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President’s Address

On behalf of the Executive Committee of the International Association for Pattern Recog-
nition (IAPR), I am pleased to welcome you to the 27th International Conference on
Pattern Recognition (ICPR 2024), the main scientific event of the IAPR.

After a completely digital ICPR in the middle of the COVID pandemic and the first
hybrid version in 2022, we can now enjoy a fully back-to-normal ICPR this year. I
look forward to hearing inspirational talks and keynotes, catching up with colleagues
during the breaks and making new contacts in an informal way. At the same time, the
conference landscape has changed. Hybrid meetings have made their entrance and will
continue. It is exciting to experience how this will influence the conference. Planning
for a major event like ICPR must take place over a period of several years. This means
many decisions had to be made under a cloud of uncertainty, adding to the already large
effort needed to produce a successful conference. It is with enormous gratitude, then,
that we must thank the team of organizers for their hard work, flexibility, and creativity in
organizing this ICPR. ICPR always provides a wonderful opportunity for the community
to gather together. I can think of no better location than Kolkata to renew the bonds of
our international research community.

Each ICPR is a bit different owing to the vision of its organizing committee. For
2024, the conference has six different tracks reflecting major themes in pattern recogni-
tion: Artificial Intelligence, Pattern Recognition and Machine Learning; Computer and
Robot Vision; Image, Speech, Signal and Video Processing; Biometrics and Human
Computer Interaction; Document Analysis and Recognition; and Biomedical Imaging
and Bioinformatics. This reflects the richness of our field. ICPR 2024 also features two
dozen workshops, seven tutorials, and 15 competitions; there is something for everyone.
Many thanks to those who are leading these activities, which together add significant
value to attending ICPR, whether in person or virtually. Because it is important for [ICPR
to be as accessible as possible to colleagues from all around the world, we are pleased
that the IAPR, working with the ICPR organizers, is continuing our practice of awarding
travel stipends to a number of early-career authors who demonstrate financial need. Last
but not least, we are thankful to the Springer LNCS team for their effort to publish these
proceedings.

Among the presentations from distinguished keynote speakers, we are looking for-
ward to the three IAPR Prize Lectures at ICPR 2024. This year we honor the achievements
of Tin Kam Ho (IBM Research) with the IAPR’s most prestigious King-Sun Fu Prize
“for pioneering contributions to multi-classifier systems, random decision forests, and
data complexity analysis”. The King-Sun Fu Prize is given in recognition of an outstand-
ing technical contribution to the field of pattern recognition. It honors the memory of
Professor King-Sun Fu who was instrumental in the founding of IAPR, served as its first
president, and is widely recognized for his extensive contributions to the field of pattern
recognition.
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The Maria Petrou Prize is given to a living female scientist/engineer who has made
substantial contributions to the field of Pattern Recognition and whose past contributions,
current research activity and future potential may be regarded as a model to both aspiring
and established researchers. It honours the memory of Professor Maria Petrou as a
scientist of the first rank, and particularly her role as a pioneer for women researchers.
This year, the Maria Petrou Prize is given to Guoying Zhao (University of Oulu), “for
contributions to video analysis for facial micro-behavior recognition and remote bio-
signal reading (RPPG) for heart rate analysis and face anti-spoofing”.

The J.K. Aggarwal Prize is given to a young scientist who has brought a substan-
tial contribution to a field that is relevant to the IAPR community and whose research
work has had a major impact on the field. Professor Aggarwal is widely recognized
for his extensive contributions to the field of pattern recognition and for his participa-
tion in TAPR’s activities. This year, the J.K. Aggarwal Prize goes to Xiaolong Wang
(UC San Diego) “for groundbreaking contributions to advancing visual representation
learning, utilizing self-supervised and attention-based models to establish fundamental
frameworks for creating versatile, general-purpose pattern recognition systems”.

During the conference we will also recognize 21 new IAPR Fellows selected from
a field of very strong candidates. In addition, a number of Best Scientific Paper and
Best Student Paper awards will be presented, along with the Best Industry Related
Paper Award and the Piero Zamperoni Best Student Paper Award. Congratulations to
the recipients of these very well-deserved awards!

I would like to close by again thanking everyone involved in making ICPR 2024 a
tremendous success; your hard work is deeply appreciated. These thanks extend to all
who chaired the various aspects of the conference and the associated workshops, my
ExCo colleagues, and the IAPR Standing and Technical Committees. Linda O’Gorman,
the IAPR Secretariat, deserves special recognition for her experience, historical perspec-
tive, and attention to detail when it comes to supporting many of the IAPR’s most impor-
tant activities. Her tasks became so numerous that she recently got support from Carolyn
Buckley (layout, newsletter), Ugur Halici (ICPR matters), and Rosemary Stramka (sec-
retariat). The IAPR website got a completely new design. Ed Sobczak has taken care of
our web presence for so many years already. A big thank you to all of you!

This is, of course, the 27th ICPR conference. Knowing that ICPR is organized every
two years, and that the first conference in the series (1973!) pre-dated the formal founding
of the IAPR by a few years, it is also exciting to consider that we are celebrating over
50 years of ICPR and at the same time approaching the official IAPR 50th anniversary
in 2028: you’ll get all information you need at ICPR 2024. In the meantime, I offer my
thanks and my best wishes to all who are involved in supporting the IAPR throughout
the world.

September 2024 Arjan Kuijper
President of the IAPR



Preface

It is our great pleasure to welcome you to the proceedings of the 27th International Con-
ference on Pattern Recognition (ICPR 2024), held in Kolkata, India. The city, formerly
known as ‘Calcutta’, is the home of the fabled Indian Statistical Institute (ISI), which
has been at the forefront of statistical pattern recognition for almost a century. Concepts
like the Mahalanobis distance, Bhattacharyya bound, Cramer—Rao bound, and Fisher—
Rao metric were invented by pioneers associated with ISI. The first ICPR (called IICPR
then) was held in 1973, and the second in 1974. Subsequently, ICPR has been held every
other year. The International Association for Pattern Recognition (IAPR) was founded
in 1978 and became the sponsor of the ICPR series. Over the past 50 years, ICPR has
attracted huge numbers of scientists, engineers and students from all over the world and
contributed to advancing research, development and applications in pattern recognition
technology.

ICPR 2024 was held at the Biswa Bangla Convention Centre, one of the largest such
facilities in South Asia, situated just 7 kilometers from Kolkata Airport (CCU). Accord-
ing to ChatGPT “Kolkata is often called the ‘Cultural Capital of India’. The city has
a deep connection to literature, music, theater, and art. It was home to Nobel laureate
Rabindranath Tagore, and the Bengali film industry has produced globally renowned
filmmakers like Satyajit Ray. The city boasts remarkable colonial architecture, with
landmarks like Victoria Memorial, Howrah Bridge, and the Indian Museum (the oldest
and largest museum in India). Kolkata’s streets are dotted with old mansions and build-
ings that tell stories of its colonial past. Walking through the city can feel like stepping
back into a different era. Finally, Kolkata is also known for its street food.”

ICPR 2024 followed a two-round paper submission format. We received a total of
2135 papers (1501 papers in round-1 submissions, and 634 papers in round-2 submis-
sions). Each paper, on average, received 2.84 reviews, in single-blind mode. For the
first-round papers we had a rebuttal option available to authors.

In total, 945 papers (669 from round-1 and 276 from round-2) were accepted
for presentation, resulting in an acceptance rate of 44.26%, which is consistent with
previous ICPR events. At ICPR 2024 the papers were categorized into six tracks:
Artificial Intelligence, Machine Learning for Pattern Analysis; Computer Vision and
Robotic Perception; Image, Video, Speech, and Signal Analysis; Biometrics and Human-
Machine Interaction; Document and Media Analysis; and Biomedical Image Analysis
and Informatics.

The main conference ran over December 2-5, 2024. The main program included
the presentation of 188 oral papers (19.89% of the accepted papers), 757 poster papers
and 12 competition papers (out of 15 submitted). A total 10 oral sessions were held
concurrently in four meeting rooms with a total of 40 oral sessions. In total 24 workshops
and 7 tutorials were held on December 1, 2024.

The plenary sessions included three prize lectures and three invited presentations.
The prize lectures were delivered by Tin Kam Ho (IBM Research, USA; King Sun
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Fu Prize winner), Xiaolong Wang (University of California, San Diego, USA; J.K.
Aggarwal Prize winner), and Guoying Zhao (University of Oulu, Finland; Maria Petrou
Prize winner). The invited speakers were Timothy Hospedales (University of Edinburgh,
UK), Venu Govindaraju (University at Buffalo, USA), and Shuicheng Yan (Skywork Al,
Singapore).

Several best paper awards were presented in ICPR: the Piero Zamperoni Award for
the best paper authored by a student, the BIRPA Best Industry Related Paper Award,
and the Best Paper Awards and Best Student Paper Awards for each of the six tracks of
ICPR 2024.

The organization of such a large conference would not be possible without the help of
many volunteers. Our special gratitude goes to the Program Chairs (Apostolos Antona-
copoulos, Subhasis Chaudhuri, Rama Chellappa and Cheng-Lin Liu), for their leadership
in organizing the program. Thanks to our Publication Chairs (Ananda S. Chowdhury and
Wataru Ohyama) for handling the overwhelming workload of publishing the conference
proceedings. We also thank our Competition Chairs (Richard Zanibbi, Lianwen Jin and
Laurence Likforman-Sulem) for arranging 12 important competitions as part of ICPR
2024. We are thankful to our Workshop Chairs (P. Shivakumara, Stephanie Schuckers,
Jean-Marc Ogier and Prabir Bhattacharya) and Tutorial Chairs (B.B. Chaudhuri, Michael
R. Jenkin and Guoying Zhao) for arranging the workshops and tutorials on emerging
topics. ICPR 2024, for the first time, held a Doctoral Consortium. We would like to thank
our Doctoral Consortium Chairs (Véronique Eglin, Dan Lopresti and Mayank Vatsa) for
organizing it.

Thanks go to the Track Chairs and the meta reviewers who devoted significant time to
the review process and preparation of the program. We also sincerely thank the reviewers
who provided valuable feedback to the authors.

Finally, we acknowledge the work of other conference committee members, like the
Organizing Chairs and Organizing Committee Members, Finance Chairs, Award Chair,
Sponsorship Chairs, and Exhibition and Demonstration Chairs, Visa Chair, Publicity
Chairs, and Women in ICPR Chairs, whose efforts made this event successful. We also
thank our event manager Alpcord Network for their help.

We hope that all the participants found the technical program informative and enjoyed
the sights, culture and cuisine of Kolkata.

October 2024 Umapada Pal
Josef Kittler
Anil Jain
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1 Introduction

The goal of Remaining Useful Life (RUL) prediction is extracting degradation
representations from sensors multivariate time series (MTS) to estimate the time
until a system can no longer maintain its normal operational state [21]. Accurate
RUL predictions are expected to yield significant benefits, including the devel-
opment of intelligent maintenance strategies, reduction in operational costs, and
extension of equipment lifespan [29]. The degradation representations indicate
the gradual decline of system performance and are mainly extracted by temporal
and spatial features [8]. Recurrent Neural Networks (RNNs) and one-dimensional
Convolutional Neural Networks (CNNs) are widely used to extract temporal fea-
tures [12,15,24,28], while Graph Neural Networks (GNNs) are utilized to learn
spatial relationships among sensors [11,21]. Recent studies [8,29] demonstrate
that RUL prediction accuracy can be improved by integrating these two types of
features. Specifically, Huang et al. [8] introduced a cascaded architecture based
on Graph Convolutional Networks (GCN) and Temporal Convolutional Net-
works (TCN), demonstrating significantly improved predictive accuracy com-
pared to other existing methods. The above-mentioned research on RUL pre-
diction employs supervised learning paradigms. As shown in Fig. 1a, the model
learns hidden features H from X by corresponding RUL label y. However, in
real-world scenarios, the scarcity of labeled MTS data reduces the efficiency of

supervised learning paradigms.
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Fig. 1. Learning Paradigms Comparison

A potential solution is to employ the classical contrastive learning paradigm
in Fig. 1b, as a subset of self-supervised learning, which extracts meaningful
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representations from unlabeled MTS [4]. Most studies in recent years have uti-
lized sample view augmentation techniques to create positive and negative pairs.
As illustrated in Fig. 1b, a source MTS sample X is augmented to two distinct
sample views X; and X, such as by adding noise [22], cropping [2], amplitude
scaling [5], masking [5,20], dropping [3,26], and segmenting [27]. Then these two
distinct sample views are fed into symmetric branches with shared parameters to
extract representations Z; and Zs respectively. The classical loss function guides
the model to minimize the distance between Z, and Zs [5] from the same source
MTS sample X. The sample views belonging to two different sources are com-
monly used as negative pairs [4,5], while some studies [7,27] use only positive
pairs due to the existing periods in the MTS.

Above mentioned manual view augmentation techniques [2,9,20,22,26,27]
such as masking, adding noise, and shuffling randomly have applied in down-
stream tasks such as time series classification [3,5,22,26] or forecasting [9,23,27].
However, when we face a new downstream task, such as RUL prediction, in which
contrastive learning has not been widely applied, selecting an appropriate aug-
mentation method without prior knowledge becomes subjective and challeng-
ing. Inappropriate random modifications to the original samples, such as adding
excessive noise or altering the time series trend due to shuffling, can disrupt
the latent patterns of the original MTS samples, resulting in suboptimal learned
representations.

In response to these constraints, we propose an innovative contrastive learn-
ing paradigm referred to as Heterogeneous Spatio-Temporal Representation Con-
trasting (HSTRC). As shown in Fig. 1¢, HSTRC differs from the classical con-
trastive learning paradigm by three main aspects:

— Eliminating Sample View Augmentation: Instead of sample view aug-
mentation, HSTRC extracts distinct hidden feature views H, and H; from
source MTS X by two heterogeneous branches directly to avoid disturbing
the latent pattern in MTS.

— Heterogeneous Spatial-Temporal Flipped Branches: Instead of shared
symmetric branches, HSTRC constructs two heterogeneous branches with
non-shared parameters by flipping the cascade sequence of the Spatial Feature
Extractor (SFE) and the Temporal Feature Extractor (TFE). We define the
SFE-TFE as the reference branch, extracting spatial features before temporal
features, and TFE-SFE as the flipped branch, doing the reverse.

— Joint Contrastive Loss Function: HSTRC’s loss function combines cross-
branch spatio-temporal contrasting and projected feature contrasting. The
former encourages the two branches to cross-guide spatial and temporal fea-
ture learning. The latter aims to maximize the similarity between representa-
tions from the same source MTS while minimizing the similarity from different
sources.

The main Contributions of this paper can be summarized as follows:

1. We propose a novel contrastive learning paradigm HSTRC, which is specific
to MTS representation learning.
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2. By only fine-tuning based on extracted representations, HSTRC achieves up
to 19.2% improvement over the state-of-the-art supervised learning methods
and classical contrastive learning paradigms in the RUL prediction scenario.

3. The further intensive experiments demonstrate that the learned representa-
tions by HSTRC are effective for downstream tasks under active learning,
out-of-distribution (OOD) testing, and transfer learning settings.

4. We provide the code ! to enable interested researchers to replicate our results
and extend the application to other downstream tasks for MTS.

The overall structure and implementation details of HSTRC are described
in Fig. 2 and Sec. 2, 3 and 4. We use RUL prediction as a downstream task in
Sec. 5, and demonstrate the efficiency and accuracy of HSTRC on time series
representation learning through intensive experiments in Sec. 6.

2 Overall Architecture
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(a) Detail of TFE and SFE (b) Overall Structure of HSTRC

Fig. 2. HSTRC includes four primary steps: () The spatial-temporal feature encoder
with dual heterogeneous branches extracts distinct feature views H, and H; from
source X. @ The feature projection module further performs a nonlinear transforma-
tion on H, and Hf. @ Learning Z by optimizing cross-branch spatial-temporal con-
trasting (£5,,,L£%,) and projected feature contrasting L loss functions. @ Downstream
task module for fine-tuning.

We define a sample of MTS as X = [x},x2,...,x5] € REXK where x% refers

to univariate time series of the k-th sensor with length L, k € {1,2,...,K}. A
! https://anonymous.4open.science/r/HSTRC/
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time series data set contains N instances is denoted as X = {X;,Xs,..., Xy}
The overall architecture of the HSTRC framework, as illustrated in Fig. 2b,
comprises four primary components:

(D Spatial-Temporal Feature Encoder G(-): G(-) integrates two heteroge-
neous models without shared parameters, forming a dual-branch structure.
One branch adopts the SFE-TFE cascading structure, denoted as the refer-
ence branch Gef(+), while the other represents a flip of the reference branch,
i.e., TFE-SFE, defined as the flipped branch Gg;p (). We generate two distinct
hidden feature views H, € RPr and H; € RP* from the same source MTS X
as follows:

{H,, Hs} = G(X) = {Grer(X), Gaip(X) }, (1)
where D, and Dy denotes the output dimension of the extracted views,
with l)r = Df.

@ Feature Projection Module P(-): P(-) comprises two independent (i.e. no
shared parameters) but homogeneous branches, P,(-) and P%(-), each consist-
ing of two FC layers with spectrum normalization [17]. These two branches are
utilized for the nonlinear transformation of H, and Hy, yielding the projected
features Z, and Zg, respectively. Z, € RP and Z; € RP are concatenated
into Z € R?P | serving as representation of X:

Z = [Z: || Z] = [P:(Hy) || Pe(Hy)] (2)

where D is the dimension of the projected features, and || denotes the con-
catenation operation.

® Joint Contrastive Loss Function L.: In the self-supervised learning phase,
to learn robust representations Z from the source MTS sample, we design a
joint contrastive loss function L., which comprises a cross-branch spatial £,
and temporal L%, contrasting in G(-) and a projected feature contrasting £
in P(-). L. is presented as below:

,CC =X\ (‘C(S:b + ‘CE:b) + (1 - >\) . Epfa (3)

where A is a hyperparameter representing the relative weight, with 0 < A <1.

@ Downstream Task Module F(-): F(-) consists of a single FC layer. When
training downstream tasks, the parameters of the spatio-temporal feature
encoder G(-) are frozen. Only the feature projection module P(:) and the
downstream task module F(-) are fine-tuned through labeled samples. When
employing RUL prediction as a downstream task, the goal is to establish
a mapping function y = F(Z) that correlates a representation Z with a
corresponding RUL value y € R.

We will detail the implementation of the spatio-temporal feature encoder G(+)
in Sec. 3 and the contrastive loss function L. in Sec. 4.

3 Spatial-Temporal Feature Encoder

In this section, we describe the model implementation of SFE and TFE shown in
Fig. 2a; and the Heterogeneous Spatial-Temporal Flipped Structure in Fig. 2b.



6 Z. Huang et al.

3.1 Spatial Feature Extractor

In SFE S(+), we construct sensor graphs and extract spatial relationships between
sensors from MTS through a GNN. As shown in Fig. 2a, the SFE consists of
multiple residual-connected blocks, each of which consists of a GCN layer, a
spectral normalization layer, and a spatial attention layer. The parameters of
GCN are normalized through the spectrum normalization [17] layer to main-
tain distances between samples in the latent space. A M-head spatial attention
layer [19] interprets sensor spatial relationships by enhancing attention between
sensor connections.

3.2 Temporal Feature Extractor

Similarly, the TFE 7 (-) shown in Fig. 2a includes multiple blocks with resid-
ual connections. Each block comprises a TCN layer, a spectral normalization
layer, and a temporal attention layer. A M-head temporal attention mecha-
nism is incorporated into each temporal block. Diverging from [8], which treats
sensors equally, we improve the temporal attention mechanism in this paper
to distinguish the significance of different sensors at each time step. For more
implementation detail of SFE and TFE please see Appendix A. It is noted that
SFE and TFE can also be replaced by other model structures.

3.3 Heterogeneous Spatial-Temporal Flipped Structure

As shown in Fig. 1lc and Fig. 2b, this structure consists of two indepen-
dent branches that do not share parameters. Due to their different cascading
sequences, they are respectively referred to as the reference branch G,et(-) and
the flipped branch Ggip, ().

Reference Branch: The SFE in the reference branch is denoted as Sef(+),
and the TFE as Tye(-). The sequence of cascading is SFE-TFE, meaning spa-
tial features are first extracted from the MTS sample by the SFE Hj s =
Siet(X) € RC§CfXK7 which are then fed into the TFE to obtain the temporal fea-
tures Hy yef = Zref(Hs rer) € RC“%K  The final temporal features are flattened
to serve as the hidden feature view of the reference branch, defined as H, € RPx,
where D, = C*f . K:

H, = Gror(X) = Flatten (Zret (Seer(X))) - (4)

Flipped Branch: Conversely, the flipped branch employs TFE 7g;,(+) and
SFE Ship(-), with the flip cascading sequence, i.e. TFE-SFE. The flipped branch
initially extracts temporal features through the TFE H g, = 7Zpip(X) €
RthpXK7 which are then input to the SFE Hg g, = Saip(Hy,aip) € RO XK
to extract spatial features. It is noteworthy that Cr*f = Ctﬂ P and Cref = Cftiv,
Ultimately, the spatial features are flattened as the output view of the flipped
branch, defined as Hy € RPf, where Dy = CHP . K:
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H = Gip(X) = Flatten (S (Thip (X)) (5)

H, and H; are two distinct spatial-temporal feature views of heterogeneous
dual branches from the same source MTS X. These hidden feature views are then
directed into the feature projection module to obtain the representation Z. The
visualizations of two branches’ attention from same X are located in Appendix C.

