semantic information crucial for robust identity recognition, mitigating

potential representation loss from token fusion.
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Method LFW [100] CPLFW [296] CFPFP [202] CALFW [297] , FLOPs (G)

SapiensID [125] 99.82 94.85 98.74 95.78 31.77
Proposed Work 99.82 94.92 98.80 95.88 20.87

Table 7.1 Face Recognition Performance Comparison. Accuracy (%) is reported. FLOPs (G)

are measured for a single forward pass with the standard input (384x1152).

7.4 Experiments

Implementation Details We evaluate our proposed efficient unified recognition backbone
against the SapiensID [126] baseline. Both models use a ViT-Base architecture and are trained
on the WebBody4M dataset using the AdaFace loss [122], following established training
practices. The input image size is 384 x 384 (with padding), and 3 ROIs (whole image,
upper torso, head) are extracted, initially leading to 12 x 12 x 3 = 432 patches for the ViT
backbone.

Face Recognition Performance We evaluate performance on standard aligned face
recognition benchmarks. Table 7.1 compares our Proposed Work against the SapiensID
baseline. The results show that our method achieves highly comparable accuracy across all
datasets (LFW, CPLFW, CFPFP, CALFW). This demonstrates that the proposed efficiency
enhancements, including token fusion and the KP-APE positional encoding, successfully

preserve the fine-grained details necessary for face identification.

Body Recognition Performance We further evaluate on body recognition benchmarks,
including long-term RelD (LTCC, PRCC, focusing on clothing changes) and short-term
RelD (Market1501). Table 7.2 shows the top-1 accuracy comparison. Our Proposed Work
demonstrates strong performance, achieving higher accuracy on PRCC long-term RelD
compared to the baseline. While slightly lower on LTCC and Market1501, the results remain
highly competitive, showcasing the effectiveness of the proposed architecture in handling body
recognition tasks under challenging conditions even after significant token reduction. The

performance trade-offs might reflect the different balance struck between spatial detail and
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Long-Term RelD Short-Term RelD

Method
e LTCC [212] PRCC [268] | Market1501 [295]

SapiensID [125] | 42.60 66.69 90.53

Proposed Work 29.59 69.94 87.98

Table 7.2 Body Recognition Performance Comparison. Top-1 Accuracy (%) is reported.

Long-term datasets use clothing-change protocols.

semantic abstraction due to token fusion and the KP-APE vs KP-RPE encoding strategies.

Efficiency Analysis A primary contribution of our work is the enhancement of computa-
tional efficiency. As indicated in Table 7.1, our Proposed Work reduces the computational
cost from 31.77 GFLOPs (SapiensID baseline) to 20.87 GFLOPs. This constitutes a signifi-
cant reduction of approximately 34.3%, offering a theoretical speedup of about 1.52x. This
efficiency gain is primarily achieved through Keypoint-based Token Fusion (KP-ToFu), which
substantially decreases the number of tokens processed by the computationally intensive
self-attention layers, while the addition of Reasoning Tokens incurs minimal overhead. This
makes our proposed backbone much more suitable for deployment in resource-constrained

environments or real-time applications.

Visualization of Token Retention Figure 7.2 visualizes the effectiveness of KP-ToFu in
preserving keypoint-related tokens during the fusion process. For two example inputs—one
seated and one standing—the visualizations compare the standard ToFu (top row) and our
proposed KP-ToFu (bottom row) at deeper layers (e.g., depth 23). Each red dot indicates
a remaining token after fusion. The facial and body keypoints are marked on top of the
input images. We observe that KP-ToFu explicitly retains tokens near critical landmarks
(e.g., facial features, joints), whereas standard ToFu can aggressively merge away fine-grained
regions. This highlights how KP-ToFu maintains semantic structure crucial for accurate

biometric recognition while achieving substantial token reduction.
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Figure 7.2 Visualization of token retention with ToFu vs. KP-ToFu. Each red dot represents
a retained token at a deeper transformer layer. KP-ToFu better preserves keypoint-related

tokens (e.g., facial landmarks, joints), improving structural integrity for recognition tasks.