4 Joint Contrastive Loss Function

HSTRC is jointly optimized through two types of contrastive loss functions in
the self-learning phase. These two losses are tailored for the spatial-temporal
feature encoder G(-) and the feature projection moduler P(-), respectively.

4.1 Cross-Branch Spatial-Temporal Contrasting

This loss function is implemented within the spatial-temporal feature encoder.

Given the b-th MTS sample from a batch with size B, we extract spatial hid-
b

den features (ngef and Hgﬂip) as well as temporal features (Hf,ref and HY g; )
through the reference branch and flipped branch. Taking the spatial contrast-
. . —b —b

ing as an example, we first flatten two spatial features as Hg s and Hgg;,
and then apply a bilinear function to maintain the mutual information between

the inputs, which is exp (Ks(ﬁsvﬂip)(ﬁsref)qﬂ) Here, KCs(+) is a linear mapping

. . =b . . ==b
function that projects H to the same dimensional space as H defined
into same

s,flip
as Ks(+) : RO K _, ROSTK, Specifically, we transform the H

—=b s . .
shape with the Hy ;. The contrastive loss £3, defined in Eq. (6) aims to max-

s,ref>
b

s,flip

o ==b ==b
imize the dot product between Hgg;, and H ¢ from the same source MTS
sample, while minimizing the dot product with spatial feature views generated

from other samples within the same batch. This encourages the contrastive tar-
—b —b

get to align the transformed KCs(Hg g;,,) with its corresponding feature Hy ,o¢. A

similar loss function LY in Eq. (7) is also formulated for the temporal contrast-

ing:

==b ==b

< 1 B exp (’CS(Hs,ﬂip)(Hs,ref)T>

cb —Ezlog — — (6)
b=1 EjeB eXp (KS(Hs,ﬂip)(Hs,ref) )

==b ==b
o exp (K (HL or) (HL )"

Lt —— Z log — — ) ) . (7)

b=1 ZjeB exp ’Ct(Ht,ref)(Ht,ﬁip T

)
o
Il
3|~
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4.2 Projected Feature Contrasting

In the feature projection module, we utilize contrastive learning for projected
features to explore discriminative representations. Within a batch containing
B original MTS samples, the b-th sample generates two projected features,
namely Z° and ZIZZ , resulting in a total of 2B projected feature views. For each Z?,
its corresponding lec’ is considered a positive sample from the same source MTS,
thereby making a positive pair (Z%, Z?). Concurrently, the remaining (2B — 2)
feature views from other samples in the same batch serve as negative samples
of Z¥, leading to (2B — 2) negative pairs for Z°. Based on this setup, we define
the projected feature contrastive loss Ly¢ in Eq. (8). Specifically, given Z?, we
divide its similarity with the positive sample Z? by the sum of its similarities
with all other (2B — 1) projected feature views in the batch, including a positive
pair and (2B — 2) negative pairs. The goal of L is maximizing the similarity
between positive pairs while minimizing the similarity between negative pairs:

exp (sim(er’, Z?)/T)

71 Loy exp (sim(Z2, Z1) /1) + 301 exp (sim(2Z¢, ZE) /)

(3)
where sim(a, b) is denoted as the cosine similarity between vectors a and b,
Ijizp) € 0,1 is a mask function that equals 1 if 7 # b, and 7 represents the tem-
perature parameter. The joint contrastive loss function L. represents in Eq. (3)
is a combination of cross-branch spatial-temporal contrasting L., and projected
feature contrasting L.

1 B
Lyg=——) log
Bim X

5 Experimental Setup

5.1 Datasets Description

We utilize RUL prediction as the downstream task to verify the performance of
HSTRC. For a fair comparison with existing work, we conduct our experiments
based on the widely recognized Commercial Modular Aerospace Propulsion Sys-
tem Simulation (C-MAPSS) data collection [18]. As detailed in Table. 1, this data
collection comprises four datasets referred to as from FDO0O01 to FD004 respec-
tively, and used as a benchmark for numerous research articles concerned with
RUL prediction [1,8,10,12-15,21,24,29]. Each dataset contains multiple engine
records and is divided into a training and a test set. Each engine recorded time
series with 24 sensors (symbolizing K = 24 in X) and corresponding operational
duration denoted as RUL. The measurements of engines are collected under dif-
ferent operational conditions. FD001 and FD003 were measured by single con-
ditions, while FD002 and FD004 contain the measurements collected under six
operational conditions, which present more complex challenges for the accurate
RUL prediction [8]. Consistent with other RUL prediction research [6,8,25], we
normalize the data based on operating conditions and use sliding windows with
length 50 (i.e. L = 50 in X) to segment the raw time series data. The operating
conditions and sensor measurements constituted the final input vectors for the
models.
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5.2 Evaluation Metrics and Implementation Details

Following previous works [1,12,15,21,24], we utilize the RMSE and Score [12]
to evaluate the performance of RUL prediction. The lower RMSE and Score
indicate higher prediction accuracy. For more details of metrics, see Appendix B.
The spatial-temporal feature encoder extracts features with the dimension D, =
Dy = 240, and the output dimension of each branch in the feature projection
module is D = 50. The number of attention heads M is 4 and temperature 7 is
0.2. We employ the Adam optimizer with a learning rate of 0.0001 for FD002
and FDO004, 0.005 for FD001 and FD003, a batch size of 50, and training epochs
of 32. Each experiment is repeated five times with different random seeds to
ensure reliability. The mean values of relevant evaluation metrics are computed
for performance assessment.

6 Experimental Results

In this section, we conduct five experiments. Firstly, the effectiveness of HSTRC
is validated in Sec. 6.1. Subsequently, Sec. 6.2 utilizes RUL prediction as a down-
stream task to compare HSTRC with other existing methods. Sec. 6.3 and 6.4
explore HSTRC’s representation capabilities under active learning, OOD test-
ing, and transfer learning settings. Lastly, we employ model ablation study in
Sec. 6.5 to analyze the impact of spatial-temporal feature encoder on prediction
results.

Table 1. Statistics of the C-MAPSS dataset

Subsets FDO001 FD002 FD003 FD004
Number of Training Engines 100 260 100 249
Number of Test Engines 100 259 100 248
Number of Operation Conditions 1 6 1 6

6.1 Model Effectiveness and Sensitivity Analysis

This experiment aims to: (1) Validate the effectiveness of HSTRC; (2) Analyze
the impact of the hyperparameter A on the loss function Eq. (3). HSTRC learns
the hidden degradation representation Z from unlabeled MTS sample X. Note
that HSTRC can not access the RUL labels during the self-supervised learning
phase.

Fig. 3a shows the distribution of Z without using the joint contrastive loss
function L., where the representations are randomly distributed, failing to dis-
tinguish degradation information. After introducing L., corresponding to Fig. 3b
and 3c, the representations demonstrate clustering and stratification effects in
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accordance with RUL decreases. Fig. 3b shows the representations distribution
when A =0, i.e., only using the projected feature contrasting Lps. When A =1,
we solely use the cross-branch spatio-temporal contrasting L.,, with the distribu-
tion shown in Fig. 3c. The comparison between Fig. 3b and 3c indicates that Ly
primarily clusters similar samples together, while L}, further increases the dis-
tance between samples with different degradation levels. The above observations
confirm that our proposed loss function £, can help HSTRC effectively extract
degradation information from unlabeled data through contrastive learning.

Fig. 3d quantifies the impact of A on downstream task performance in terms
of RMSE and Score. The HSTRC exhibits robustness to variations in A from 0.2
to 0.8. More visualization results such as attention in the dual branches can be
found in Appendix C.
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Fig. 3. Sensitivity Analysis of A. (a), (b) and (c¢) visualize the distribution of HSTRC’s
latent representations Z regarding the first 1000 samples in the FD002 dataset using
t-SNE. Each circle represents a MTS sample, with its color indicating the sample’s
actual RUL value. (d) presents the RMSE and Score on the FD002 under the different
A values.

6.2 Comparison with State-of-the-Art

This experiment compares HSTRC with existing research in RUL prediction. As
shown in Table 2, all existing approaches utilize end-to-end supervised learning
methods. We cite the results from their original papers. To explore the impact
of sample view augmentation on distorting degradation information in MTS,
we also adopt the advanced method TS-TCC [5] based on the classical con-
trastive learning paradigm to RUL prediction. T'S-TCC augments source samples
by adding noise and shuffling. Additionally, we create a baseline that does not
employ the contrastive loss function L. to compare the performance of HSTRC.

By solely fine-tuning the FC layers, HSTRC delivers not only the best perfor-
mance on FD001, FD002, and FD004 but also near state-of-the-art performance
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Table 2. Performance Comparison in RUL Prediction

Learning Datasets  FD001 FDO002 FDO003 FD004
Type Methods RMSE Score RMSE Score RMSE Score RMSE Score
Supervised | HALSTM [1] 14.53 3224 N/A N/A N/A N/A 27.08 5649.1
RNN [24] 13.58 228 19.59 2650 19.16 1727 22.15 2901
AGCNN [15] 12.42 225.5 19.43 1492 13.39 227 21.50 3392
GCN [21] 12.76 266 N/A N/A 12.07 278 N/A N/A
LSTMBS [13] 14.89 481.1 26.86 7982 15.11 493.4 27.11 5200
DLSTM [16] 12.29 N/A 17.87 N/A 1434 N/A 21.81 N/A
[
[
[
[

HAGCN [10] 11.93 222.3 15.05 1144.1 11.53 240.3 15.74 1218.6
BDL [14] 18.60 2774 22.90 7734 27.90 19990 28.10 53295
GAT [11] 13.21 303.1 17.25 5338.8 15.36 507.5 21.44 2971.9

RGCNU [29] 11.18 173.5 16.22 1148.16 11.52 225.0 19.11 2215.9

STAGNN [8] 11.50 187.2 13.81 826.3 11.05 196.0 14.30 1038.5

Self-Super. | TS-TCC [5] 14.51 358.7 16.25 1356.3 18.39 1142.9 20.65 2350.6

+ Baseline 28.36 1959.3 43.45 119202 31.76 8371.3 38.81 61777

Fine-Tuning HSTRC 11.10 167.7 12.42 679.2 11.51 226.0 13.33 838.1

on FDO003. Furthermore, compared with the cutting-edge supervised learning
model STAGNN [8], HSTRC archives up to 19.2% improvement in Score. These
results demonstrate that self-supervised learning paradigms can be successfully
applied to RUL prediction, and validate that our proposed HSTRC can effec-
tively learn representations from unlabeled MTS datasets. The visualized repre-
sentation distribution before and after fine-tuning can be found in Appendix D.
Comparative results between HSTRC and TS-TCC validate the hypothesis in
Sec. 1 that sample view augmentations could disturb the pattern of MTS, lead-
ing to suboptimal performance. Compared to the baseline in Table. 2, HSTRC
demonstrates significant improvements in RMSE and Score on all datasets. The
results of the baseline are consistent with our observations in Fig. 3a that the
baseline is not able to learn effective degradation information without L..

6.3 Active Learning Experiment

Active learning aims to approximate the efficacy of fully supervised learning by
selectively annotating a minimal subset of samples from a large pool of unla-
beled data. This study examines the performance of HSTRC and TS-TCC in
integrating self-supervised and active learning. Initially, HSTRC and TS-TCC
extract high-dimensional representations from unlabeled samples. Subsequently,
a limited set of these samples is annotated for fine-tuning of FC layers on the
top. To provide a baseline, the state-of-the-art supervised model STAGNN is
utilized for comparative analysis, undergoing end-to-end training in the active



12 Z. Huang et al.
22
—— mean STAGNN —— mean STAGNN —e— mean STAGNN —e— mean STAGNN
std  STAGNN 2500 std  STAGNN 325 std  STAGNN 3500 std  STAGNN
—=— mean TS-TCC —=— mean TS-TCC —=— mean TS-TCC —=— mean TS-TCC
20 std  TS-TCC std  TSTCC 00 std  TSTCC Jo00 std  TSTCC
—=— mean HSTRC —=— mean HSTRC —=— mean HSTRC —=— mean HSTRC
std  HSTRC 2000 std  HSTRC 73 std  HSTRC std  HSTRC
18 2500
w © ©
= 5} 5
= 1500 @ 000
16
1500
1000
14
\‘\—" \.\'—"‘-'\-——4\./' 1000
12 500 12.5

T % 6% 5% 10% 13% 14% 16% 16% 20%
Percentage of Annotation

T 4% 6% 8% 10% 13% 14% 16% 16% 20%
Percentage of Annotation

% % 6% % 10% 13% 14% 16% 16% 20%
Percentage of Annotation

T% W 6% 8% 10% 13% 14% 10% 16% 20%
Percentage of Annotation

(a) RMSE on FD002 (b) Score on FD002 (¢) RMSE on FD004 (d) Score on FD004

Fig. 4. Active Learning with Random Sampling on FD002 and FD004

learning scenario. The process involves executing 10 active learning cycles, where
2% of the unlabeled samples are annotated per cycle through random sampling.

Under the limited annotated samples, the performance of STAGNN and T'S-
TCC (indicated by the blue and green lines in Fig.4) is suboptimal, whereas
our HSTRC, through only fine-tuning FC layers, achieved better performance
on both the RMSE and Score (the red line in Fig.4), with a maximum improve-
ment of 66.1%. For the FD002 and FD004 datasets, by annotating solely 16%
and 20% of the samples respectively, HSTRC can match the performance of fully
fine-tuning with 100% labeled data in Table. 2. This highlights that HSTRC
leveraging robust representation by contrastive learning can enhance the effi-
ciency in active learning scenarios.
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Fig. 5. OOD Testing. The gray circles show the distribution of SD training sets. Circles
in other colors are representations of TD samples extracted by HSTRC after self-
supervised training on SD. Their colors correspond to their datasets.
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6.4 OOD Testing and Transfer Learning Experiment

The goal of transfer learning is to apply the knowledge from the source
domain (SD) to the target domain (TD), under the premise that the data distri-
butions between the two domains are similar. OOD testing can assess whether
the SD and TD are aligned in an identical distribution. This experiment aims
to evaluate whether HSTRC can accurately identify OOD samples and perform
transfer learning effectively. Specifically, we alternately choose the FD001-FD004
datasets as the SD and the remaining three test sets as the TD. The normal-
ization scaler from the SD is applied to the TD data. After HSTRC is trained
based on the SD, we transfer the learned knowledge to the TD.

Fig. 5 shows the OOD testing results with FD001-FD004 as SD, respectively.
Overall, the distributions of FD001 and FD003 are close to each other, indicating
they might have been collected under similar operating conditions. A similar dis-
tribution also exists between FD002 and FD004. When FD001 and FD003 serve
as SD (as shown in Fig. 5a and 5¢), FD002 and FD004 are considered as OOD
data because FD001 and FDO003 were solely collected under a single condition,
whereas FD002 and FD004 encompass six different operating conditions, making
it challenging for FD001 and FDO003 to adapt to the diversity. Conversely, when
FDO002 and FD004 serve as SD (as shown in Fig. 5b and 5d), FD001 and FD003
appear as in-distribution data, with their representations primarily located in
the edge of the SD distribution. This suggests that FD002 and FD004 could
transfer their knowledge to FD001 and FD0O03.

Table 3. Performance of HSTRC for Transfer Learning

Target  FDO001 FD002 FDO003 FDO004
Source RMSE Score RMSE Score RMSE Score RMSE Score
FDO001 - - 51.07 35645 21.69 1861.0 54.23 45332
FD002 16.70 336.7 - - 19.07 684.8 18.27 2292.7
Zero-Shot
FDO003 12.19 185.2 46.23 23281 - - 47.71 23394
FD004 14.07 285.7 13.42 809.8 13.66 288.4 - -
FDO001 - - 41.68 32299 11.54 232.1 43.48 37618
. . FDO002 11.18 182.8 - - 10.61 182.3 13.53 956.96
Fine Tuning
FDO003 11.58 199.0 42.64 36521 - - 43.45 26901
FDO004 11.33 188.1 13.39 808.8 11.28 194.7 - -

Table 3 presents the quantitative results of applying HSTRC to transfer learn-
ing. We employ two transfer learning strategies: Zero-Shot and Fine-Tuning. The
former directly applies the model trained on the SD to the TD, while the latter
further fine-tunes the downstream task through labeled TD data. The quan-
titative outcomes are consistent with the observations from the OOD tests in
Fig. 5, indicating effective transfer learning between FD001 and FDO0O03, as well
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as between FD002 and FD004. The transfer performance from FD001 and FD003
to FD002 and FD004 showed poor results due to the latter being OOD for the
former. In contrast, the knowledge learned from FD002 and FD004 could be effec-
tively transferred to FD001 and FD003. Even with Zero-Shot, the performance
is comparable to or even better than most existing fully supervised methods
in Table 2. This experiment not only proves HSTRC’s ability to identify OOD
samples accurately but also demonstrates its effectiveness in performing transfer
learning between SD and TD with similar data distributions.

Table 4. Ablation Analysis of Spatial-Temporal Feature Encoder

Approaches  FDO001 FDO002 FDO003 FD004
RMSE Score RMSE Score RMSE Score RMSE Score
STEF 11.82 211.3 14.55 868.9 12.64 284.1 15.97 1202.5
STFE_RS 11.71 187.3 12.76 814.7 11.72 237.5 14.55 955.8
STFE_A 13.58 228 20.65 2892.6 12.26 259.0 14.78 1128.0
STFE_AR 11.50 189.3 13.14 704.3 12.71 264.8 17.20 1470.3
STFE_AS 20.51 2739.8 20.07 2307.3 22.42 1520.6 22.64 3375.7
STFE_ARS 11.10 167.7 12.42 679.2 11.51 226.0 13.33 838.1

6.5 Model Ablation Analysis

Compared to the existing model STAGNN [8], we incorporate improvements
in the spatial-temporal feature encoder of HSTRC, including the enhancement
of the temporal attention mechanism, spectral normalization, and residual con-
nections. This experiment aims to conduct an ablation analysis of these three
enhancements to assess their impact on the performance of downstream tasks.
Therefore, we decomposed the spatial-temporal feature encoder (STFE_ASR)
into five submodels: STFE contains only GCN-TCN cascade structure; STFE_A
introduces the attention mechanism; STFE_SR adds spectral normalization and
residual connections; and STFE_AR and STFE_AS are based on STFE_A but
incorporate residual connections and spectral normalization, respectively.

Table. 4 shows the results of the ablation analysis across four datasets. Com-
pared to the STFE, STFE_SR and STFE_A showed up to a 16.4% improvement
in Score. This indicates that spectral normalization, residual connections, and
attention effectively prevent feature collapse, enabling the feature encoder to
extract more diverse features. Consider STFE_AS and STFE_ASR, only com-
bining attention and spectral normalization will make the results less opti-
mized, but further adding residual connections can achieve the best performance.
Appendix E shows an additional explanation and visualization of submodels’
representations.
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7 Conclusion and Future Work

We propose a novel contrastive learning paradigm for MTS termed HSTRC
and introduce contrastive learning to RUL prediction for the first time. Unlike
classical paradigms that manipulate the original MTS in sample view augmenta-
tion, HSTRC uses dual branches with a heterogeneous spatial-temporal flipped
structure to generate two distinct feature views from the same source with-
out any disturbance. Integrating cross-branch spatial-temporal contrastive with
projected feature contrastive loss functions, HSTRC efficiently extracts robust
features from unlabeled MTS. Only fine-tuning the FC layers on the top, HSTRC
achieves superior performance on several RUL prediction datasets, with up to
a 19.2% improvement over the state-of-the-art supervised learning methods and
classical contrastive learning paradigms. Additionally, HSTRC demonstrates its
effectiveness in active learning scenarios, achieving close fully supervised perfor-
mance with only 20% of the labeled samples. It also accurately identifies OOD
data between SD and TD, providing valuable insights for transfer learning. This
paper mainly focuses on RUL prediction as a use case, but HSTRC as a novel
contrastive learning paradigm holds potential for other downstream tasks, such
as time series classification and anomaly detection, which we aim to explore in
future work.

A Implementation Detail of Spatial and Temporal
Feature Extractor

A.1 Spatial Feature Extractor

In SFE, we construct sensor graphs and extract spatial relationships between
sensors from MTS through GNN. A graph structure symbolizes sensors as nodes
encapsulated in an adjacency matrix A € RX*K_ The learnable adjacency
matrix represent as a parameter matrix ® € REXK activated by the Tanh
function: A = Tanh(®). As shown in Fig. 2a, the SFE consists of multiple
residual-connected blocks, each of which consists of a GCN layer, a spectral
normalization layer, and a spatial attention layer. The parameters of GCN are
normalized through the spectrum normalization [17] layer to maintain distances
between samples in the latent space.

A multi-head spatial attention layer [19] interprets sensor spatial relation-
ships by enhancing attention between sensor connections. The input of spa-
tial attention layer, H, € RC:*K , represents the spectral normalized feature
extracted by GCN, where C; x K is the output shape after GCN convolution
and I:I; € R% corresponding to the i-th sensor. The output of the multi-head
spatial attention layer for the i-th sensor, H!, is given by:

1 XM L
HQZM > apH, 9)

m=1j€eN;

with M being the number of attention heads, o} being the attention coefficient

for the m-th head and N; denotes the neighbors of sensor 1.
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A.2 Temporal Feature Extractor

Similarly, the TFE includes multiple blocks with residual connections. Each block
comprises a TCN layer, a spectral normalization layer, and a temporal attention
layer. The spectral normalized output of TCN is denoted as H, € ROXK A
multi-head temporal attention mechanism is incorporated into each temporal
block. Diverging from [8], which treated sensors equally, we propose a novel
mechanism in this paper to enable distinguishing the significance of different
sensors at each time step. The matrix € R <X representing the significance
of each sensor across C} steps, is calculated as follows:

P exp (Sigmod <I:ItWt + b))

= > exp (Sigmod (I:ItWt + b)) ’ (10)

where W, € RE*K and b are the weight and bias of the attention layer, respec-
tively. The output of the multi-head temporal attention layer is:

M
1 & m
Ht:MZHcQﬂ . (11)
m=1
Here, M represents the number of attention heads, ™ is the attention coefficient
matrix for the m-th head, and the ® symbol denotes element-wise multiplication.

B Evaluation Metrics

The RMSE and Score are utilized in the experiments. RMSE is a classic metric
that measures the error between the actual and predicted values in the regression
task:
N N
RMSE = M, (12)
N

where N is the total number of predicted samples, y; represents the actual RUL
value of the i-th sample and g; is the predicted RUL value. Unlike RMSE,
which can not distinguish between early and delayed predictions, the Score will
bring more penalties to delayed RUL predictions. The lower Score indicates high
prediction accuracy.

N _9i—Yi PR

Score = iz (e e 1),if 9; <y
Ji—Ys .

S (et = 1),if g >y

(13)

C Attention Visualization of Heterogeneous Branches

In Sec.6.1, we validated the effectiveness of HSTRC in extracting features
through heterogeneous dual branches combined with our proposed contrastive
objective function. As a novel contrastive learning paradigm, HSTRC is based
on the following two core hypotheses:
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(a) Spatial Attention(b) Spatial Atten-(c) Temporal Atten-(d) Temporal Atten-
Reference Branch  tion Flip. Branch  tion Ref. Branch tion Flip. Branch

Fig. 6. Spatial-Temporal Attention on Reference and Flip Branches

1. Heterogeneous models can learn different hidden feature views from the same
source data. Unlike existing contrastive learning methods that use homoge-
nous models with shared parameters to contrast different augmented sample
views, our paradigm employs two independent heterogeneous models.

2. Changing the order of spatio-temporal feature extraction can produce dif-
ferent hidden feature views. Current state-of-the-art RUL prediction meth-
ods [8] typically extract spatial features from the original time series first and
then extract temporal features (SFE-TFE). By reversing this order of spatio-
temporal feature extraction, i.e. extracting temporal features before spatial
features (TFE-SFE), we create heterogeneous models that can generate dif-
ferent feature views.

To validate these assumptions, an intuitive method is to visualize the spatio-
temporal attentions of the two branches based on the same source MTS. Spatial
attention reflects the importance of sensor connections, while temporal attention
can reveal the importance of different sensors at each time step. The comparison
of attention of the reference and the flipped branch on the same source data, as
shown in Fig. 6, indicates that heterogeneous branches focus on different aspects
of the same source data. This difference leads to the generation of different
hidden feature views, thus validating our hypotheses and further proving the
effectiveness of our proposed HSTRC.

D Distribution of Representation after Fine-Tuning

When training downstream tasks in Sec. 6.2, the parameters of the spatio-
temporal feature encoder G(-) are frozen. Only the feature projection module
P(-) and the downstream task module F(-) are fine-tuned through supervised
learning, i.e., using labeled data. In this section, we compare the distribution
changes of representations before and after fine-tuning. According to Fig. 7,
after fine-tuning through supervised learning, the distribution of representations
becomes more concentrated compared to before fine-tuning, while the overall
trend remains. This validates the robustness of the representations learned dur-
ing self-supervised learning phase.
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Fig. 7. The representation distribution before and after fine-tuning for downstream
task.

E Distribution of Representation for Ablation Analysis

In Sec. 6.5, we decomposed the spatio-temporal feature encoder (STFE_ASR)
into five submodules for ablation analysis: STFE, STFE_A, STFE_SR,
STFE_AR, and STFE_AS. We conducted a quantitative result analysis in
Table. 4. This section visualizes the representation distribution of different mech-
anisms during the self-supervised learning phase.

Based on the visualization results for STFE_A and STFE_AS in Fig. 8, we
found that the representations using attention mechanisms not only distribute
according to the RUL trend but also cluster together based on the same engine.
This visualization potentially suggests that STFE_A and STFE_AS may achieve
the best performance on downstream tasks. However, contrary to intuition, the
result in Table. 4 shows that STFE_A and STFE_AS perform the worst in FD001
to FDO04. This indicates that without residual connections, the robustness of
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Fig. 8. The representation distribution before and after fine-tuning

the features learned in self-supervised learning is poor, which is detrimental to
fine-tuning for downstream tasks.
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Abstract. Effective protein representation learning is crucial for pre-
dicting protein functions. Traditional methods often pretrain protein
language models on large, unlabeled amino acid sequences, followed by
finetuning on labeled data. While effective, these methods underutilize
the potential of protein structures, which are vital for function deter-
mination. Common structural representation techniques rely heavily on
annotated data, limiting their generalizability. Moreover, structural pre-
training methods, similar to natural language pretraining, can distort
actual protein structures. In this work, we introduce a novel unsuper-
vised protein structure representation pretraining method, cross-modal
contrastive protein learning (CCPL). CCPL leverages a robust protein
language model and uses unsupervised contrastive alignment to enhance
structure learning, incorporating self-supervised structural constraints to
maintain intrinsic structural information. We evaluated our model across
various benchmarks, demonstrating the framework’s superiority.

Keywords: Protein Representation - Pretrained Language Model -
Structure-Sequence Pairing - Contrastive Learning - Unsupervised
Learning

1 Introduction

Learning effective protein representations is crucial for various biological tasks. In
recent years, deep protein representation learning has revolutionized the field,
notably in protein structure prediction, represented by AlphaFold2 [15], and
protein design, exemplified by [10] and ProteinMPNN [2]. With the advent of
low-cost sequencing technologies, a vast number of new protein sequences have
been discovered. Current methods typically pretrain protein language models on
large, unlabeled amino acid sequences[18,24] and then finetuned on downstream
tasks using limited labeled data. While sequence-based methods are effective,
they often fail to explicitly capture and utilize existing protein structural infor-
mation, which is vital for protein functions.

Given the high cost and time-consuming nature of annotating new protein
functions, there is a pressing need for accurate and efficient function annotation
methods to bridge the existing sequence-function gap. Since the functions are
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governed by folded structures, some data-driven approaches rely on learning
structural representations of proteins, which are then applied to various tasks
such as protein design, and function prediction and classification. Therefore, an
effective structural encoder is essential. To better leverage structural information,
several structure-based protein encoders have been proposed [6,9]. However, due
to the scarcity of protein structures, these encoders are often designed for specific
tasks, and their generalizability to other tasks remains unclear.

Protein structure encoders face two main challenges: 1) Data scarcity. The
number of reported protein structures is significantly lower than datasets in other
machine learning fields due to the challenges of experimental protein structure
determination. For example, the Protein Data Bank (PDB) contains 182K exper-
imentally determined structures, whereas Pfam has 47 million protein sequences
[19] and ImageNet contains 10 million annotated images. 2) Representation dif-
ficulty. Unlike sequences, traditional self-supervised language pretraining meth-
ods, such as masked language modeling, are not feasible for learning structural
representations. Introducing noise or perturbations into structural data can lead
to unstable or chemically incorrect structures, making augmented data unreli-
able. Therefore, the ability to pretrain on known protein structures has not been
widely applied to protein property prediction.

By rethinking the protein representations, we observe that the success of
sequence-based models is due to large-scale data and the guidance provided
by self-supervised signals. Considering there is a natural pairing relationship
between structure and sequence, establishing this relationship can help guide
structural learning without compromising the protein structure itself. Based on
this observation, we pose the question: Can we augment protein structure model
training supervised by robust pretrained protein language models?

Inspired by advances in cross-modal pretraining (e.g., CLIP [22], Context-
to-Vector [30]), we introduce a novel cross-modal contrastive protein learning
(CCPL). This method calculates contrastive loss between two independently
pretrained encoders, maximizing the similarity between paired protein struc-
tures and sequences while minimizing it for non-paired ones [26,28,29,32]. Com-
pared to supervised learning methods, our contrastive learning approach has sev-
eral advantages. First, finding the matching relationship between protein struc-
tures and sequences is natural. Second, our designed contrastive loss reduces
dependence on explicit functional annotations, facilitating the use of large-scale
unlabeled data. We reframe structural representation training as an information
retrieval task, where the protein structure is the query, and the goal is to retrieve
the sequence with the highest binding probability to the target protein structure
from a pool of candidates. To strengthen structural representation constraints,
we also propose a self-supervised contact map constraint based on intermediate
features from the structural encoder.

To evaluate our proposed framework, we conducted benchmark tests. Due to
the lack of established evaluation strategies for this novel pretraining paradigm,
we designed a series of evaluation experiments, including internal tasks (e.g., con-
tact map prediction and distribution alignment quality assessment) to demon-
strate internal contrastive alignment ability and refinement performance, and
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Fig.1. (a) The proposed cross-modal contrastive learning framework utilizes a pre-
trained protein language model to guide the training of the protein structure model
through contrastive alignment loss. To reinforce information constraints on the struc-
ture, we introduce a self-supervised contact map prediction. (b) The internal and exter-
nal evaluation tasks for our trained structure model during inference phase.

external/downstream tasks (e.g., protein design and function prediction) to
demonstrate generalization capability. Our experimental results validate the
effectiveness of the CCPL framework, highlighting its robustness in pretrain-
ing performance and exceptional downstream task performance.

Our contributions can be summarized as follows:

e We propose an cross-modal protein representation framework, establishing
a novel deep alignment relationship between sequences and structures. For the
first time, we pretrain protein structural models under the guidance of rich prior
language knowledge from pretrained protein sequence models.

e We introduce a comprehensive evaluation system to assess the pretrained
structural models, providing benchmarks for the protein research community.

e Our proposed protein structural model pretraining demonstrates competi-
tive performance across various evaluation tasks.

2 Proposed CCPL Framework

2.1 Problem Statements

Viewing CCPL as a supervised pseudo-dense retrieval task, we treat the pro-
tein structure as a query and retrieve the most relevant sequence from a given
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Fig. 2. Schematic diagram of the GVP module: Protein backbone atoms (C, Cq, and
N) form the basis for generating graphs with node and edge features based on k-nearest
neighbor relationships. These graphs are fed into the vector and scalar channels of the
GVP module to produce vector and scalar features. These primary features are then
enhanced with additional spatial features, including rotation frame, sidechain, orienta-
tion, and dihedral characteristics, to create comprehensive spatial structure features.

dataset. The overall framework, illustrated in Figure 1, involves training two
separate encoders to learn representations for protein structures and sequences,
respectively. The similarity between each protein structure-sequence pair is then
calculated, and a contrastive learning objective is used to distinguish between
positive and negative pairs. Formally, given a protein structure p and its paired
protein sequence m, the objective of CCPL representation training is to max-
imize the probability of the sequence that naturally pairs with the structure.
This selection process is guided by a scoring function d(-), which evaluates the
pairing probability between the protein p and the candidate sequence m.

2.2 Protein Structure and Sequence Encoders

Equivariant Protein Structure Encoder. For downstream protein structure
tasks, it is essential that the predicted sequences remain unaffected by the ref-
erence frame of the structural coordinates. This means that the model’s output
distribution should be invariant under any rotation or translation applied to
the input coordinates H. Equivariant network models, such as geometric vector
perceptron (GVP)-based models, are commonly employed in protein 3D struc-
ture modeling to meet this requirement. Models like GVP-GNN [14] and GVP-
Transformer [10] have demonstrated impressive performance in protein design
tasks, highlighting the crucial role of the GVP module in representing structural
features while maintaining equivariant properties. Thus, we use GVP as our
equivariant structure module. For any transformation 7 € F(3), the GVP mod-
ule ¢ is considered E(3)-equivariant since (7 -H) = T -¢(H), and E(3)-invariant
since (7 - H) = p(H). Moreover, the simplicity and lightweight nature of GVP
components make the GVP architecture well-suited for our structure module. A
schematic diagram of the GVP module is illustrated in Figure 2.
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Pretrained Protein Language Encoder. Pretrained protein language mod-
els have become integral to deep protein downstream tasks, having been trained
on extensive datasets. These sequence models inherently encapsulate rich struc-
tural information gleaned from sequence data, enabling them to effectively guide
structure model learning. Among the available models, we choose ESM-2 [18] as
our primary teacher model due to its exceptional performance.

Formulation. Formally, we denote the protein structure encoder as g, with
parameters ¢ and the sequence encoder as fy with parameters 6. The represen-
tations of the protein structure vector P and the corresponding sequence vector
y™ are then defined as g(2?) and fy(y™), respectively.

2.3 Training Objectives

Contrastive Alignment Objective. To enable the contrastive learning pro-
cess, we first need to measure the similarity between each protein structure and
sequence pair. Drawing on previous research, we can utilize either dot product
or cosine similarity for this purpose. When using the dot product, the similarity
score for pairs (x;, yl ), where i,j € [1, N], is defined as:

8z, xl,) = go(x))" - folyl,), (1)

where, by normalizing these scores, we then obtain cosine similarity. Since our
protein dataset includes only positive pairs of binding protein structures and
sequences, we need to create negative pairs for contrastive learning. We imple-
ment a batch-wise sampling strategy inspired by CLIP. For a given batch of
paired data {(z},y")}2 | with batch size B, we extract a list of protein struc-
tures {2} }2_, and a corresponding list of sequences {y"}2_,. By combining these
lists, we generate B? pairs (27, y;") where 7, j € [1, B]. Pairs where i = j are pos-
itive, while pairs where i # j are negative. This approach relies on a fundamental
assumption: if a protein and sequence pair is known to bind, it is likely that this
protein does not bind with other sequences and vice versa. This assumption is
validated by the distinct distribution patterns of positive and negative pairs.
We formalize this with two loss functions: the structure-to-sequence loss L£P
and the sequence-to-structure loss L™ . The structure-to-sequence loss quan-
tifies the likelihood of ranking the correct binding sequence higher than other

sequences for a given protein structure wz:

£ll7(xb7 {ym _ = Z exp (l’f,ylm)) (2)

S exp(d(al, y))

Conversely, the sequence-to-structure loss measures the likelihood of correctly
ranking the binding target for a given molecule 3?2,

£p ) ) =——Z (O, ) )

S exp(d(yy, o))
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Fig. 3. Various alignment levels. (a) Residue-level alignment entails comparing each
pair of structure-sequence features residue by residue. (b) Protein-level alignment
involves comparing each pair of structure-sequence features protein by protein. The
features of each protein are amalgamated from all the residue features contained within
it. Identical colors indicate a sequence-structure pair originating from the same protein.

Contrastive Alignment Level. As shown in Figure 3, we propose to com-
pute the alignment loss at both the residue and protein levels, respectively. For
residue-level alignment, we compare the encoded sequence and structure fea-
tures residue by residue. In contrast, for protein-level alignment, we compare
the encoded features at a coarser, fine-grained level. Intuitively, alignment at
different fine-grained levels results in different capabilities. Finer-grained com-
parisons, such as residue-level alignment, necessitate more complex computations
but may yield better performance. Conversely, coarse-grained comparison align-
ments, such as protein-level alignment, may exhibit inferior performance but are
worth considering due to their lighter computational load. Refer to our experi-
mental section for a detailed analysis. Regardless of the level used for calculation,
the samples in the mini-batch will be randomly shuffled, and each pairing will
be different, thereby implicitly serving as a form of data augmentation.

Structural Reconstruction Constraint. As previously mentioned, the GVP
layers encode the core structural features using N, C,, and O atoms (These
three types of atoms are called backbone atoms). To further enhance the struc-
tural constraints, we introduce a self-supervised structure reconstruction task.
While predicting the coordinates of virtual Cg atoms directly from the structural
features of N, C,, and O atoms would be the most straightforward approach,
it proves challenging to achieve accurate predictions in practice. Therefore, we
simplify this task by transforming the coordinate prediction into a contact map
prediction, illustrated in the Figure 4. Specifically, we utilize the intermediate
attention maps generated by the self-attention blocks depicted in Figure 1(a)
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Fig. 4. Pipeline for reconstructing the contact map based on Cg atoms with length L:
First, attention maps are extracted from each layer of the self-attention blocks. These
maps undergo symmetrization and average product correction (APC) along the amino
acid dimensions to produce an L X L coupling matrix. This matrix forms the basis for
the final contact map predictions, which are refined using a regression layer.

to predict the contact maps related to Cg [24]. In addition to serving as a con-
straint during training to preserve structural information, the generation of con-
tact maps can also serve as a metric for internally evaluating the performance
of the pretrained model.

Virtual Cg Atom Generation. The virtual Cg atoms are derived coordinates
that may not physically exist in every residue. However, their positions can be
inferred from the spatial relationships among protein backbone atoms: N, Ca,
and O atoms. The positions are calculated as follows:

do = 0(Ca) — o(N),
61 = 0(C) — o(Ca),
09 = o ® 01,
0(Cg) = €0 -0 + €161 + €202+ 0(Ca),

()

where ® denotes the cross product of vectors and p(*) denotes the coordinates of
the corresponding atom types. And ¢y = 0.5680, ¢; = —0.5407 and es = —0.5827
are constant coeflicients.

Self-supervised Contact Map Prediction. The pipeline diagram of the con-
tact map predictor is depicted in Figure 4. Self-attention maps extracted from
the self-attention blocks undergo symmetrization and average product correction
(APC) to generate the final contact maps. The self-supervised structural loss is
formulated to constrain the structural feature representation using cross-entropy:

Lecontact = CrossEntropy(Sigmoid(Myreq), Myer)
== Z Mi?f ‘ log(M;ZT)ed)a (6)
i=1

where M,.; denotes the ground-truth contact maps (binary values 0 or 1), and
Mpreq denotes the predicted values distributed between 0 and 1.

The pretraining objective involves jointly optimizing the contrastive align-
ment loss Lalign and the contact map loss Leontact, With weighted values A\; and
Ao, as expressed by::

['pretrain = )\1 ' Ealign + AZ . £contact- (7)
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2.4 Inference Phase

As depicted in Figure 1(b), the architecture of the inference phase utilizes only
the pretrained language-enhanced structure model, rendering other flows unnec-
essary during this stage. Evaluating a pretrained protein structure model within
a novel training framework poses significant challenges. To address these chal-
lenges, we have developed a comprehensive evaluation system that includes mul-
tiple validation tasks, showcasing the model’s representation learning, alignment
capability, and generalization ability. Based on the necessity for fine-tuning, we
categorize the validation tasks into internal and external/downstream tasks.

External Evaluation Tasks. External tasks require fine-tuning and are
focused on downstream applications. We introduce the protein sequence design
task (also known as protein inverse folding), which involves predicting pro-
tein sequences based on corresponding protein backbone atomic coordinates.
Key metrics for this task include perplexity and accuracy of sequence recovery.
Additionally, we incorporate protein functional recognition tasks to validate the
robust representation capabilities acquired during training.

Internal Evaluation Tasks. Internal tasks do not require fine-tuning and
include contact map prediction and self-similarity evaluation. The contact map
prediction task uses the top-L long-range precision (PQL) metric to evaluate
the quality of the predicted contact maps. The self-similarity evaluation task
assesses the alignment between the language model and the structure model
using accuracy and KL divergence metrics.

3 Experiments

Table 1. F,,qz of gene ontology term prediction and enzyme commission prediction.

Input Methods Gene Ontology Enzyme Commission
BP MF cC

1D CNN 0.244 0.354 0.287 0.545
ResNet 0.280 0.405 0.304 0.605
LSTM 0.225 0.321 0.283 0.425
Transformer 0.264 0.211  0.405 0.238

1D GCN 0.252  0.195 0.329 0.320
GAT 0.284 0.317 0.385 0.368
3D CNN 0.240 0.147  0.305 0.077

3D+1D  GraphQA 0.308 0.329 0.413 0.509
GVP [13] 0.326  0.426  0.420 0.489
IEConv (residue level) [8] 0.421  0.624  0.431 -
GearNet [25] 0.356  0.503 0.414 0.730
CDConv (3] 0.453  0.654  0.479 0.820

3D Ours 0.459 0.663 0.491 0.828

3.1 Settings

Pretraining Datasets. We utilize a larger-scale protein dataset, PDB, com-
prising sequence-structure pairs, as the pretraining dataset. To prevent label
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leakage, we exclude all existing data also appearing in evaluation datasets. To
augment the datasets, we use the AlphaFoldDB for pretraining. This database
contains the protein structures predicted by the AlphaFold2 model.