7.5 Conclusion

In this work, we present a new backbone for unified human recognition that addresses a
critical challenge in modern biometric systems: how to maintain high recognition accuracy
across diverse human appearances while significantly reducing computational cost. We intro-
duce three key innovations—Keypoint-based Token Fusion (KP-ToFu), Keypoint Absolute
Position Encoding (KP-APE), and Reasoning Tokens—that together enable effective token
reduction in Vision Transformers without compromising the fine-grained spatial information
vital for face and body recognition.

Through extensive experiments, we demonstrate that our proposed method achieves recog-
nition performance on par with or exceeding the state-of-the-art across multiple benchmarks,
while reducing FLOPs by over 34%. Our approach maintains strong discriminative power
for both aligned face recognition and unconstrained person re-identification, showcasing its
robustness across pose, scale, and appearance variations. Furthermore, visualizations confirm
that KP-ToFu preserves semantic structure by protecting keypoint-relevant tokens, a critical
feature that standard token fusion methods lack. Our efficient and unified backbone paves the
way for scalable, real-time biometric systems deployable on edge devices, enabling practical

applications in security, forensics, and personalized user interfaces.
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CHAPTER 8

DISCUSSION AND CONCLUSION

8.1 Historical Context and Research Trajectory

As shown in Fig 8.1, face recognition has undergone several paradigm shifts over the
past decades. Early systems relied on hand-crafted features such as Eigenfaces [233| and
Local Binary Patterns (LBP) [7], later evolving into more structured feature engineering
approaches like SIFT [165] and Haar features [237]. The major turning point arrived
with the advent of deep learning around 2014. Pioneering models like DeepFace [225]
and FaceNet [200] introduced end-to-end learning pipelines that significantly outperformed
traditional techniques. This deep learning wave was quickly followed by a flurry of innovations
in loss functions [55,102, 122,154,239, 240|, architecture design [86], and large-scale dataset
development [300], each contributing to improved robustness and scalability.

This dissertation contributes to this ongoing evolution by addressing key limitations of
modern face recognition. It comprises five core works that span the three foundational pillars
of progress in this domain: loss functions, dataset design, and architectural innovations.
These include:

@ Loss function innovation: AdaFace, which adapts margin constraints based on image
quality for robust training.

® Architectural design: CAFace and KPRPFE, which address challenges in large-scale
video recognition and pose misalignment, respectively.

® Dataset and generative modeling: DCFace, a dual-conditioned diffusion framework
for generating high-quality synthetic training identities.

@ Multi-modal Biometrics SapiensID: A large-scale multimodal model developed to

support a new biometric paradigm that unifies face and body recognition.
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Figure 8.1 Timeline of face recognition evolution, tracing the transition from hand-crafted

features to deep learning-based approaches. The contribution of this thesis is in bolded text.

8.2 Limitations and Open Challenges

8.2.1 Precision of Facial Features

As face recognition systems are increasingly deployed in unconstrained, real-world envi-
ronments, the precision of facial features becomes a critical factor. In particular, systems
must handle low-quality imagery, varied poses, occlusions, and other challenging conditions.
Under such circumstances, the quality and reliability of the underlying keypoint detections
can substantially influence recognition performance. Architectures like KP-RPE [125] aim
to incorporate structural priors by explicitly modeling spatial relationships between facial
landmarks. However, such approaches inherently rely on the success of the keypoint detector
itself [54,165]. When landmarks are mislocalized due to motion blur, extreme pose, or
occlusion, the downstream recognition model can suffer from incorrect relational encodings.