Evaluation Datasets. The CATH dataset is widely employed, featuring train-
ing, validation, and test splits consisting of 18204, 608, and 1120 protein data
samples. In downstream protein design tasks, the training set is utilized for fine-
tuning, and the test set is used for evaluation. We also report results on Ts50 &
Ts500 [16]. Furthermore, the trRosetta set is utilized for contact map prediction,
comprising around 15000 instances. The CASP14 set, renowned for AlphaFold2,
though modest in number, closely resembles the practical environment of blind
tests and competitions. To summarize, the trRosetta set, CATH testing set,
Ts50/Ts500, and CASP14 set are all utilized for internal evaluation.

Implementation Details. During pretraining, AdamW optimizer with a batch
size of 8 and an initial learning rate of le-3 is used. We employ the ESM-2 base
version as the default teacher protein language model, with fixed parameters
in the training pipeline. The GVP module comprises 4 layers with a dropout
of 0.1, top-k neighbors of 30, a node hidden dimension of scalar features of
1024, and a node hidden dimension of vector features of 256. The self-attention
block following the GVP includes 4 self-attention layers, 8 attention heads, an
embedded dimension of 512, and an attention dropout of 0.1. It’s noteworthy
that we pretrain the model separately for residue-level alignment and protein-
level alignment. 2 NVIDIA GPU A100 80GB were used.

3.2 Evaluation on Protein Function Prediction Tasks

Table 2. Comparison among our protein design models (#2) and baselines (#1).
The best results are bolded, followed by underlined. Design,: Protein-level pretrained
model; Design,: Residue-level pretrained model.

# Models Perplexity Recovery (%)
CATH Ts50 Ts500 CATH Ts50 Ts500

1 Natural frequencies [10] 17.97 - - 9.5 - -
SPIN2 [21] - - - - 33.6  36.6
Structured Transformer [12] 6.85 5.60 5.16 36.4 42.40  44.66
Structured GNN [14] 6.55 5.40 4.98 37.3 43.89  45.69
GVP-Transformer [10] 6.44 - - 38.3 - -
AlphaDesign [4] 6.30 5.25 4.93 41.31 48.36  49.23
GVP-GNN-large [14] 6.17 - - 39.2 - -
GVP-GNN [14] 5.29 4.71 4.20 40.2 44.14  49.14
ProteinMPNN |2] 4.61 3.93 3.53 45.96  54.43  58.08

2 Design (w/o Pretraining) 6.27 5.05 4.87 39.62  49.21 50.01
Design,, (w/ Pretraining) 4.51 3.82 3.35 50.1 55.7 59.5
Design,. (w/ Pretraining) 4.48 3.76  3.28 50.8 55.8 60.3

Our method shows superior performance in gene ontology (GO) term prediction
and enzyme commission (EC) number prediction tasks, surpassing existing 1D-
only, 3D-only, and (3+1)D approaches. We used the F,,,, accuracy metric for



CCPL: Cross-Modal Contrastive Protein Learning 31

evaluation. These findings, detailed in Table 1, highlight the effectiveness of our
cross-modal contrastive learning approach.

The IEConv method, featuring both atom-level (Hermosilla et al., 2021) and
amino-acid-level (Hermosilla & Ropinski, 2022) variants, served as a key bench-
mark in our comparisons. The atom-level variant, denoted as "3D-+Topo," uti-
lizes 3D coordinates and the topological structure of bonds between atoms. Our
approach outperformed this and other existing methods significantly. Follow-
ing the work of Hermosilla et al. (2021), Hermosilla & Ropinski (2022), and
Zhang et al. (2022), we assessed our method across three GO term prediction
sub-tasks: biological process (BP), molecular function (MF), and cellular compo-
nent (CC). Both GO term and EC number predictions are framed as multi-label
classification tasks. In essence, our approach integrates 1D and 3D data using
cross-modal contrastive learning, yielding robust representations and achieving
higher accuracy in GO and EC prediction tasks.

Protein Fold-level Recognition Enzyme Recognition
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Fig. 5. Protein functional prediction tasks. (a) Comparing the fold-level predictions.
P@k denotes the top-k precision. (b) Performances for enzyme recognition task.

3.3 Evaluation on Protein Inverse Folding Tasks

Computational protein design, also known as protein inverse folding, aims to
deduce amino acid sequences given the corresponding atomic coordinates of
protein backbones. The protein design model serves as a key component for
downstream evaluation. It directly leverages the pretrained structure model as
the backbone, coupled with a non-autoregressive decoder featuring linear MLPs.
The CATH testing set and Ts50/Ts500 are employed to evaluate the primary
results. Table 2 presents a selection of several prominent baselines across different
types. Notably, ProteinMPNN [2] and GVP-Transformer [10] exhibit advanced
performance, particularly excelling in sequence recovery and perplexity. The
lightweight GVP-GNN [14] also demonstrates competitiveness, showcasing rela-
tively strong performance and speed. Our protein design models outperform the
baselines. Notably, the inclusion of a non-autoregressive decoder in our mod-
ule contributes to faster sampling speeds. Furthermore, regarding different lev-
els (Design, vs. Design,), while there is no significant disparity between the
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residue-level and protein-level pretrained modules in downstream tasks, Design,.
slightly outperforms Design,, overall. This observation suggests that any small
gaps between the two levels of pretrained models are further diminished during
the fine-tuning process. Additionally, within Group 2 of Table 2, we compared
the pretrained model with a non-trained model serving as the backbone. Notably,
the pretrained model significantly enhances performance in terms of perplexity
and recovery, underscoring the stronger generalization ability of the pretrained
structure model for downstream tasks.

3.4 Evaluation on Protein Fold-level Classification

Furthermore, we undertake predictions on challenging fold types based on
the Fold dataset [7], which essentially involves a less data-intensive multi-task
enzyme function prediction. We gather approximately 700 enzymes with exper-
imentally determined structure-sequence pairs across 10 folds from RCSB for
multi-class functional prediction tasks. This involves precisely predicting the
fold level to which an enzyme belongs. ‘Fold’ here refers to the 3D arrange-
ment of secondary structural elements (such as alpha helices and beta sheets)
that characterize a particular protein or group of proteins. Proteins with similar
folds typically share significant structural similarities, even if their sequences and
functions differ. Fold classification can offer insights into evolutionary relation-
ships among proteins. The objective of this setup is to predict, within enzymes
with mixed folds, the specific fold to which an enzyme belongs. As illustrated in
Figure 5(a), we choose ESM-IF and GVP as baseline structure-to-sequence mod-
els, as they also utilize N, C,, and C as standard inputs. These comparisons val-
idate the superior structural representation capabilities by a large margin (Ours:
16.8%P@1, 31.3%P@2, 40.2%P@3). We employ ESM-2 as a language modality
input for comparison to confirm its sequence-only representation capabilities.
Although ESM-2 (11.5%P@1, 24.5%PQ2, 36.5%P@3) slightly outperforms the
earlier GVP, it significantly lags behind the performance of ours, demonstrating
enhanced generalization ability due to the incorporation of context information.

3.5 Evaluation on Functional Enzyme Recognition

To explore enzyme recognition through binary classification, we leverage a novel
dataset that extends the Fold dataset. Each fold in this dataset is meticulously
crafted to include an equal number of enzymes, balanced with non-enzyme neg-
ative samples. Given the binary nature of the classification task, positive and
negative samples are aggregated across folds and then randomly divided, with
80% allocated to the training set and 20% to the evaluation set. Our experi-
mental findings, as illustrated in Figure 5(b), reveal that our model, augmented
with prior language enhancements, achieves the highest performance, boasting
an average accuracy of 97%. Among the baseline models, ESM-IF and ESM2
yield comparable accuracies of 93% and 92%, respectively, despite operating on
different modalities (sequence vs. structure). Notably, our model outperforms
ESM-IF, a benchmark recognized for its exceptional representation and similar-
ity in modalities, indicating superior generalization capabilities.
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3.6 Zero-shot Learning for Protein Fitness Prediction

Additionally, we introduce a zero-shot learning approach for fitness prediction,
which enables the direct validation of the model’s representational stability in
a non-parametric manner. To ensure a thorough and unbiased comparison, we
selected prominent protein language models and inverse folding models as bench-
marks, as depicted in Figure 6. All baseline models utilize zero-shot learning for
evaluating mutation effects through the ProteinGym dataset [20], which encom-
passes millions of mutations. Our proposed method yields an average p of 43.0%,
consistently achieving the top matching rank. This suggests that leveraging prior
language knowledge significantly contributes to enhanced overall performance in
mutation prediction. In contrast, the optimal baseline model (ESM-IF) scores
42.2%. The superiority in performance of our model can be attributed to its
dual advantage, encompassing both contextual and structural transfer learning
within the proposed training paradigm.
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Fig. 6. Spearman’s rank correlation on ProteinGym set.

4 Ablation Studies and Analysis

Table 3. Internal evaluation across test sets. Group 1 showcases the contact map pre-
dictions, measured by P@* scores. Group 2 focuses on retrieval alignment evaluations,
quantified by alignment accuracy and KL distance. The acc; and acce metrics denote
the accuracy of structure-to-sequence and sequence-to-structure alignment.

Group Level CATH Test Set trRosetta Set Ts500 Set Ts50 Set CASP14 Set
PQL P@L2 P@L5 PQ@QL PQL2 PQL5 PQL P@L2 P@L5 PQL PQL2 PQL5 PQL PQ@L2 PQL5
1 Residue  78.05  90.97 96.12  87.69  94.94 96.89  90.31 96.67 98.10  91.36  98.66 100.00  74.9 91.49 95.34
Protein  72.21  88.03 98.31  81.30  92.42 96.18  83.78  94.14 97.44 8518  96.32 99.53  68.24  87.23 93.96
accy accy KL accy accy KL accy accy KL acc accy KL accy accy KL
2 Residue  87.71  87.65 0.004  96.13  96.23 0.0001 94.69  95.02 0.0001 98.29  98.41 0.0001 30.87  30.45 0.0001
Protein  100.00 100.00  0.00  100.00 100.00  0.00  100.00 100.00  0.00  100.00 100.00  0.00  100.00 100.00  0.00

4.1 Internal Contact Map Generation

Contact map predictions serve as a significant indicator of structural representa-
tion capabilities. Due to our pretraining mechanism, the contact map predictor
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can generate accurate contact maps directly without the need for fine-tuning.
Group 1 of Table 3 showcases the contact map prediction scores, evaluated across
the CATH, trRosetta, Ts50/Ts500, and CASP14 test sets. Both the residue-level
and protein-level pretrained models demonstrate high PQL accuracy in predict-
ing contact maps across all datasets, indicating that the pretrained structure
module has acquired rich structural representations. Notably, the residue-level
evaluation exhibits superior performance within Group 1, likely attributable to
its finer granularity. Expanding on this analysis, the ability of our pretrained
models to generate precise contact maps across diverse datasets underscores
their robustness and generalization potential in capturing intricate structural
details. Such proficiency in contact map prediction signifies the effectiveness of
our pretraining approach in enhancing structural representation learning.

4.2 Retrieval Alignment Evaluation

In the proposed pretraining framework, we operate under the strong assump-
tion that protein language models and protein structure models are equally
proficient in representing features, albeit through different modalities. Hence,
we advocate for quantifying the sequence-structure retrieval power to gauge the
alignment prowess of the pretrained model. Reflecting on the contrastive align-
ment loss employed during pretraining, it becomes evident that the loss encom-
passes both structure-to-sequence and sequence-to-structure alignment calcula-
tions. The intermediate state score computations offer a direct means to eval-
uate the multi-modality alignment level. The retrieval alignment evaluation on
the CATH, trRosetta, Ts50/Ts500, and CASP14 test sets is presented in Group
2 of Table 3. Additionally, we provide residue-level and protein-level results for
comprehensive analysis. It’s noteworthy that the protein-level pretrained model
exhibits a higher ease in aligning sequences and structures, evident through
higher accuracy and lower KL distance, which aligns well with our intuition.
Overall, the pretrained structure module demonstrates a robust alignment level,
underscoring the effectiveness of the proposed framework.
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Fig. 7. Visualization using t-SNE to demonstrate enzyme recognition.
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4.3 Classification Visualization

To visually represent the efficacy of enzyme classification, we advocate the uti-
lization of t-distributed Stochastic Neighbor Embedding (t-SNE) as a means to
illustrate the clustering patterns of enzymes, as depicted in Figure 7. Employing
this visualization technique provides insights into the distribution of enzyme data
points in a lower-dimensional space. In the context of enzyme recognition, our
proposed structural model manifests discernible classification boundaries within
the t-SNE plot. This observation underscores the robustness of our model’s fea-
ture representation capabilities. The distinct clustering of enzymes reaffirms the
model’s ability to delineate between enzyme and non-enzyme samples effectively,
further validating suitability for the task of functional recognition.

5 Related Work

Protein Language Models. Protein language modeling has emerged as a
promising avenue for unsupervised learning of protein primary structures [11,27,
31]. Models such as UniRep [1] utilize LSTM or its variants to capture sequence
representations and long-range dependencies. TAPE [23] benchmarks a range of
protein models across various tasks, affirming the effectiveness of self-supervised
pretraining methods. Many efforts have focused on enhancing model scale and
architecture to capture richer protein semantics. For instance, ESM-1b employs a
Transformer architecture and masked language modeling strategy to learn robust
representations from a large-scale dataset. Subsequently, ESM-2 [17] extends
ESM-1b with larger-scale parameters (15 billion), achieving superior results com-
pared to smaller ESM models.

Protein Structure Models. Given that a protein’s function is often deter-
mined by its structure. The advancements in protein structure prediction meth-
ods have led to initiatives like AlphaFoldDB, providing over 200 million pro-
tein structure predictions to accelerate scientific research. Building upon this
progress, various protein structure models have emerged, aiming to encode spa-
tial information using convolutional neural networks (CNNs) or graph neural
networks (GNNs). Among these methods, IEConv [8] introduces a convolu-
tion operator to capture all relevant structural levels of a protein. GearNet [25]
encodes the spatial information by adding different types of sequential or struc-
tural edges and then performed relational message passing on protein residue
graphs. GVP-GNN [13] designed the geometric vector perceptrons (GVP) to
learn both scalar and vector features in an equivariant and invariant manner,
while [5] adopts SE(3)-invariant features as model inputs and reconstruct gradi-
ents over 3D coordinates to avoid the complexity of SE(3)-equivariant models.
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6 Conclusions and Limitations

We propose leveraging pretrained protein language model to train protein struc-
ture models using cross-modal contrastive learning . Our approach demonstrates
superior performances in various evaluation tasks. However, challenges remain,
including the scope of language model transfer, data efficiency, generalization,
computational resources, and evaluation metrics. Addressing these limitations
will be crucial for advancing the utility of pretrained protein language models in
protein structure prediction and related applications.
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Abstract. A large amount of procedural videos on the web show how
to complete various tasks. These tasks can often be accomplished in dif-
ferent ways and step orderings, with some steps able to be performed
simultaneously, while others are constrained to be completed in a spe-
cific order. Flow graphs can be used to illustrate the step relationships of
a task. Current task-based methods try to learn a single flow graph for all
available videos of a specific task. The extracted flow graphs tend to be
too abstract, failing to capture detailed step descriptions. In this work,
our aim is to learn accurate and rich flow graphs by extracting them
from a single video. We propose Box2Flow, an instance-based method to
predict a step flow graph from a given procedural video. In detail, we
extract bounding boxes from videos, predict pairwise edge probabilities
between step pairs, and build the flow graph with a spanning tree algo-
rithm. Experiments on MM-ReS and YouCookII show our method can
extract flow graphs effectively.

Keywords: Flow Graph - Procedural Videos + Object Detection

1 Introduction

Procedural videos showing how to perform various tasks can be found on video
sharing platforms, ranging from adding oil to cars to making cakes. This wealth
of data creates an opportunity for computer vision systems [37,38,40] to learn a
computational representation of those multi-step procedures, which can then be
used in various downstream applications ranging from video activity segmenta-
tion to general procedure analytics.

However, in real-world procedures seemingly identical tasks are often per-
formed differently by individual users, including, e.g., using different materials
or cooking ingredients, different actions, different step orderings, and different
number of steps, while also sharing some common procedural elements. This will
lead to different procedure workflows depending on each instance of the task as
recorded in a video. As shown in Figure la, lc, two recipes, Carnitas Tacos
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6. fip the pork over 7. pull apart the pork 8. warm the com tortilas in a hot pan with oil 9. serve the tortillas with the cooked pork

(b) Flow Graph of
(a) Carnitas Tacos With Cilantro Lime Sauce. Carnitas Tacos With
Cilantro Lime Sauce.

3. heat up the tortilas

(d) Flow Graph of Carne
(c) Carne Asada Tacos. Asada Tacos.

Fig. 1. (a), (c): Two recipes for making tacos that differ in ingredients, actions, and
number of steps. (b), (d): The corresponding flow graphs of the two recipes.

With Cilantro Lime Sauce and Carne Asada Tacos, both belong to the same
task category, making tacos, but they are very different. The two recipes use dif-
ferent ingredients for flavoring. Carnitas Tacos With Cilantro Lime Sauce
added the sauce in the last step while Carne Asada Tacos marinated the meat.
In terms of actions, Carnitas Tacos With Cilantro Lime Sauce cooked the
pork with water and pulled apart the pork while Carne Asada Tacos grilled and
diced the meat. Carnitas Tacos With Cilantro Lime Sauce heated the tor-
tillas after pulling apart the pork while Carne Asada Tacos heated the tortillas
before dicing the meat. Finally, Carnitas Tacos With Cilantro Lime Sauce
is annotated with 10 steps while Carne Asada Tacos is annotated with 6. As
a result, their workflows are also different, as in Figure 1b, 1d. Therefore, in
order to comprehend procedural videos, a computer vision system must be able
to recognize the various types of steps and their possible sequences. We propose
that disassembling each video instance separately into individual steps can lead
to a better understanding of the overall task than task-based methods [15,21,37]
that try to learn task steps simultaneously by processing all available videos of
a particular task.
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One aspect of understanding the procedure flow in the video is determin-
ing the step dependencies. Some earlier steps are prerequisites of later steps.
For example, in Carnitas Tacos With Cilantro Lime Sauce, the sauce cor-
responding to steps 0 and 1 must be made, the meat corresponding to steps
2-7 must be cooked, and the tortilla corresponding to step 8 must be heated in
order for the taco to be assembled in step 9. Therefore, steps 1, 7, and 8 are pre-
requisites of step 9, and this relationship is defined as sequential. Meanwhile,
steps 1, 7, and 8 deal with three parallel components of the taco, and switch-
ing their order will not affect the final dish. In other words, the step sequence
0,2,1,3,4,5,6,8,7,9 would also be a valid recipe resulting in the same dish. Par-
allel relation is formally defined as different steps involving non-overlapping
ingredients and utensils. Swapping the ordering of parallel steps will not affect
the final dish. The sequential and parallel structure of the steps in a recipe can
be characterized as a flow graph, where directed edges connect sequential steps
(represented as nodes), and the edge direction describes the execution order. All
topological sorts of the flow graph will be valid recipes resulting in the same
dish. A formal definition will be given in Section 3. The flow graphs of the two
recipes Carnitas Tacos With Cilantro Lime Sauce and Carne Asada Tacos
are shown in Figure 1b and 1d respectively.

In this paper, we study the problem of predicting the flow graph given a
procedural video instance and its step starting and ending timestamps. Some of
the challenges associated with predicting flow graphs are: First, according to
the definition of the parallel relation, the model needs to accurately recognize
the involved ingredients and utensils, including distinguishing visually similar
utensils and different ingredients. Second, cooking involves complex operations
that transform ingredients both mechanically and chemically. Attributes such as
shape and color can change drastically during this process. Consequently, the
model needs to track the state change of the ingredients.

To tackle these challenges, we propose the Box2Flow framework, as shown in
Figure 2. We first calculate the edge probabilities for all step pairs in a video to
get a probability matrix. Then, we create the flow graph from the matrix with a
spanning tree algorithm for directed graphs. More specifically, to make our model
focus on the ingredients and utensils involved in order to more accurately predict
the step relations, we extract the object bounding boxes in the step segments. To
tackle the second challenge, we include the whole video as context to monitor
the state of each ingredient. We experiment on the labeled MM-ReS|26] and
the unlabeled YouCookII[38] datasets. Furthermore, we interpolated the missing
frames in MM-ReS to improve the performance. In addition to traditional recall
and precision metrics, we use maximal common subgraph[5] for a more structural
evaluation. Results show Box2Flow can effectively predict the flow graphs.

In summary, the contributions of this paper are:

— We study the less explored problem of generating the flow graph from a single
procedural video instance.

— We propose Box2Flow to solve the problem of predicting flow graphs from
videos. Experiments show the framework effectively predicts the flow graphs.



42 J. Li et al.

— We interpolate the missing frames in the MM-ReS dataset to extract flow
graphs effectively. We also explore the utility of a learned flow graph predictor
trained on MM-ReS to a zero-shot transfer task for the unlabeled YouCookII
dataset.

— We assess the accuracy of the predicted flow graphs to the ground truth
graphs using the structural similarity metric, Maximal Common Subgraphs.
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Fig. 2. Overview of our method. We first predict the edge probabilities for all step
segment pairs then create the flow graph using a spanning tree algorithm from the
probability matrix.

2 Related Work

Our work relates to video graph representations, flow graph prediction, and
their downstream applications. Previous work in computer vision has focused
on various graph representations for videos. When characterizing tasks with
multiple steps as flow graphs, previous work has focused on flow graph prediction
and applications for text, sequences of images, and program codes. However, flow
graph prediction from a single procedural video instance has been less explored.



Box2Flow: Instance-Based Action Flow Graphs from Videos 43

Video graph representations. One of the most studied graph representations
is the scene graph. [6,18] generated video scene graphs by predicting the scene
graphs at each frame. Although the temporal properties were considered during
prediction, the outputs for each frame remain unconnected. [10] added temporal
edges between the same node in neighboring frames, which is also called spatio-
temporal graph. [31] built a panoptic 3D scene from RGB-D videos by exploiting
the actual spatial relations between neighboring scenes. For representing videos
as various types of graphs, [14,29] learned a semantic graph from the entire
instructional video where the nodes learn semantic concepts and the edges are
calculated from the node features. [15,21] learned general flow graphs from
multiple videos for each task and [37] built a large flow graph together for all
tasks. In these non-instance-based works, if two steps are performed in different
orderings in different videos, they are treated as parallel. However, the parallel
relationships might not be fully covered due to the limited number of videos in
the dataset. On the other hand, the relationships between the steps are intrinsic
to the steps themselves through the involved objects. To address the issues caused
by task-based methods that learn a single graph from multiple videos, in our
work, we focus on an instance-based method that learn flow graphs specific
to each available video. This approach allows us to develop more precise and
detailed video-specific representations.

Regarding graph downstream applications, [7,24] used scene graphs for video
rendering and synthesis, respectively. [25,28] used spatio-temporal graphs for
temporal moment localization given language queries and action recognition,
respectively. Specifically, [28] included linguistic and visual nodes in their graph.
[33] formulated video snippets as graph nodes and snippet correlations as edges
for action detection. [2] used task graphs where nodes correspond to objects
and edges correspond to actions for video synthesis. [12] represented videos as
conjugate task graphs where the nodes are actions, and the edges are states for a
single-shot action plan. [13] used graph representations for action segmentation
where the nodes are segments, and the edges represent neighboring segment
relations. [30] used graphs for video captioning where the nodes include both
whole video features and word features.

Flow graph prediction and downstream applications. [22,34] created the
fine-grained flow graphs from Japaneses and English recipe texts respectively
where each node is a named entity. [26,27,36] created recipe step flow graphs
from text and images. Specifically, [36] used Japanese language text.

In terms of applications employing flow graphs, [20] used flow graphs from
5G communication base station product manual texts for error detection and
correction. [3] used program control flow graphs for malware detection. [8] used
general task flow graphs for video grounding, which were created from web text.
Specifically, only one flow graph is created for all videos of the same category.
[23] used the help of flow graphs from text to train a captioning model where the
inputs include a list of ingredients and a sequence of images where each image
is considered as a single step.
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In summary, instance-based flow graph prediction from a single video has
been less explored. Compared with text, predicting flow graphs from visual
inputs are more challenging. The involved objects might not be salient in images
and videos. The view points might also change and the cooking process will
drastically change the visual appearances of the ingredients, making them dif-
ficult to track therefore challenging to create the flow. Meanwhile, long videos
contain more information than a sequence of a few frames (less than 100 images)
and, subsequently, are more challenging. [26,27] are image-based methods which
average all image features in a single step while we study video-instance inputs.
We explicitly model the input images or video clips as sequences to capture the
action information. Furthermore, predicting a flow graph for each video can pre-
serve the specific steps in the recipe that might not be covered by the general
task flow graph, e.g., A general flow graph of the task making coffee might miss
some steps specific to certain videos including add milk foam and add syrup
which gives unique flavoring to the recipe. These steps could be included when
predicting the flow graph from one video instance. In this paper, we predict a
flow graph for each video instance by predicting pairwise edge probabilities from
both frame-level and object features, then convert the probability matrix to a
flow graph with a spanning tree algorithm.

3 Method

3.1 Flow Graph Definition

A flow graph F = (S, E) is a directed acyclic graph where each node is a step.
Let the set of nodes S = {51, 52,...,5;,...,5,}, where S; is the i-th step in the
recipe. A directed edge (S;,S;) exists between if and only if the following rules
hold:

1. i < j, and

2. S; and S; are sequential, and

3. if j > i+ 1, there is no such k where ¢ < k < j, such that both step pairs
(S, Sk) and (Sk,S;) are sequential.

Rule 1 determines the graph’s flow where the later nodes are descendants. Rule
2 considers the sequential relation as edges, and rule 3 does not allow skip edges.

In other words, an edge connects a step with its direct consequence. If S;
and .S; are sequential but indirect (e.g., steps 2 and 9 in Carnitas Tacos With
Cilantro Lime Sauce Recipe, as shown in Figure la, 1b), there exists a path
with length at least two between S; and S; and vice versa.

3.2 Pairwise Edge Probability

Given a video V' and the start and end frames for each step T' = {(s;,¢€;)]1 <14 <
n}, our goal is to predict the flow graph F' or the set of edges E C {(5;,5;)|1 <
i < j <n}. In addition, we denote the i-th video segment Vs; : e;] as V;.
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To predict the pairwise edge probability, we first extract the object bounding
boxes with an object detector:

B; = Foa(Vi) (1)

where B; = {(xminkm Yming, s Tmazy, s ymaa:k,)}(xminkt » yminkt) is the top-left cor-

ner and (Tmaz,, s Ymazy, ) 1S the bottom-right corner of the k-th box in the ¢-th

frame of the segment. The frame patches defined by B; are denoted as V;[B;].
Next, we extract the object features with a video encoder:

Fy, = Fe(Vi[Bi) (2)

where [, € REix4, K, = Zf;siﬂ k; is the total number of bounding boxes in
the segment and d is the output feature dimension.
Similarly, the frame features of V; can be extracted as

Fi = Fpe(Vi) 3)

where the bounding boxes can be treated as (1,1,W,H) for all frames. W is the
frame width and H is the frame height. F; € R(¢i—s:+1)xd,

As the step relations given only two video segments can be ambiguous, we
also include the whole video feature F' as context, which consists of all frame-level
features stacked together:

F:stack(Fl,Fg,...,Fi,...,Fn) (4)

F € RV*d where N = Y"1 | (e; — s; + 1) is the total number of non-background
frames related to the task.

Then, we aggregate the frame and box features for each segment using BERT
with adapters[11]. The features are first projected to BERT input embedding
dimension through the same linear layer:

F., = tanh (Fy.(F))) (5)
F, =tanh (Fpe(Fb,)) (6)
F, = tanh (Fy.(F)) (7)

The frame and the box embeddings are stacked together with the BERT
[CLS] embedding and fed through the transformer encoder to extract the step
features. The position IDs for the k; boxes and the frame embeddings in the ¢t-th
frame are all ¢, and the [CLS] embedding has position ID 0. The output of [CLS]
representation is taken as the aggregated feature. For the context feature, only
the frame feature F' is used.

fi = Fbertstcp (StaCk(FCls’ Fei ’ Febi )) (8)
[ = Frert,, (stack(Fes, Fe)) )

where Fyert,,.,, Foert.., are two different BERT adapters for step features and
context features respectively. Fi;; is BERT [CLS] embedding. f;, f € R%ert are
1-D vectors with BERT output dimension.
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Finally, two-step features f;, f;, (i < j) and the context feature f are concate-
nated and fed through an MLP to predict the pairwise sequential probability:

pij =0 (Fnup(fi ® f; & ) (10)

where o(-) is the Sigmoid function and @ stands for concatenation.
During training, we use the weighted binary cross-entropy loss:

L=-w, Y [wpyilogpi; + (1 - yij)log(l — pi;)], (11)
1<i<j<n

where w; is the video sample weight, w, is the positive weight for unbalanced
label distribution. y;; = 1 for sequential relation, both direct and indirect, and
yi; = 0 for parallel relation.

Multi-modality. Our framework can be easily extended to prediction with only
text or both video and text modalities. When only the recipe text is available,
we have R=R1®R:®...®R;®...® R,, where R; is the text for the i-th step.
Then, the text tokens are directly fed to the BERT adapters to get the features
for the MLP module in Equation 10:

ftea:t.; = Fberttezt (R’L) (12)
fte:vt = Fberttmt (R) (13)

The text-described step and context features share the same adapter. The
sequential probability is calculated as follows:

pij =0 (FnLlp(ftea:ti ® ftextj ® ftewt)) (14)

When both video and text are available, after the features fi, f, fiet,, ftext are
extracted as Equation 8, 9, 12, 13, the probability is calculated as:

pij =0 (lep(fz S fj @ f S ftezti S fteztj @D fte:vt)) (15)

Three different adapters are involved: video step, video context and text.

3.3 Graph Construction

We construct the flow graph after all the pairwise scores P = {p;;|1 <i < j < n}
have been calculated. Since most of the flow graphs in the real world are trees
with at most one descendent for each node, we focus on constructing trees.
Because of rule 3 in Section 3.1, if the flow graph is a tree and there is an edge
between (5;, S;), S; has to be the earliest step such that S; and S; are sequential.
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Therefore, we first select the edges
according to the standard probability
threshold 0.5 to get a set of candidate
edges Ecqn = {(S:,5;)|pi; > 0.5}
Then, for each step i, we select the
earliest step j such that (S;,S;) €
FE.qn to form the flow graph, as in
Algorithm 1.

4 Experiments

4.1 Datasets and Metrics

Algorithm 1. Flow graph from proba-
bility matrix

Inputs: probability matrix P, number of
steps n
Output: edge set E
E—¢
Eecan — {(Sz,S])|pzj > 05}
fori=1tondo
I — {j[(Si,S;) € Ecan}
if I # ¢ then
Jj— argmin;s;(j € I)
E — EU{(5;5;)}

end if
end for

We use two datasets, labeled MM-
Return E

ReS[26] and unlabeled YouCookII[38].

MM-ReS consists of recipe texts, step images and annotated flow graphs.
The original dataset includes 9850 recipes collected from the Internet. Since we
focus on predicting tree graphs, we only use the 8370 recipes with tree annota-
tions and randomly split into training, validation and test sets, with 6696, 837,
837 each. 64.5k steps are annotated in flow graphs. The dataset includes 131k
images, with 2.8 images/step on average for steps with images. The images can
be treated as short video clips for each step. Meanwhile, 18% of the steps do not
have images and need to be removed, zero-padded or interpolated.

YouCooklII consists of cooking videos from YouTube, with step starting and
ending time annotations and step text descriptions rephrased by annotators but
without annotated flow graphs. We use 1181 training videos and 414 validation
videos, which are still available on Youtube. There are 7.7 steps/video on aver-
age. For evaluation, we manually annotated the flow graphs of 39 videos in the
training set and 63 videos in the validation set. 97 of the annotations are trees.
During training, we combined the manual annotation and predictions from a
text model trained on MM-ReS as labels.

(a) Peanut Butter and Jelly Sandwich. (b) Ground truth

flow graph.

(c) Predicted flow
graph.

Fig. 3. An example of ground truth and predicted flow graphs where the recall and
precision are high but very different structurally. The recipe is Peanut Butter and
Jelly Sandwich from MM-Res.
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Metrics. Following [26], we report edge-level recall R., precision P., F1 and
recipe-level recall R,., precision P,, F1, which are calculated as the follows:

Suppose the ground truth edge set of the i-th video in the dataset is F;, the
predicted edge set is E;, | - | denotes set cardinality and there are M videos in
the dataset,

M -~ M -
R = Zi:1 |E1 N El| P - Zi:1 |Ez N E2| (16)
e — M ) e — M ~
27121 |Ez| 21:1 |Ez|

The edge-level Fj is the harmonic average between R, and P.. Define R;, P; as
the precision and recall for each recipe, calculated as

= |EiﬁEi|, p = |E,r;1El| (17)
| Ei | Eil

Define F'1; as the harmonic average between R; and P;. Then R, P, F'1, are

calculated as - Zf\i1 Ri, & Zf\i1 P, L Zf\il F'1; respectively.

However, these metrics might not accurately reflect the structural similarity
between the predicted and the ground truth graph, as shown in Figure 3, taken
from Peanut-Butter-and-Jelly-Sandwich-1 recipe in MM-ReS. The ground
truth shows two branches merging, while the predicted is a chain. Therefore,
the structures are very different. However, the only different edge is (2,6) in the
ground truth and (2,3) in the predicted. Recall, precision, and F1 are all as high
as 83% in this case. As a result, we also include a structural similarity metric
maximal common subgraph (MCS)[5]. Define cc as the number of nodes in the
connected component of £ N E with the maximum size and n is the number of
nodes in E;, MCS = cc/n. In the example, the maximal common subgraph is
{(3,4),(4,5),(5,6)} with 4 nodes and mcs=4/7=57%.

4.2 Compared Methods

We investigate methods using different modalities, including video-only, text-
only, and video-+text. !Specifically since only a few annotations are available for
YouCooklII, we directly transfer a pre-trained model on MM-ReS for text-only
to show zero-shot ability.

We include video captioning as a baseline for video-only methods. Captions
are first generated for videos then flow graphs are created from the captions
using Equation 14. We also manually annotated some examples from generated
captions. The details are in our supplement. We compare with the baseline video
captioning methods MART][17] and VLTinT|[35].

To show the effects of bounding boxes, we compare Box2Flow with its vari-
ance using only frame features F,, in Equation 8 but not box features F¢, . The
variance is denoted by "f". To remove the effects of more parameters introduced

1 Our results are not directly comparable with [26,27] because of different evaluation
subsets and code not available.



Box2Flow: Instance-Based Action Flow Graphs from Videos 49

by two adapters, we also include models using the same adapter for both con-
text and step features, denoted by "1". Specifically, for video-+text methods on
YouCooKII, all methods are trained with one adapter.

For MM-ReS, we fix bottom-up attention[1] for feature extraction and com-
pare two different object detectors, Detectron2[32] pre-trained on COCOJ19]
and SAM[16] masks, denoted by "C" and "S" respectively. As 18% of the steps
do not have images in MM-ReS, we also study the effect of interpolating the
missing images using instruct-pix2pix[4] for image-+text models, denoted by "i".
Otherwise, we zero-pad the image features for image-+text methods and directly
remove these nodes for image-only methods.

For YouCooklII, we compare two different frame feature extractors, Densecap
[39] and SlowFast[9], denoted by "D" and "SF" respectively. Specifically, only
SlowFast can include bounding boxes for feature extraction. We fix Detectron2
as the object detector.

We also include a naive chain baseline which only requires the number of
steps: E = {(571,52), (S2,S53),...,(S: S +1),...,(Sh—1,5n)}

The implementation details are in our Supplement.

4.3 Results and Evaluation

Table 1 shows the results on MM-ReS dataset. For image-only methods, we
remove the steps without images during training and evaluation. The flow graphs
will change after step removal. When removing steps from the graph, a node is
directly deleted if it has no ancestor or descendant. Otherwise, its ancestor is
directly connected to its descendant. To enable comparison across modalities, we
also evaluate text-only and chain methods on steps with images, denoted by *.
We remove nodes without images from text-only model and chain outputs using
the above process. Table 2 shows the results on YouCooklII dataset.

Effects of Modalities. For video or image only methods, only Box2Flow-
SF surpassed the naive chain baseline in Table 1 and 2, showing that directly
predicting flow graphs from videos is a challenging problem. We show in our
Supplement that the flow graphs predicted by the text model from generated
captions do not accurately capture the true structure of the captions. The video
captions are inconsistent in ingredients and the scores of manually labeled cap-
tion flow graphs would be much lower. Therefore, directly predicting flow graphs
from videos is needed. Using text modalities can significantly improve the perfor-
mance, surpassing the chain baselines. The text model trained on MM-ReS also
shows zero-shot ability, achieving high performance on the YouCookII dataset.
This is not to be taken for granted, as video clip descriptions are different from
formal recipe steps. Furthermore, the step texts in MM-ReS are significantly
longer than those in YouCookII. Each step has an average of 32.3 BERT tokens
in MM-ReS, while YouCookII only has 14.4 tokens. Yet videos provide comple-
mentary information. Methods using both video and text improve upon text-only
models. For example, in Figure 1c, 1d, the text mentions that step 3, "heat up
the tortillas", is parallel with steps 2 and 4 as step 3 introduces a new ingredient.
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0. Preheat the oven to 375 degrees F 19
(190 degrees C). Lightly grease a
9x13-inch baking dish.

baking dish.

nnnnn i bread

) A vegetable mi)ake recipe. (b) Ground truth flow
graph.

L]

) Predicted flow graph ) Predicted flow graph
from text model. from image-+text model.

3. Mix broad crumbs and molted buttor

Fig. 4. An example from MM-ReS. The text-only model did not predict the graph
correctly, while the image+text model did. The interpolated images are marked in
blue.

(b) Ground truth flow

(a) Yummy Pepperoni Pizza Bread graph.

(c) Predicted flow  (d) Predicted flow  (e) Predicted flow  (f) Predicted flow
graph from video graph from video graph from text graph from
captioning. model. model. video+text model.

Fig.5. An example from YouCookII. The predicted captions are in red in (a). Video
captioning and the text model did not predict the graph correctly, while the video and
video+text models did.
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However, the video shows the meat is grilled first; then, the tortillas are added
while the meat is still grilling and share the same grill, showing the steps are
actually sequential.

Effects of Bounding Boxes. Comparing image-only methods and
image+text methods in Table 1, video-only methods and video+text methods
in Table 2, where step and context features share the same adapter for methods
using bounding boxes, the results show using bounding boxes can improve the
performance by focusing on the involved ingredients and utensils.

Effects of Object Detectors, Feature extractors and Interpolation.
Table 1 shows SAM masks can further improve the performance from Detec-
tron2 object detectors on COCO. Instruct-pix2pix interpolation improves on the
COCO detector more than SAM. Table 2 shows video-only frame-level SlowFast
is better than Densecap features in structures. Including bounding boxes further
improves the performance when using SlowFast feature extractor.

In summary, Box2flow can predict the flow graphs effectively and can be
used together with different object detectors and feature extractors. Videos can
provide information that complements text, and bounding boxes can further
improve the effectiveness, even without introducing more parameters in the
model. We include more ablation studies, including the effects of context fea-
tures, SAM mask selection and binary vs soft labels in our Supplement.

4.4 Qualitative Results

We show some recipe examples and the flow graph predictions of various meth-
ods. The examples are selected based on the largest MCS improvement using
video + text from text-only. We include more examples in our Supplement.

Figure 4 shows an example from MM-ReS where the text model did not
predict the correct graph, but the image+text model did. The shared edges
between the ground truth and the text graph are {(1,2),(3,4)}; therefore, the
precision, recall, and F1 of the recipe are all 2/4=0.5. The maximum common
subgraph is 1-2 or 3-4; therefore, MCS=2/5=0.4. For the image-+text model, all
metrics will be 1. The text model treats step 0 preheat oven and step 1 cook
vegetables in a pot as sequential; step 2 mix vegetables and step 3 sprinkle bread
crumbs on vegetables as parallel, showing the model did not notice some word
details from the long instructions. The images from step 0, 3, 4 are originally
missing from the dataset and are interpolated with instruct-pix2pix, marked by
blue borders. The interpolated images correctly show the oven and baking action
in steps 0 and 4 and the bread crumbs in step 3, although missing the vegetables.
The image-+text model still correctly determined the edge (0,4) and the step 2,
3 should be sequential.
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Table 1. MM-ReS results in percentage. The best performance evaluated on all nodes
is marked bold. * means evaluation on steps with images only.

Modality Method Edge Recall Edge Precision Edge F1 Recipe Recall Recipe Precision Recipe F1 = MCS
Images MART(17] 80.0 81.0 80.5 81.5 82.5 81.8 77.6
VLTinT|35] 81.8 82.6 82.2 82.2 82.9 82.4 78.6
Box2Flow-f 80.5 81.0 80.7 81.5 82.3 81.7 T
Box2Flow-1 ~ 80.1 80.6 80.3 81.9 82.3 82.0 78.4
Text Box2Flow 82.5 83.0 82.8 87.3 87.5 87.4 81.7
Box2Flow* 82.9 83.3 83.1 86.1 86.3 86.1 81.7
Images+Text Box2Flow-f 83.6 83.9 83.7 87.2 87.5 87.3 82.1
Box2Flow-C ~ 83.7 83.9 83.8 87.3 87.5 87.4 82.8
Box2Flow-Ci  84.5 84.7 84.6 87.7 87.9 87.8 83.1
Box2Flow-S 84.7 84.9 84.8 87.9 88.1 88.0 83.3
Box2Flow-S1  83.4 83.6 83.5 87.1 87.3 87.2 82.7
Box2Flow-Si  84.6 84.8 84.7 87.9 88.0 87.9 83.4
- chain 84.1 84.1 84.1 83.4 83.4 83.4 78.6
chain* 85.1 85.0 85.0 84.5 84.3 84.3 80.5

Table 2. YouCooKII results in percentage. The best performance is marked bold.