This points to a broader challenge: the current decoupling between keypoint detection and
identity recognition creates a potential vulnerability. For future systems, it may be beneficial
to explore joint optimization frameworks where the keypoint estimation is co-trained or
tightly coupled with the recognition objective, improving resilience in low-quality scenarios.
Moreover, advancements in keypoint detection, especially under degraded conditions such as
surveillance video—will be essential for enabling robust structural encodings in the wild. As
applications move beyond controlled datasets, these front-end challenges are likely to become

bottlenecks, underscoring the need for more integrated, end-to-end solutions.
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8.2.2 Identical Twins and Similarity Challenges

Despite significant advances, deep face recognition systems still struggle with edge cases
such as identical twins. Even under high-quality imaging conditions, the facial similarities
between twins can be so high that image-based models fail to reliably distinguish them [130].
Consumer devices have demonstrated this limitation. Basic facial recognition methods, which
rely on matching key facial features, can sometimes be fooled by twins. To remedy this,
advanced systems use depth sensors to reduce the likelihood of errors.

This challenge highlights a fundamental limitation of appearance-based recognition: when
inter-subject variance is extremely low, visual information alone may be insufficient. Recent
work has extended this insight to the broader problem of lookalike disambiguation, where
non-twin individuals exhibit extremely similar facial appearances. Swearingen and Ross [223]
proposed a reranking strategy that augments traditional face matchers with a dedicated
disambiguator, specifically tuned to distinguish between such lookalikes. Their method
improved closed-set identification accuracy on the challenging TinyFace dataset, suggesting
that hybrid architectures may offer a viable path forward in these hard scenarios.

To further improve robustness, future systems will likely need to adopt multi-modal
inputs, integrating cues such as depth or voice. These additional modalities can provide
independent, discriminative signals that are more effective when appearance alone fails. As
face recognition moves into more diverse and security-critical applications, handling these

hard cases will be essential for practical reliability.

8.2.3 Interpretability and Trustworthiness

Modern recognition systems function as black boxes, often outputting similarity scores
without rationale. Despite efforts in visualizing attention or embedding distances, inter-
pretability remains minimal. In high-stakes scenarios such as border control or forensic
analysis, models must provide calibrated confidence, clear failure modes, and possibly human-

interpretable explanations.

169



8.2.4 Identity Capacity of Generative Models

An emerging question in synthetic dataset design is not just whether generated faces look
realistic, but how many truly distinct and usable identities a generative model can produce.
This is fundamentally a question of identity capacity: given a fixed number of real training
images, how many well-separated subjects can a model generate?

DCFace [124], trained on 52k real face images, generates 20k new synthetic identities. In
contrast, Vec2Face [255], trained on a much larger dataset (360k images), achieves up to
200k well-separated identities. This scaling behavior demonstrates that generative identity
capacity is closely related to the diversity and richness of the real training data.

Recent work by Boddeti et al. [26] offers a principled statistical framework for estimating
the upper bound of this capacity, framing it as a hyperspherical packing problem in the
feature space of a face recognition model. They define capacity as the maximum number of
identities that can be placed in this space without exceeding a predefined similarity threshold
(related to a false acceptance rate). Their empirical estimates show that StyleGAN3 have a
practical upper bound—approximately 1.43 million identities at a 0.1% FAR, which decreases
sharply with stricter thresholds. For class-conditional models like DCFace, the capacity was
significantly lower, due to its greater intra-class variation.

These results underscore an important insight: while generative models can amplify
identity diversity, their capacity is not unlimited. The sampling distribution remains bounded
by the identity entropy encoded during training. Thus, future research can aim to formalize
these constraints, explore the theoretical upper bounds of novel identity generation, and

propose methods for synthetic identities to be meaningfully distinct and diverse.

8.2.5 Recognition at Scale: The Challenge of Large Galleries

Beyond academic benchmarks, real-world biometric systems often operate at an entirely
different scale. For example, India’s national identification system, Aadhaar, maintains bio-
metric records—including face, fingerprint, and iris data—for over 1.4 billion individuals [180].