Modality Method Edge Recall Edge Precision Edge F1 Recipe Recall Recipe Precision Recipe F1 = MCS
Video MART(17] 74.3 76.0 75.2 77.6 78.9 78.1 70.5
VLTinT|35] 73.3 75.6 4.4 75.2 76.4 75.7 67.2
Box2Flow-fD 78.6 79.1 78.8 80.0 80.0 80.0 69.6
Box2Flow-fSF 77.0 77.8 7.4 78.9 80.1 79.3 71.8
Box2Flow-SF1 79.3 79.3 79.3 80.7 80.9 80.7 72.0
Box2Flow-SF 80.5 80.3 80.4 81.9 81.5 81.7 72.9
Text Box2Flow-MMReS  85.5 85.8 85.6 87.8 88.0 87.9 80.8
Video+Text Box2Flow-fD 85.8 86.0 85.9 87.9 87.9 87.9 81.7
Box2Flow-fSF 85.5 85.5 85.5 88.1 88.0 88.0 81.8
Box2Flow-SF 86.3 86.5 86.4 88.5 88.7 88.6 81.8
- chain 81.0 80.8 80.9 82.9 82.5 82.7 2.7

Figure 5 shows Yummy Pepperoni Pizza Bread recipe from YouCookII.
Video captioning from MART and text model did not predict the correct graph,
but video and video+text model did. Both video captioning and the text model
predicted chains. The only different edge between the ground truth and the chain
is (1,3) in ground truth and (1,2) in the chain; therefore, the precision, recall,
and F1 of the recipe are all 6/7=0.875. The maximum common subgraph is the
part from 2-7; therefore, MCS=6/8=0.75. For the video and video+text model,
all metrics will be 1. MART did not generate the correct ingredients for the first
two steps and recognized cheese as butter in step 6. It also generated the impos-
sible action "spread sandwich on bread" in step 3. The captions for steps 4 and
5 are correct. The text model predicted the generated captions as a chain even
with inconsistent ingredients throughout the recipe. Meanwhile, the video model
and the video+text model correctly predicted step 2 is parallel to the previous
steps from the visual clue, correcting the mistake made by the text model.
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Conclusion

We have studied the less explored problem, predicting the flow graph from a sin-
gle procedural video instance. We proposed Box2flow framework, which exploits
the bounding boxes and creates a spanning tree from pairwise sequential proba-
bilities. Although a challenging problem, Box2flow can predict the flow graphs
effectively. This also opens up possible future research directions: predicting the
flow graphs more effectively from video or image-only features and exploring
their utility in downstream applications, like more structured video captioning
and planning.
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Abstract. The goal of this paper is to learn the differential geometry of pose
image manifolds for 3D objects. Indexed by the rotation group SO(3), a pose
manifold constitutes images of a 3D object from all viewing angles. Learning
geometry implies computing geodesics, intrinsic statistics (means, etc), and cur-
vatures on estimated manifolds. As these goals are unattainable in the huge image
space, we perform dimension reduction that is geometry preserving and invert-
ible. This paper introduces two distinct concepts: (1) A Geometry-Preserving
StyleGAN (GP-StyleGAN2) that maps training images to a low-dimensional
latent space with two novel geometry-preserving terms. These terms penalize
changes in pairwise distances between points and pairwise angles between tan-
gent spaces under the map. (2) Densifying the estimated manifold in latent
space using Euler’s Elasticae-based nonlinear interpolations between sparse data
points. In contrast to the past findings, the latent pose manifolds are found to be
distinctly nonlinear and similar in shape across objects. Incorporating these fea-
tures results in superior performance in image interpolation, denoising, and com-
puting image summaries when compared to state-of-the-art GANs and VAEs.

Keywords: Manifold Learning - Pose Image Manifold - Elasticae - Latent
Space Geometry * Geodesics * Geometric GAN

1 Introduction

Image manifolds are subsets of image spaces corresponding to images of 3D objects
of interest. In this paper, we focus on specific image manifolds called rotation or pose
manifolds. A pose manifold is the set of images of an object under all 3D rotations
(while fixing other imaging conditions). Even though images are high-dimensional, the
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pose manifolds are typically low-dimensional and are nonlinearly embedded in the huge
ambient Euclidean space. Learning the differential geometries of image manifolds has
been a long-standing and challenging goal in the field, especially when using limited
training data. Learning, characterizing, and exploiting this geometry can help accom-
plish several goals in image analysis and computer vision: interpolating between images
using geodesics, denoising an image using manifold projection, making statistical anal-
ysis more interpretable by adhering to the manifold structure, and creating simple yet
powerful generative and discriminative models by defining probability distributions on
the manifold. The goal of this paper is to learn the differential geometry of image man-
ifolds for individual 3D objects, enabling computation of geodesics, tangents, curva-
tures, and intrinsic statistics (means, etc.) on the estimated manifolds.

We will follow the notation in [13] to develop a mathematical formulation. Let «
be a 3D object, such as a chair, airplane, or car, and let O% denote its 3D geometry
and reflectance model. Let s € SO(3) represent the 3D pose of O relative to the
camera and P be the orthographic projection of sO into the focal plane of the camera,
resulting in an n x n image P(sO%). As mentioned earlier, all other imaging variables,
e.g. illumination, are fixed for this discussion.

Definition 1 Under these conditions, the set T* = {P(sO®) € R"*"|s € SO(3)}, a
subset of R™*", is called the rotation or pose manifold of a.

Using additional assumptions on the smoothness of P and non-symmetry of O% with
respect to the rotation group, the set 7 shares the closed, boundary-free manifold topol-
ogy of SO(3). (This statement deserves additional consideration to be precise but we
leave the details for a future paper.) It is thus three-dimensional and its nonlinear embed-
ding is small (almost singular) in the ambient space R™*".

Problem Specification: Given a training set of rotation-image pairs Rirqin
{(si, I; = P(s,0%)) € SO(3) x Z*}™,, our goal is to estimate the manifold Z¢.
We want not only to learn the topological set Z¢, but also to characterize its local and
global geometry. This characterization will enable us to compute quantities on the man-
ifold such as geodesics, geodesic distances, and intrinsic statistical summaries. The
task of learning Z¢ from R,y 1S challenging because (i) Learning nonlinear mani-
folds typically requires large sample sizes that are even greater in high-dimensional (n?)
spaces, and (ii) The underlying geometry of Z¢ is often complex and does not follow
known simplifications such as spheres, ellipsoids, or hyperbolic spaces.

The difficulties associated with high dimensions can be mitigated by mapping to
a smaller Euclidean space R%,d < n2. If we have a map & : R®° — R¢ which is
approximately isometric and invertible on the manifold, we can analyze the geometry
on the simpler latent manifold M® = &(Z) C R? using {(s;,(I;))}™, and map
the results back to the image manifold using ¢~ !. The next question is: What is a good
choice of @? Existing methods for manifold learning (such as LLE, Isomap, t-SNE,
etc.), dimension reduction and latent space representation either distort the geometry of
7 or are not invertible (see section 2). We require a new technique.

Our Approach: There are two main elements to our approach. Firstly, we seek a map-
ping @ that preserves the geometry of the pose manifold. Secondly, rather than assuming
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a flat geometry in the latent space as is often the case in the current literature, we use
nonlinear interpolations between mapped points in R to discover the unknown mani-
fold. We introduce these items here and elaborate on the details in section 3.

(1) Geometry-Preserving and Invertible Dimension Reduction: How can one design a &
that maximally preserves the geometry? Preserving the geometry implies that distances,
angles, and curvatures remain similar from the domain to the range of ¢. We create @
by training with a neural network that combines elements of GANs and autoencoders,
specifically a modified version of AE-StyleGAN2. The decoder trained as part of this
model provides an inverse map as well. We build on this architecture by introducing
two geometry-preserving loss terms, and call our model Geometry-Preserving Style-
GAN?2 or GP-StyleGAN2. The new terms help preserve (i) pairwise Euclidean distances
between point locations, and (ii) pairwise dissimilarity (a measure of local curvature)
between tangent space orientations. Here we use all training points to compute pairwise
distances, and not just the neighbors, and treat Euclidean distances as extrinsic distances
to help learn the global geometry. Estimation of tangent planes {7 } at points {I; } used
to compute orientation dissimilarity is described later.

(2) Discovering the Manifold using Nonlinear Elasticae: We use the trained ¢ to map

points from another sparse set Riest C R™’ (disjoint from R,q4irn) to the latent space,
resulting in {®(I;) € R9}. These points lie on the latent manifold M and we can
use them to uncover it in more detail. We do this by interpolating between neighboring
mapped points using free elasticae [25,29]. Elasticae use curved interpolations between
pairs (9(I;), ®(1;)), with curvatures dictated by their distance and the misalignment of
tangent planes (d®(T;), dP(T;)). Repeatedly applying this tool between neighboring
points, we ‘fill in’ the manifold with arbitrarily dense point sets and produce an esti-
mated latent manifold M and the corresponding image manifold 7o =¢! (/T/l\ ).

Knowing the geometry of M® allows us to improve performance in some cru-
cial vision tasks including: (1) Image Interpolation Using Geodesics: Given any two
images I, = P(s;0%) and I; = P(s;0%) in the test data, the task is to estimate
the image path ¢ — P(x(¢t)O%), where z : [0,1] — SO(3) is a geodesic between
si, 85 in SO(3). The image path should resemble the video of a rotating object. (2)
Intrinsic Image Statistics and Modeling: Given a set of images {I;}, one would like
to compute their summary statistics (mean, covariance) and develop statistical models
as elements of 7 rather than R™". (3) Image Denoising Using Manifold Projection:

Given a noisy or corrupted image J € R™ known to be associated with an I € 7%, we
seek a tool to denoise it.

2 Related Works

In recent years, deep neural networks (DNNs) have provided powerful tools for encod-
ing of images by mapping them to low-dimensional latent spaces. In the following we
summarize some past ideas that are most relevant to our method.

Manifold Learning Techniques: From the pre-deep network era, there is a long list
of learning methods that sought nonlinear dimension-reduction while preserving some
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geometric properties for image data, including LLE [33], Isomap [40], LTSA [44],
Laplacian eigenmaps [3], Hessian eigenmaps [10], diffusion maps [7], vector diffu-
sion maps [37], Riemannian relaxation [27], and t-SNE [26]. These were successful
in mapping image data into smaller Euclidean spaces while preserving pairwise dis-
tances or other local properties. However, these mostly only go as far as embedding
the observed training points in a low-dimensional space. They fall far short of our goal
of creating an invertible map that can read out-of-sample points in both the input and
latent spaces. Several recent papers such as FM-VAE [6], IRVAE [42], GRAE [11],
structure-preserving AE [38], GGAE [24], and DIMAL [31] seek geometry-aware man-
ifold learning using different DNN architectures. Our work constitutes further explo-
ration of this area.

Differential Geometry of Latent Spaces: Bengio et al. [4] stressed the importance of
understanding the geometry of latent space representations. Several papers [23,35,36]
have investigated this geometry, mainly utilizing existing architectures geared towards
image synthesis, and reported them to be (surprisingly) flat. Other papers [2,9,16]
demonstrated that Jacobian-based Riemannian metrics on the latent space produce bet-
ter inference results than using Euclidean distance. Sdez et al. [30] fitted local, constant-
curvature patches to data using Gromov-Hausdorff distance and Bayesian optimization.
Zhang and Jiang [43] presented a method for geometric space selection in representa-
tion learning, allowing data points to select optimal geometric spaces.

GANs and VAEs: Goodfellow et al. [12] introduced the basic framework and training
procedure for generative adversarial networks (GANs). Radford et al. [32] improved
their stability and efficiency, while Karras et al. [18] proposed Progressive Growing
GAN and Style-Based GAN that incorporated regularizations. Han et al. [14] designed
AE-StyleGAN2 for more disentangled latent space and improved efficiency. Kingma
and Welling [22] introduced variational autoencoder (VAE) to map input data to a
low-dimensional latent space (encoder) and back (decoder). VAEs have been extended
in various directions. Davidson et al. [8] proposed the Hyperspherical VAE (SVAE)
that samples latent vectors on a unit sphere. Chadebec and Allassoniere [5] proposed
the geometry-based Riemannian Hamiltonian VAE (RHVAE), which models the latent
space as a Riemannian manifold, combining Riemannian metric learning and geodesic
shooting. Huh et al. [17] proposed Quotient VAEs.

3 Proposed Framework

In this section, we present the design of Geometry Preserving StyleGAN2
(GP-StyleGAN2), which facilitates learning by preserving the geometry of the image
manifold. We start with a brief introduction to StyleGANs and AE-StyleGAN2. Con-
sider a set of images {I; € Z}_; and random latent vectors {v;, € V = RI}E |
sampled from a probability distribution P,. StyleGANs [20] use a Multilayer percep-
tron (MLP) F' : V — W that maps vy, to an intermediate latent space point wy, which
is then fed to a generator G : W — T that synthesizes an image G(F'(vy)). One
trains the generator by pitting it against a discriminator network () that distinguishes
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between real and generated images. The disentangled latent space VV used in Style-
GANSs gives improved image generation compared to the basic GAN architecture. AE-
StyleGAN2 [14] borrows ideas from a VAE, attaching an encoder E to the model which
maps from the image to latent space (as our application requires) and giving additional
training to G as a decoder. F and G are trained using autoencoder reconstruction loss
ming ¢ |1 — G(E())|| + ||n(I) — n(G(E(I)))|| where n is a pre-trained VGG16 net-
work, and adversarial loss ming p ¢ maxg E;{log Q(I)]+E,[log(1—Q(G(F(v))))]+
E;llog(l1 — Q(G(E(I))))] which adds an autoencoder term to previous StyleGAN
objectives. While AE-StyleGAN2 accomplishes its aims, it does not consider the geom-
etry of the image manifold. For preserving geometry, we propose GP-StyleGAN?2.

3.1 Learning Latent Map Using GP-StyleGAN2

vi— F — Wi— G — %
‘ Lo+ L,
. ’
Ii—’ —>Z —’.—" wi — G > 2 adv loss + rec loss
v
Preserving Pair-wise Euclidean and Tangent Space Distances Training

Inference
. ] — /
Ii—>—> Zi Wi — @ —> z; — Il _l_D_e_noise — Iz

v
Elasticae Interpolation

Fig. 1. Training and inference procedure. We preserve the geometry of image space by constrain-
ing the encoder (£) with loss functions L. and L, defined in Algorithms 1, 2.

GP-StyleGAN2 Architecture: We seek a significant dimension reduction (from n? =
24 to d = 5) which is (1) invertible and (2) geometry preserving (d = 5 is the
smallest embedding dimension of SO(3)). The computational demands of learning a
nonlinear map for such a drastic reduction suggest a two-step approach. We first move
the problem to points {z;} in an intermediate dimension ¢? = 2!° using PCA. This
linear projection @ suffices for a modest reduction while being approximately invertible
and norm-preserving (Parseval’s theorem), though it will fail if we use it for the full
reduction 2!4 — 5. From here, we train the nonlinear encoder E : R¢" — R generator
G : R? — R between {z; } in the PCA space and points {w; } in the latent space. After
this training we build the finalized maps @ : R™ — R and ¢~ : RY — R™” defined
by the compositions ® = E o @ and = = &~ o G. We note that ! and ¢! are
approximate inverses and that the PCA reconstruction ¢! is fine-tuned by a denoising
neural network. The architecture for training £ and G begins with the AE-StyleGAN2
autoencoder and adversarial objectives, but augments the training of £ with geometry-
preserving loss terms based on pairwise point and tangent space distances. Fig. 1 shows
a schematic of the training and inference procedure.
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Algorithm 1. Optimizing encoder E with geometry-preserving term L. (points)

1: Given (1): E; (2): A batch of images I? € ROX"?,

2: Map images to PCA space: ZZ = &(I7) ¢ R,

3: Map Z” to latent space: W2 = E(Z7) € R,

4: Compute pair-wise distance matrices: Df;” = [|z; — 2;]| and D" = |lw; — w;||, where
2i, 25 € ZB, w;,w; € WP, and || - || denotes the Euclidean norm.

5: Compute the loss: L. = L(D®#, D="), where L is defined in Eqn. 1.

6: Update the weights: 6 < ADAM(Vg, Le, 05 ), where 65 denotes the internal parameters
of E/, and ADAM refers to adaptive moment optimization [21].

Geometry-preserving Terms: The central feature of our method is a loss function
designed to make the Euclidean distances between the latent space encodings of images
correspond to their Euclidean distances in the image space. The loss is computed as a
dissimilarity between pairs of distance matrices. We use three types of metrics to com-
pute these matrices. The first is the standard Euclidean distance || - ||. The second is a
metric defined on SO(3): Using the rotation matrix representations s;,s; € SO(3)
of two poses of an object, the Riemannian distance between them is d4(s;,s;) =

tr is:)—1 . . . . .
cos ™! (m;})) The third is a metric on sets of linear subspaces with common

dimensions: Let T3;,T; € R¥*7 r < d, denote arbitrary orthogonal bases of any two
r-dimensional subspaces in R. Then, define d,(T;, Tj) = |T;T;" — T;T} || r. We use
this extrinsic distance on the Grassmannian manifold to simplify computations.

In practice, we approximate tangent spaces in the PCA space and the latent space
using the training data as follows. First, we find N > 3, SO(3)-neighbors for each train-
ing image (s;) using the lowest values of d4(s;, s"). For PCA points, we then approx-

. . . ) . 2
imate N tangent vectors at z; using finite differences as {V;; = % e RO},
(50,55

and set T7? € R *3 to be the three dominant singular vectors of the set {V;.}. Similarly,
we can approximate tangent spaces 7% € R*3 in the latent space (see Algorithm 2).
A very similar method for tangent plane estimation is used in [37], where a proof is
given for convergence to the true tangent plane.

Given a batch of b images, we compute distance matrices D € RY*® between
mapped points and tangent planes in the PCA and latent spaces. Then a measure of
discrepancy between computed matrices D! (PCA space) and D? (latent space) is cal-
culated using:

b 1 14\T [ 2 2
I Dl D2 Z D :U‘jl) (D-j _/ijl) 1)
DLt DY ]

Jj=1

where 1} and 15 are the mean values for columns D'; and D?;, and 1 is a vector of ones.
We center and scale columns (or rows) of D matrices into unit vectors and compute the
cosines of angles between them. In an implicit manner, each entry of D! is compared
with the corresponding entry of D?. Since we are forming a loss function, we subtract
this quantity from one, and sum over all points in the batch. We use the resulting loss L
to define novel geometric terms for modifying AE-StyleGAN?2 as follows:
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Term 1: Distance Preserving: Here D}; = ||z; — z;]|, the Euclidean distances
between PCA scores of training images, and D?; = ||w; — wj |, the Euclidean dis-
tances between corresponding latent vectors. We use Euclidean distances between
all pairs, not just the neighbors. These distances play the role of extrinsic or embed-
ding distances between points on the (unknown) manifold and help learn its global
geometry. Later on in the paper, once the manifold is estimated, we use geodesics
and geodesic (intrinsic) distances to perform statistical analysis. In other words, we
use the extrinsic Euclidean distance for learning and intrinsic geodesic distance for
analysis. We will call the loss L = L. in this case. Algorithm 1 lists the steps for
computing L..

Term 2: Curvature Preserving: Here D}j = dy(T7,T7), the tangent space dis-
tance, and ij = dg(T;”7 TJC“’ ) the tangent distances in the latent space. We will call
the loss L = L in this case. Algorithm 2 lists the steps for computing L.

Algorithm 2. Optimizing encoder E' with geometry-preserving term L, (tangent dis-
tances)

1:

*®

Given (1): A set of images I® € ROX"* (2): The corresponding rotation set & € R®*3%3,
(3): Corresponding neighborhoods N = (I, iy, Loy (i)] € R™ N of the N closest
points to I; € I” according to ds. (4): The the index functions {/; }5_,, which take an
argument ¢ and return the index of the kth nearest neighbor of I;.

Map images and their corresponding neighbors to PCA space:

78 = &(1%) € R, N7 = ®NY) = [20, (), -+ » 205y (i))> Where z; € Z5.

: Map Z B and {N? b_, to latent space:

WP =E(ZP) e R N = E(N?) = [we, iy, ++ » Wey(s)), Where w; € WE.
Compute neighborhood SO(3) distances:

AS = [ds(5i,80,(1)) *+ ds (53, Sep(1))] € RY, where s, 55 € S5,

Compute over-dimensional tangent planes in Principal Component Analysis (PCA) space
and latent space:

T7 = (N7 —217)-diag(A7) " € RN, T = (N —w;1”)-diag (A7) ™ € RV,

Compute tangent planes 737, T;* by taking the three dominant singular vectors of the corre-
sponding 777, T3".

: Compute pair-wise distance matrices: ij?z =dy(T7,T7) and D‘fj?w =dy(T, T}").

Compute the loss: Ly = L(D%*, D9%).
Update the weights: 6z «— ADAM(Vo, Ly, 0E).

3.2 Elasticae Interpolation

We can use the trained map @ to project test data into the latent space. However, this
data may be sparse, and we wish to discover the projected manifold M at a higher
resolution than the test data permits. One way to find intermediate points is through
interpolation. Straight line interpolations would be reasonable if we had just the points
{w; € R%}. However, our access to tangent planes {(w;, T*) € R? x R4*3} at each
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point allows us to account for the nonlinearity of the underlying manifold by utilizing
nonlinear interpolations based on elasticae.

Elasticae are smooth curves that can be used to interpolate between directed points,
i.e. Euclidean points with attached tangent vectors. Consider the set B of smooth curves
in R? parameterized on [0,1]. For a curve 8 € B, let ﬁ and kg denote its velocity
and scalar curvature functions, Len[] its length, and define its elastic energy En[(3] =
1 fol /{%(5) ds. Then the free elastica from a given directed point (w1, u1) to another
(ws, us2) is the minimizing curve 3 = arg min(En 3]+ ALen[(]) such that 3(0) = wy,

BeB
B(1) = wy, B(0) = uy, and B(1) = us. The tuning parameter A > 0 balances the focus
on length versus curvature. Mumford [29] advocated the use of free elasticae as the
most likely solutions to fill in the missing or obscured curves in images, e.g., in the
famous Kanizsa triangles.

Our implementation follows Mio et al. ([28], Algorithm 4.2). We interpolate
between point pairs w;, w; in the latent space R%. To find the corresponding tangent vec-
tors, we take the difference vector %;; = w; — w;, project it separately into each point’s
tangent space, and scale to form the unit vectors u; € span(7;") and u; € span(7}").
These maximally-aligned vectors are used to direct a free elastica (3 that interpolates
from (w;, u;) to (wj,u;). This interpolation is mapped to a path in image space as
&~ 1(3(t)). The top portion of Fig. 3 in Section 4.1 illustrates the image space elasticae
as sequences of images.

4 Experiments

Before detailing the design and results of our experiments, we begin by laying the
groundwork of key features which are used throughout.

Experimental Data: Creating an image set to represent an object Z® for training &
and ¢! requires a structured sampling over rotations in SO(3). We express rotations
using a Hopf coordinate system similar to Yershova et al. [41]. Seeking a partition of
SO(3) with regular equivolumetric cells, we first generate (6, ¢) values on S? using the
Fibonacci grids of Swinbank and Purser [39] (also studied in Hardin et al. [15]). We
attach a circle of v values to each pair, and the circle is uniformly segmented following
a ratio shown in [41] to produce SO(3) cells analogous to cubes. The experimental
results presented here are restricted to a patch of SO(3) to simplify computations. This
patch is P £ {(0,¢,v¢) € [2m, 27] x [#m, S7]2}. To create an image set, we begin
with a three-dimensional object O set at a default position. We use CAD objects o €
{chair, sports car, zebra} from clara.io [1] processed using meshio [34]. We apply 4000
rotations from P to the default orientation and use P to generate images P(s;0%). We
will call this training set Rypain = {(si,1;) € (SO(3) x T%)}4%90. Fig. 2 shows a
representation of these points. We also create a separate data set Rqs: of 3696 indexed
images for testing and evaluation. The points in R also lie in P but are defined by a
uniform rectangular grid in (6, ¢, 1) coordinates.

Evaluation Metrics: Our goals include performing several tasks that can be evaluated
quantitatively. In our quantifiable experiments, we compare model outcomes against
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ground truth values using the Euclidean norm and tabulate errors. In our most-used
scenario, we compare a ground truth path in image space {I(t) € R™*}Z_ with an
estimated {I(t) = &~ 1(i(t)) € R’ }1—o decoded from a computation in latent space.
Our evaluations use the Squared Errors (SE) ||1(t) — I(t)||? indexed by ¢. For elasticae
evaluations, we also compare the velocities along the path to the ground truth using

(4 1) = 1(1)) = (I(t+1) = I(0))]*.

Model Comparisons: We compare our method with three recent deep-learning gener-
ative models described in Section 2: RHVAE [5], SVAE [8], and AE-StyleGAN?2 [14].

Implementation details: Experiments are conducted on a Linux workstation with
Nvidia RTX A6000 (48GB) GPU and Intel Core i9-13900K CPU @ 5.8GHz with
128GB RAM. The hyperparameters of generator G and MLP F’ are chosen to be iden-
tical to those in [19]. The hyperparameters of encoder E are the same as in [14]. The
size of image space is n? = 1282, The size of PCA space is ¢*> = 322. The dimension
of latent space is d = 5. The batch size for training is b = 64. The tangent spaces are
built using N = 16 neighbors. The balance parameter for elasticae is A = 1.

v

9 99
s, 3 3 83 8§ N

" EEEEE

Fig. 2. Right: A visual representation of the 4000 SO(3) training rotations. Each rotation is rep-
resented by its heading (6, ¢) on S? and its roll about that heading drawn as a curve 4 around it.
Left: Top image is the chair at default orientation. Others are P(sI"*'") for some s € SO(3)
with the same heading and varying roll.

4.1 Results: Elasticae Interpolations and Manifold Estimation

Having used Rq4n to train the maps @ and o1 we map elements of R4 to points
in latent space, use elasticae to interpolate between them, and then map these elasticae
paths to image space. We then compare results from our framework to using various
SOTA DNN models. Fig. 3 (top) shows results for a = chair. These interpolations are
computed in the latent space but visualized in the image space. Each row shows an
interpolation between two fixed points in R.s: at the left and right. Different rows
correspond to different techniques. The bottom row shows the ground truth geodesic
t — P(x(t)O%), where z(t) is a geodesic in SO(3). We observe that the path obtained
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by our model is consistently closest to the ground truth. This outcome is representative
of the results we obtained for several experiments.

To quantify performance, we perform extensive experiments on three 3D objects:
a € {chair, sports car, zebra}. We compute 100 different interpolation paths using ran-
domly selected pose pairs in Ryes: (3696 points). For each time index ¢, we calculate
the mean values of the errors (point values and tangent values) and plot them in Fig. 3.
The errors are naturally close to zero at the start and the end, and are highest at the
center. As these plots exhibit, the interpolation errors are the smallest using our method
when compared to RHVAE, SVAE, and AE-StyleGAN2.

Ablation Studies: To evaluate the key components of GP-StyleGAN2, we perform
ablation studies that add them sequentially to an AE-StyleGAN2 baseline model. We
study six models which differ in: (1) the type of interpolation: linear or elastica, (2) the
loss function for training ' inclusion of geometry-preserving terms L. and L, (defined
in Section 3.1) or not, and (3) PCA for image pre-processing: PCA or no PCA. For each
of the six models, the experimental setup is an analysis of interpolation path accuracy as
above. The results of these experiments performed on the chair object are summarized
in Table 1. The table lists the means over 100 experiments of the average interpolation
error summed over all time indices ¢ in the path. Comparing Models 1, 2 versus the
others shows dramatic gains due to the introduction of the geometry-preserving terms.
Comparisons of Models 3, 4, and 5 versus Model 6 show individual benefits of the use
of both L, and L, over L. alone, elasticae over linear interpolation, and PCA reduction.

RHVAE =¥’ 5 £ £ £ 3 4 4 4

svae =f' 1 G 4 S 4 = 4 ‘! j /’ /’
AE-StyleAN2 S X B % E ] g E 4 é
myf £ £ £ £ |5 2| 3 3
o £ £ £ £ | £| £ £

Chair

R [ [Nl [ SRR

WA A | e

Fig. 3. Top: Interpolated paths between the original (left) and rotated poses (right) using various
methods. Bottom: Average squared errors over 100 interpolated paths for each object, and zoom
from top. First row: Average SEs for interpolated points. Second row: Average SEs for velocities.
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The complete Model 6 (GP-StyleGAN2) including all of the components substantially
outperforms the others.

Computational Cost: The computational cost of training for the four methods are as
follows: AE-StyleGAN2 - 20.64 min/500 epochs, RHVAE - 12.78 min/500 epochs,
SVAE - 8.78 min /500 epochs, and GP-StyleGAN2 - 38.41 min /500 epochs. The com-
putational cost for interpolating a path between two test points is: AE-StyleGAN2 -
0.02 sec, RHVAE - 62.36 sec, SVAE - 0.01 sec, and GP-StyleGAN?2 - 0.13 sec.

Manifold Estimation: To estimate the latent pose manifold M\a, we randomly select
800 sparse points from Ri.s; and map them using the trained &. For each point in
this latent space, we identify its five nearest-neighbors using SO(3) distance ds and
interpolate between these neighbors using elasticae with eight intermediate points. This
results in an M\ @ with 32,800 total points.

Table 1. (Ablation studies): Average total squared errors over 100 interpolated paths (for chair)
under different models. AE-loss denotes the standard loss function of AE-StyleGAN?2.

Model Features || Model 1 | Model 2 Model 3 Model 4 Model 5 Model 6
AE-StyleGAN2 yes yes yes yes yes yes
Interpolation linear | elasticae elasticae linear elasticae elasticae
Loss function AE-loss | AE-loss | AE-loss+ L. | AE-loss + Le + Ly | AE-loss+ Le + Ly | AE-loss + Le + Ly
PCA no no yes yes no yes
Summary Model 1 | Model 2 Model 3 Model 4 Model 5 Model 6 (Ours)
Mean error 1638.97 | 1654.32 698.14 687.02 561.70 436.11

4.2 Results: Analyzing Latent Map @ Using Test Data

We investigate the geometry-preserving properties of the mapping @ by applying it to
the complete test set Rics¢. As described above, Ryes; is a set of 3696 points in the
same patch P as Ry.qin but disjoint from it. We exploit the grid structure of Ryes; to
interpret the range space of @ visually, create paths that bridge distant points, and verify
the goal of distance preservation on a large scale.

Visualizing ®(R ;.. ): First we visualize the mapping of R;.s; into R? using the learnt
®. Here we investigate the geometry of the underlying manifold M® using this set’s
grid structure rather than densifying interpolations. The latent space plots shown here
use the first three PCA axes of the mapped points in R®. We note that the subset of
SO(3) used in these experiments is topologically a box and that the first three singular
values accounted for most of the variation in these examples. Figure 4 displays two
viewing angles of the GP-StyleGAN2 latent space embeddings of the chair, car, and
zebra objects. The three clouds look remarkably similar, all resembling shell-like seg-
ments of a thickened sphere, despite the vastly different shapes of the original objects.

Traversing Distant Points in &(R.s;): In this experiment, we first endow the set
D(Rest) with a graph structure determined by SO(3) neighbors. Each point in SO(3)
has 26 neighbors; see the supplement for details. We then arbitrarily select two dis-
tant points in this set and create three paths between them: (1) the ground truth path
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derived from the geodesic in SO(3), (2) the shortest-length path through the graph
found using Dijkstra’s algorithm, and (3) a simple straight-line interpolation in latent
space. Finally, we map the paths to image space. Figure 5 compares the results obtained
using AE-StyleGAN2 and GP-StyleGAN2. We can derive multiple conclusions from
these results. Firstly, the linear interpolations perform poorly under both models, high-
lighting the nonlinearity of the pose manifold. Notice how the linear interpolation loses
its chair structure as it passes through the hollow space in the point cloud on the right.
Secondly, GP-StyleGAN2 performs significantly better than AE-StyleGAN2 both visu-
ally and by error quantification: the Dijkstra path for GP-StyleGAN is nearly as good as
the ground truth, while for AE-StyleGAN it is hardly any better than the straight line.

ad <& ¥r

Fig. 4. Latent pose manifolds of chair, car, and zebra objects. Two views of each. We emphasize
that these are not just points but are graphs with geometries.

4.3 Results: Exploiting Manifold Geometry

Once we have the estimated manifold M, we study its geometry in two different ways:
Computing intrinsic image means and performing image denoising. (Fig. 6).

Mean Computations on M®: We assess the utility of finding mean images in the
latent space by comparing the decoded means to the ground truth, defined by images
associated with SO(3) Karcher means of sample rotations. Selecting 10 random images
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{I; € Riest}, we first compute a naive mean in R”z, denoted as p ;. Then we compute
the Euclidean mean of {&(I;)} in R? , project it to the nearest point in M®, and map
it back to image space to define y,,. For comparison, we show the result fi,, obtained
by performing these steps but skipping projection. The corresponding quantities under
AE-StyleGAN? are labeled as y2} and ji‘} respectively. Fig. 6 (top part) compares these
results with the ground truth means fi14¢. The means estimated using GP-StyleGAN2
(green boxes) display realistic structure of the chair and better resemble the ground
truth (orange boxes) than AE-StyleGAN2.

Image Denoising using M®: The manifold geometry can also be used for denoising or
cleaning corrupted images. A noisy image J can be mapped into latent space a ¢(.J),
projected to the nearest point w € M\a, and mapped back as a cleaned image &~ (w).
Fig. 6 (bottom) shows images of the chair corrupted by adding noise and clutter, and
compares results of cleaning using GP-StyleGAN2 and AE-StyleGAN2. The visual
results and a histogram of reconstruction errors both show better outcomes using GP-
StyleGAN2.

AE-StyleGAN2 (Model 1) GP-StyleGAN2 (Model 6)

:’,311‘43333,311

|
3‘343»51611
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Latent space SE |

Latent space SE [

Position along geadesic

Fig. 5. Traversing distant points. Top and middle rows: Paths in latent and image space - geodesic
GT (orange), Dijkstra on graph (brown), and straight line (black). Bottom: Euclidean squared
errors along paths. Dijkstra paths under GP-StyleGAN2 perform best.
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Fig. 6. Top Part: Manifold averaging on M®. Ground truth Jtgt is compared with image space

mean g7 and different latent space means: fi., fiy computed with/without projection on M
using GP-StyleGAN2, and likewise i, it using AE-StyleGAN2. Bottom Part: Left: Top row
displays noisy images .JJ, middle and bottom rows show corresponding denoised images using
GP-StyleGAN2 and AE-StyleGAN2, respectively. Right: Histogram of squared errors for 500
noisy images using AE-StyleGAN2 (blue) and GP-StyleGAN?2 (orange).

5 Conclusions

We introduced a new approach, GP-StyleGAN2, for characterizing pose manifolds of
3D objects. This approach preserves geometry when mapping to a low-dimensional
latent space and creates dense manifold representations that account for nonlinearity
using Euler’s free elasticae. Comparisons of interpolations using GP-StyleGAN2 and
various other methods (Fig. 3) showed superior results for our model visually and quan-
titatively. Ablation studies (Table 1) gave more detailed quantitative results that demon-
strated improvements from including our two novel geometry-preserving terms and
using elasticae rather than linear interpolation. Graph-based geodesic approximations
pointed to regular but nonlinear geometry of pose manifolds (Fig. 5), in stark contrast to
past conclusions of linear geometry for latent space image data. We also found that the
use of manifold geometry improved mean computations and image denoising (Fig. 6).
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While there is still much progress to be made, the overall success of GP-StyleGAN2
shows a step in the direction of truly learning the geometry of pose manifolds.
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Abstract. Self-supervised learning has achieved remarkable perfor-
mance in computer vision, utilizing two key paradigms: contrastive learn-
ing and masked image modeling. Contrastive learning focuses on global
representations by learning similarities and dissimilarities from different
views of the inputs. On the other hand, masked image modeling learns
from a pixel-level reconstruction objective and has shown improved
performance compared to contrastive learning. However, masked image
modeling lacks global semantics due to its pixel-level objective. To this
end, we propose MOMA, a novel self-supervised distillation framework
that employs a contrastive learning teacher to enhance the global repre-
sentation of the masked image modeling student. Specifically, the teacher
provides masks for the student, encouraging reconstructions that favor
better global semantics. The feature alignment between the teacher and
the student further enhances the global features in masked image model-
ing. Experimental results demonstrate that the proposed MOMA outper-
forms other masked image modeling methods and achieves competitive
performance compared to other self-supervised baselines.

Keywords: Self-supervised Learning - Knowledge Distillation -
Computer Vision - Machine Learning - Deep Learning

1 Introduction

Self-supervised learning (SSL) has emerged as a powerful methodology in various
vision tasks and applications, particularly in computer vision [20,21]. SSL elim-
inates the need for dataset annotations, reducing the costs associated with man-
ual labeling and expertise. By extracting semantically rich knowledge from large
volumes of unlabeled data, SSL forms the basis for powerful and generalizable
models [3,14]. The learned representations from these models can be effectively
utilized in downstream tasks, and in some cases, they can even surpass the perfor-
mance of supervised approaches. Among the rapidly evolving SSL. methodologies
in computer vision, two branches have established their dominance: contrastive
learning and masked image modeling. Contrastive learning [7,21] enhances unsu-
pervised learning by emphasizing the agreement between two distinct augmented
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views of the same input and enforcing disagreement with augmented views from
different inputs. The key to this approach lies in applying reliable and challenging
data augmentations to foster semantically significant representations. It learns
the similarity or dissimilarity between the augmented views of the data, equip-
ping the model with rich representation and high-level global semantics [7,35].
Over the years, contrastive learning has showcased unprecedented results, even
outperforming supervised learning algorithms in some cases [11]. However, it
relies heavily on data augmentation [19] during its self-supervised pre-training
and also requires a large batch size [8,31] to possess adequate negative samples
for the contrastive objective [29]. Recently, masked image modeling [20,37] has
emerged as another primary paradigm in self-supervised learning. Inspired by
the success of masked language pre-training [4,14] in natural language process-
ing, masked image modeling aims to reconstruct original images from partially
masked inputs. The framework adopts an encoder-decoder architecture, where
the encoder encodes the masked inputs, and the decoder reconstructs the original
inputs. The learning objective is to minimize the reconstruction loss in the pixel
space. Notably, masked image modeling demonstrates high efficiency under high
mask ratios, without needing hand-crafted data augmentation and large batch
sizes, outshining contrastive learning across various benchmarks [13,24]. How-
ever, the limitation of masked image modeling lies in its pixel-level reconstruc-
tion objective. Although this objective is simple and effective, it cannot capture
high-level semantics and global features from the data [39,41], as masked image
modeling aims solely to reconstruct the masked pixels. Additionally, the masking
process in masked image modeling is typically performed by random masking,
which lacks semantics related to the global and discriminative features in the
input. We question whether we can encourage global representation learning in
masked image modeling, thus fostering better representation and a more powerful
self-supervised learning framework.

To this end, we propose MOMA, a self-supervised learning framework incor-
porating knowledge distillation to encourage global feature learning and improve
masked image modeling. MOMA forms a self-supervised distillation setup with
an off-the-shelf contrastive learning teacher [11] and a masked image model-
ing pipeline as the student. The teacher provides two types of guidance for the
student: (1) it first presents the attention map to guide the masking process
for the masked image modeling pipeline, and (2) it also provides the target
representations for the student encoder to align its learned features. The masks
generated from the attention map encourage the student to reconstruct the most
discriminative features and global semantics in the input. Furthermore, global
semantics are strengthened during the feature alignment between the teacher
and the student encoder. In this setup, the contrastive teacher effectively distills
global features and high-level semantics to the masked image modeling student
through a semantic-guided masking strategy and feature alignment. The major
contributions of MOMA can be summarized as follows:
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— We propose MOMA, a novel self-supervised knowledge distillation framework
that effectively encourages global semantics and features for masked image
modeling so that learning does not solely depend on pixel-level reconstruction.

— We utilize an off-the-shelf contrastive learning teacher to provide an attention
map that guides the student’s masked image modeling pipeline to reconstruct
features corresponding to the discriminative information and global seman-
tics.

— We further align the learned features in the student encoder with the teacher
through feature alignment, thereby encouraging the global semantics and fea-
tures in the student’s representation.

Experimental results show that the proposed MOMA improves the performance
of masked image modeling approaches, achieving competitive performance over
various self-supervised baselines.
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Fig.1. Overview of the Proposed MOMA Framework. Our proposed self-
supervised distillation framework consists of a static teacher branch and an actively
updated student branch. The teacher, a pre-trained contrastive learning model, gener-
ates an attention map that guides the masking process in the student’s Vision Trans-
former encoder. The student representations are aligned with the teacher’s to reinforce
semantics and global features. The framework optimizes for both a reconstruction loss
(Lrec) from masked image modeling and an alignment loss (Laiign) from feature align-
ment.