In such large-scale deployments, the gallery size is not in the thousands but in the hundreds
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Gallery Setting Gallery Size Rank-1 Acc. Rank-5 Acc. TPIR @ FPIR=0.01

Baseline Gallery 202 62.0% 68.2% 46.1%
+1K External Imposters 1,202 56.1% 61.6% 43.7%
+5K External Imposters 5,202 51.1% 57.3% 40.8%
+10K External Imposters 10,202 48.4% 55.1% 38.0%

Table 8.1 Performance degradation on IJB-S (small/surv2single protocol) as gallery size
increases with imposters sampled from an external dataset. The addition of external

distractors reveals challenges not captured in standard closed-set benchmarks.

of millions or more. At this scale, even a small drop in recognition accuracy can lead to a
significant number of false matches or missed identifications, potentially affecting millions of
people.

While academic benchmarks like IJB-S offer a valuable setting to evaluate face recognition
systems, they often fall short in simulating the true scale and complexity of operational
deployments. In real-world applications, systems must search against vast galleries filled with
distractors, occlusions, and varying quality levels.

To better approximate such conditions, we conducted an experiment where the baseline
[JB-S gallery (containing approximately 202 identities in this setup) was augmented by
sampling additional imposter identities from an external dataset. We added between 1,000
and 10,000 such imposters and measured the impact on recognition performance using the
‘surv2single-small‘ protocol. As detailed in Table 8.1, the results show a marked deterioration
in accuracy as the number of external distractors increases. This decline highlights a
fundamental truth: face recognition, especially when dealing with large galleries containing
unknown imposters, remains a significant challenge.

This experiment serves as a reminder that deploying face recognition systems at scale
introduces complexities not yet fully captured in many academic settings. As we move
forward, bridging the gap between benchmark success and real-world reliability, especially

under large-scale, open-set conditions, remains a central challenge for the field.
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8.3 Looking Ahead: Potential Future Directions

8.3.1 From Recognition Towards Reasoning

The next phase in biometrics appears poised to move beyond simple matching. Future
recognition systems could extend beyond identification to also incorporate reasoning, explana-
tion, and interaction capabilities. This emerging paradigm might involve multimodal inputs,
contextual memory, and probabilistic inference—potentially leading to agents that could ask

follow-up questions, simulate identities, or defer to humans in ambiguous situations.

Traditional FR Pipeline Interactive Reasoning Biometrics
0 oApeF
P-4 P-4 )
‘ |
| Similarity ) |
|
Match Score 0.91

1 am 90% sure this is Alice based on face +
voice, but there is a discrepancy with body.
Please verify with a security question.

Figure 8.2 Future biometric agents may need to go beyond raw accuracy, providing

calibrated confidence, interpretability, and the ability to call for intervention.

8.3.2 Evaluation Beyond Accuracy

Traditional metrics such as TAR or rank-1 may prove insufficient for evaluating future
biometric deployments. There appears to be a growing need for new benchmarks that quantify
aspects like trust, explanation clarity, and user experience. These could include metrics
for: 1) Intervention accuracy (when the model seeks assistance) 2) Hypothesis quality in
low-confidence settings 3) Interpretability and decision traceability.
8.3.3 Multimodal and Personalized Recognition

Multimodal fusion—combining face, body, gait, or even voice or language—continues
to hold promise for boosting robustness. Similarly, personalized models that adapt to

specific users or deployment contexts may improve usability. Pursuing these directions will
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likely involve considerations around continual learning, fusion architectures, and cross-modal

representation learning.

8.4 Closing Remarks

The journey of face recognition, significantly accelerated by deep learning, has reached
impressive milestones, yet it is crucial to acknowledge that the core challenge of reliable
biometric identification in diverse, real-world conditions is far from solved. This dissertation,
therefore, concludes not at an end-point, but at what appears to be an inflection point for
the community. Also the focus may increasingly pivot from pure accuracy maximization
towards the creation of systems that embody trustworthiness, interpretability, and effective
human interaction. Looking ahead, the goal seems less about marginal gains on leaderboards
and more about engineering resilient systems designed to coexist meaningfully with humans,

adapt appropriately to context, and navigate ambiguity with grace.
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