2 Related Work

2.1 Contrastive Learning

This self-supervised learning approach is based on instance discrimination [35],
where each data sample is treated as an individual class. Each instance undergoes
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substantial data augmentation, with positive pairs stemming from augmented
views of the same instance and negative pairs from different instances. The
learning process hinges on amplifying the concordance among positive samples
(or disagreement between negative pairs), formally addressed by the InfoNCE
loss[29]. SimCLR [7] and MoCo [21] are two of the most influential works that sig-
nificantly advance contrastive learning, even showing better performance than
supervised methods. SimCLR highlights the importance of projectors in the
contrastive learning framework, while MoCo proposes a momentum encoder
to further improve performance. In contrastive learning, having an adequate
number of negative samples is critical so that the learning algorithm will not
yield trivial solutions, as demonstrated by the improved performance of Sim-
CLR implementation with large batch size [8]. Data augmentation also plays
a key role in contrastive learning [8,19], ensuring that the contrastive objec-
tive has diverse augmented views for quality representation learning. DINO [5]
incorporates self-distillation into the contrastive learning framework and uti-
lizes the Vision Transformer (ViT) [15], which shows exceptional performance,
with the resulting attention maps of the self-supervised model very close to the
ground-truth segmentation masks on the images. MoCo v3 [11] further improves
the contrastive learning baselines by incorporating advanced training strategies,
large batch sizes, and more advanced architectures, and stabilizes the training
by freezing the patch embedding of ViT. Although contrastive learning methods
achieve exceptional performance in various tasks in computer vision, their per-
formance is limited by high reliance on large batches, hand-crafted heavy data
augmentation, quality of negative samples, and strategies to ensure training
stability. These requirements and constraints limit the usage and applicability
of contrastive learning in different domains and motivate more straightforward
self-supervised objectives.

2.2 Masked Image Modeling

This simple idea involves reconstructing corrupted input to form the self-
supervised learning objective. The pioneering work [30] introduced inpainting
as a pretext task for self-supervised learning, enabling the reconstruction of cor-
rupted inputs. iGPT [6] performed reconstruction on corrupted images, adher-
ing to the auto-regressive approach detailed in GPT [4]. Conversely, BEiT [3]
adopted a BERT [14]-style pre-training protocol, which restores masked image
tokens in an autoencoding fashion. The approach employed a pre-trained tok-
enizer to transform input images into visual tokens. MAE [20] and SimMIM
[37] are two concurrent influential works that employ an end-to-end framework
with an asymmetric encoder-decoder architecture, utilizing a high mask ratio to
boost computational efficiency and challenge the model to learn better represen-
tations. The straightforward concept involves a masking strategy that can be as
simple as random masking. In MAE, the encoder takes unmasked patches, and
the decoder reconstructs the original images based on encoded visible tokens
and masked tokens, outperforming previous contrastive learning benchmarks.
SimMIM encodes both visible patches and the masks, supporting both vision
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transformers [15] and hierarchical vision transformers (Swin [25]). CIM [16] uti-
lized a generator to produce corrupted patches onto the original input rather
than using masks, achieving competitive results on various vision benchmarks
using both ViT and Convolutional Neural Networks (CNN). CAE [10] intro-
duced a regressor component into the masked image modeling framework and
formulates masked prediction and reconstruction objectives, which shows bet-
ter transfer performance over classification and segmentation tasks. Although
masked image modeling appears as a new paradigm in self-supervised learning
and achieves improved performance than contrastive learning baselines, it lacks
high-level semantics and global features as the learning objective is formed at
the pixel level.

2.3 Knowledge Distillation in Self-supervised Learning

The concept of knowledge distillation was introduced in [22] and represents a
technique to transfer knowledge from a well-trained teacher model to a more
compact or compressed student model. Existing methods have also incorporated
knowledge distillation into the self-supervised learning framework to improve
the original baselines for various objectives. In [28], the authors used knowledge
distillation to decouple the backbone model used for self-supervised pre-training
and the supervised downstream tasks, creating a more flexible self-supervised
framework with improved results. SEED [17] applies self-supervised distillation
to enable contrastive learning for small models. S2-BNN utilized knowledge dis-
tillation to construct binary neural networks [12] from contrastive learning-based
real-valued models. DMAE [2] demonstrated masked knowledge distillation on
the intermediate features between the student and teacher for masked image
modeling, where the teacher is a large pre-trained MAE encoder model, and the
student is a standard MAE pipeline with a smaller encoder. The authors show
that their proposed method can distill a student with comparable performance
to the teacher under an extremely high mask ratio.

2.4 Combining Self-supervised Paradigms

Recent works have sought to fuse the strengths of contrastive learning and
masked image modeling to compensate for individual limitations and encour-
age better representation learning. SiameseIM [33] incorporated masking as a
part of data augmentation operations into the contrastive learning framework.
The results show that SiameseIM improves the performance of classification
and segmentation, with more significant improvement in few-shot learning and
robustness. MimCo [41] strived to enhance the linear separability of masked
image modeling by introducing a two-stage pre-training process that includes
contrastive learning and masked image modeling. It achieves exceptional per-
formance on small ViT models and outperforms other self-supervised baselines.
CAN [27] applied a mask to both branches in a siamese network and optimized
an InfoNCE loss [29], a reconstruction loss, and a denoising loss. The combi-
nation results in a simple and robust self-supervised learning algorithm that



78 Y. Yao et al.

outperforms methods relying solely on contrastive learning or masked image
modeling.

3 Methodology

3.1 Preliminary

Momentum Contrast (MOCo). The proposed MOMA utilizes a pre-trained
contrastive learning model (MoCo v3 [11]) as the teacher in the self-supervised
distillation framework. MoCo v3 utilizes a siamese network setup with one main
encoder and one momentum encoder, optimizing its contrastive learning objec-
tive as follows:

£, = —log =P (q-ky/7) (1)
>imoexp(q - ki/T)

Here, ¢ is the encoded query from the main encoder and k is the encoded key
from the other branch’s momentum encoder (k4 is the positive key), and 7 is
the temperature parameter for the contrastive objective [35]. The positive and
negative keys are generated from strong data augmentations [8,19] to create
diverse views. Therefore, MoCo v3 enables the model to learn rich global infor-
mation that captures the high-level discriminative features of the object that is
invariant and robust to different augmented views. We take the main encoder
from the pre-trained MoCo v3 framework as the off-the-shelf teacher network to
encourage high-level semantic and global feature learning for the student in the
masked image modeling pipeline.

Masked AutoEncoder (MAE). The Masked Autoencoder (MAE) [20] is built
based on the simple design of pixel reconstruction from randomly masked inputs
and trains the network end-to-end. It adopts an asymmetric encoder-decoder
architecture, where the encoder learns the rich semantics from the data and the
lightweight decoder performs the pixel reconstruction from the masked inputs.
The pixel-level reconstruction objective can be formally addressed as follows

Erec - £2 (D97 89 (X © M) 7X) (2)

Here, & and Dy are the encoder and decoder in MAE, respectively. M stands
for the mask applied on the input z. ® is the operator that uses indices from
M to mask the input. In the proposed MOMA, we adapt MAE into the student
branch, where the encoder in the adapted MAE is the student network in the
self-supervised distillation network.

3.2 MOMA

Self-supervised Distillation Framework. We propose a self-supervised dis-
tillation framework to transfer high-level semantics and global features from a



MOMA: Contrastive Learning Distills Better Masked Autoencoders 79

contrastive learning-based teacher to a masked image modeling student. The pro-
posed framework employs a Siamese network structure comprising two branches:
a teacher branch and a student branch. In the teacher branch, we utilize an off-
the-shelf MoCo v3 pre-trained Vision Transformer (ViT) as the teacher network,
which receives unmasked input data. Once the inputs are encoded by the teacher
network, they proceed to a normalization module that produces normalized fea-
tures, serving as the target representations for the student network to align its
learned representations. Layer normalization [1] is applied within the normaliza-
tion module to stabilize and generalize the model [38]. Furthermore, the teacher
network conveys its attention map to the student model to guide the masking
process in the masked image modeling pipeline. The attention map, derived from
the contrastive learning teacher, contains rich high-level semantics, global and
discriminative features, thereby guiding the masks to foster improved learning of
global features and enhance the discriminative power of the student. The student
branch adopts a masked image modeling pipeline, consisting of three compo-
nents: an encoder, a decoder, and a projector. The encoder is a ViT, the decoder
is a shallow transformer with two layers, and the projector is a lightweight two-
layer Multi-Layer Perceptron (MLP). The student branch receives masked input
data, where the teacher network influences the masking process. The encoder
processes the masked data, and the resulting encoded representations are passed
to the decoder and the projector, respectively. The decoder aims to reconstruct
the original input data, fulfilling the masked image modeling objective. Mean-
while, the projector maps the encoded representations from the encoder, aligning
these projected representations with the target representations produced by the
teacher branch. An overview of the proposed framework is illustrated in Fig. 1.

Masking Strategy. Although random masking suggested in MAE [20] employs
a high mask ratio (i.e., 75%), it does not inherently prompt the model to focus
on global semantics or discriminative features. To address this, we designed
a semantic-guided masking strategy utilizing the attention map from the con-
trastive learning teacher. Specifically, the attention output from the last trans-
former block of the ViT in the contrastive learning teacher is extracted, retrieving
the multi-head attention of the [CLS] token to all other tokens, excluding itself.
The attention values are then averaged across the head dimension and reshaped
to match the input image dimensions. Sorting the attention values in descending
order, we identified that larger values correspond to more attended features, thus
indicative of discriminative features that capture global semantics. The indices
of the top 50% attention values are retained as the mask indices for the mask-
ing process. This approach encourages the masked image modeling pipeline to
learn and reconstruct the most significant discriminative semantic features that
encapsulate the global semantics of the objects.

Feature Alignment. To enforce the high-level semantics and global features,
we implement feature alignment between the representations from the teacher
and student branches. During pre-training, the student updates its parameters
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not only to fulfill the masked image modeling objective but also to align its
learned representation with the target representations from the teacher, thereby
enhancing the global features. We align the normalized representations from the
teacher branch with the projected representations from the student branch by
minimizing a distance metric. For more stable and robust learning, we employ
the smooth L, loss as the distance metric [18], which encourages better alignment
of the teacher and student representations. The formalization of the alignment
process is expressed as:

Lalign - £SmoothL1 (Norm(zt), PI'Oj (Zs)) (3)

where Norm and Proj represent the normalization module and projector in the
teacher and student branches, respectively. z; and zs denote the representations
from the contrastive learning teacher and the student encoder, respectively.

Learning Objectives. The proposed self-supervised distillation framework
jointly optimizes two objectives (see Eq. 4): a reconstruction loss (see Eq. 2)
from the masked image modeling, where the masked indices are guided by the
teacher network rather than random masking, and an alignment loss (see Eq. 3)
between the representations from the two branches.

L= ACrec + £align (4)

Parameters of the teacher branch remain fixed during the self-supervised pre-
training phase. The off-the-shelf ViT is frozen with no gradient updates, and the
normalization module (without affine transformations) has no learnable param-
eters. In contrast, the student branch is dynamic, with its encoder, decoder, and
projector actively updated through gradient backpropagation.

4 Experiments

4.1 Datasets and Experiment Setup

Datasets. During the pre-training stage, we utilized ImageNet-1K [13] for our
proposed self-supervised distillation, without using any annotations. After pre-
training, we assessed the transfer learning capabilities of our method for down-
stream classification tasks on CIFAR-10 and CIFAR-100 [23], and for semantic
segmentation on ADE20K [40]. We employed accuracy as the metric for image
classification tasks and mean intersection over union (mIoU) as the metric for
the semantic segmentation task. Detailed descriptions of the datasets can be
found in the supplementary material.

Experiment Setup. We utilized the ViT-base [15] as the encoder for the stu-
dent branch, with a patch size of 16 and 12 transformer blocks, each with 12-head
multi-head attention and an embedding dimension of 768. The decoder in the
student branch is a 2-layer shallow transformer with an embedding dimension of
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Table 1. Comparison of top-1 fine-tuning Table 2. Transfer learning top-1 accuracy
accuracy on ImageNet-1K. CL denotes (%) on CIFAR-10 and CIFAR-100.
Contrastive Learning and MIM represents

Masked Image Modeling Method CIFAR-10 CIFAR-100
Random Init. 77.8 48.5
Method Supervision Acc (%) IN1K Sup. [15] 98.1 87.1
Supervised [34] Annotations 81.8 DINO [5] 99.1 91.7
DINO [5] CL 82.8 MoCo v3 [11] 98.9 90.5
MoCo v3 [11] CL 83.2 BEIT (3] 98.5 90.1
BEiT [3] MIM 83.2 MAE [20] 99.1 91.6
MAE [20] MIM 83.6 SimMIM [37] 99.2 91.7
SimMIM [37] MIM 83.8 CAE [9] 99.1 91.7
CIM [16] MIM 83.3 DMAE |[2] 99.2 91.6
CAE [9] MIM 83.8 SiameseIM [33] 99.1 91.6
DMAE [2] Combination 84.0 CAN [27] 99.0 91.5
MimCo [41] Combination 83.7 MOMA 99.2 91.8
SiameseIM [33] Combination 83.7
CAN [27] Combination 83.6
MOMA Combination 84.4

512. The projector is a 2-layer MLP with a dimension of 768. We used the pub-
licly available pre-trained ViT-base from MoCo v3 for the teacher branch, which
shares the same architecture as the encoder in the student branch. During the
self-supervised pre-training phase on ImageNet-1K, we trained the model for 800
epochs with a batch size of 1,024, using the AdamW [26] optimizer with a learning
rate of 1.5e-4, 31 and (3 set to 0.9 and 0.95, respectively, and a weight decay of
0.05. In the fine-tuning phase for classification tasks (including ImageNet-1K and
transfer learning on CIFAR-10 and CIFAR-100), we fine-tuned the pre-trained
ViT from the student encoder for 100 epochs with a batch size of 1024, using the
AdamW optimizer with a learning rate of le-3, 51 and (5 set to 0.9 and 0.999,
respectively, and a weight decay of 0.05. For the semantic segmentation task, we
integrated our pre-trained ViT into the UperNet [36] framework and fine-tuned
it for 100 epochs with a batch size of 16, following the methodology outlined in
[20]. All baseline comparison models adopted ViT-base as the backbone in the
experimental results. Our experiments utilized 4 NVIDIA A100 GPUs during
both the pre-training and fine-tuning phases.

4.2 Results on ImageNet-1K

We report the fine-tuning accuracy of our proposed MOMA framework along-
side other baseline models on ImageNet-1K in Table 1. Our comparison includes
models trained in a supervised manner, self-supervised approaches based on con-
trastive learning objectives, those utilizing masked image modeling objectives,
and models employing a combination of different objectives. The results demon-
strate that self-supervised baselines, including MOMA, surpass the supervised
baseline, indicating that self-supervised pre-training on the large-scale ImageNet-
1K dataset enhances fine-tuning classification performance. The rich and gener-
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alized representations derived from self-supervised learning foster a more robust
model that exceeds the performance of models trained solely on annotations.
Furthermore, MOMA outperforms self-supervised baselines trained exclusively
on either contrastive learning or masked image modeling objectives. This sug-
gests that the synergistic integration of the contrastive learning teacher and
the masked image modeling student yields superior representations for MOMA,
leading to enhanced classification performance that leverages the strengths of
both contrastive learning and masked image modeling. Compared to other self-
supervised baselines that adopt a combination of different objectives, MOMA
consistently outperforms them, achieving better performance than SiameselM,
Mimco, and CAN, which learn multiple objectives, including contrastive and
masked reconstruction objectives. Additionally, MOMA surpasses DMAE, which
utilizes knowledge distillation from a pre-trained large MAE. These findings indi-
cate that MOMA effectively amalgamates knowledge from contrastive learning
and masked image modeling. The knowledge from the off-the-shelf contrastive
learning teacher reinforces global representations and high-level semantics in the
masked image modeling student. Specifically, semantic-guided masks are more
informative in capturing discriminative features and essential semantics than
random masking. Moreover, the feature alignment process effectively enforces
the global features within the masked image modeling student, leading to a
more effective representation for vision tasks.

4.3 Transfer Learning on Downstream Tasks

Image Classification. We explored transfer learning for downstream classifica-
tion tasks on CIFAR-10 and CIFAR-100. Both datasets are small-scale compared
to the ImageNet-1K dataset, on which the proposed MOMA was self-supervised
pre-trained. As illustrated in Table 2, we compared the proposed MOMA with
a randomly initialized Vision Transformer (ViT) trained from scratch, a super-
vised ViT trained on ImageNet-1K, and various self-supervised baselines also
pre-trained on ImageNet-1K. The randomly initialized ViT performed poorly
on both datasets, likely due to the complex ViT model’s potential to overfit
the small-scale data. In contrast, the supervised ViT trained on ImageNet-1K
demonstrated excellent performance, showcasing that models trained on large-
scale datasets can extract rich and powerful representations that transfer well
to downstream tasks, even when the datasets are small-scale. Excluding DINO,
all other self-supervised baselines surpassed both the supervised baseline and
the randomly initialized baseline, highlighting the efficacy of self-supervised
learned features in improving transfer learning ability and generalizability for
downstream tasks. Among the self-supervised learning methods, MOMA consis-
tently outperformed the other baselines on both datasets, indicating that MOMA
acquires higher quality representations that generalize better on downstream
classification tasks than other methods. The contrastive learning teacher within
the proposed framework effectively enforces high-level semantics and global fea-
tures onto the masked image modeling student, resulting in more generalizable
learned representations with enhanced transfer learning capability.
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Semantic Segmentation. We present the transfer learning semantic segmenta-
tion results in Table 3. The findings suggest that self-supervised learning general-
izes well across different downstream vision tasks, achieving better performance
than the supervised method. The proposed MOMA consistently outperforms
both the supervised baseline and self-supervised baselines. The contrastive learn-
ing teacher and masked image modeling student within MOMA equip it with a
combination of high-level semantic global features, as well as pixel-level represen-
tational power. Consequently, MOMA possesses enhanced discriminative power
and has improved performance on pixel-level dense prediction tasks, achieving
exceptional results in semantic segmentation.

Table 3. Transfer learning semantic segmentation results on ADE20K.

Supervised [25] DINO [5]MoCo v3 [11] BEiT [3]MAE [20]
mloU (%) 46.6 47.2 473 488 481

SimMIM [37] CAE [9] DMAE [2] SiameseIM [33] CAN [27]MOMA
mloU (%)  50.0 501 49.7 49.6 488  50.2

4.4 Ablation Study

Choice of the Teacher Model. We considered various off-the-shelf pre-trained
models as the teacher, including supervised models, masked image modeling pre-
trained models, contrastive learning pre-trained models, and self-supervised pre-
trained models that learned both contrastive and reconstruction objectives. As
indicated in Table 4, the contrastive MoCo v3 pre-trained teacher model out-
performed the supervised baseline and other self-supervised baselines. The con-
trastive learning pre-trained DINO model also demonstrated impressive results
compared to other models. Supervised representations, coupled with supervision
from classification annotations, and masked image modeling pre-trained models
(MAE and SimMIM) that learn representations based on pixel-level reconstruc-
tion, do not incorporate critical features and global semantics. SiameseIM and
CAN, despite being pre-trained with both contrastive and reconstruction objec-
tives, do not effectively convey critical global features to the student model due
to the neutralizing effect of the reconstruction objective. Thus, a pure contrastive
teacher model is more effective in transferring knowledge to the student model,
compensating for the lack of global features and high-level semantics in the
masked image modeling pipeline.

Importance of Masking Strategy. We explored different masking strategies
to investigate their importance in our proposed MOMA (see Fig. 2). Random
masking [20] makes the masked image modeling task more challenging, poten-
tially encouraging stronger models and better-learned representations. However,
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these masks lack specific shapes or patterns and do not emphasize discrimi-
native features or semantics. Block masking[3]| creates rectangular masks with
random sizes and aspect ratios, masking groups of neighboring pixels and being
less scattered compared to random masking. Nonetheless, it does not take into
account the semantic information during the mask generation process. In con-
trast, the proposed semantic-guided masking in MOMA leverages the attention
map from the contrastive learning teacher, incorporating rich semantics, includ-
ing discriminative features of the input data. According to the results in Table 5,
semantic-guided masking outperforms the other two strategies, indicating that
guidance from the contrastive learning teacher encourages the masked image
modeling to focus more on discriminative features and semantics, leading to
superior representations and better performance in vision tasks.

-,

Original Random Block

Fig. 2. Comparison of Different Masking Strategies. We illustrate the compar-
ison of different masking strategies. From left to right, the figures display the original
input image, followed by random masking [20], block masking [3], and our proposed
semantic-guided masking.

Impact of Feature Alignment. The goal of feature alignment is to bring the
student representations from the masked image modeling pipeline closer to the
target representations produced by the contrastive learning teacher. This align-
ment allows the student’s representations to better match the teacher’s, which
are rich in high-level semantics and global features. As shown in Table 6, remov-
ing feature alignment significantly decreased MOMA'’s performance, underscor-
ing the importance of global features and semantics from the teacher model in
generating beneficial representations for learning. Additionally, we explored dif-
ferent alignment functions within the framework, including cosine similarity, L1,
and Lo metrics. All alignment functions improved performance compared to the
absence of feature alignment, highlighting the critical role of feature alignment in
capturing global semantics, and improving representation quality. The smooth
L1 metric achieved better performance than other functions, as it is more robust,
stable, and easier to optimize during learning [32].
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Table 4. Comparison of Table 5. Comparison of Table 6. Comparison of top-
top-1 fine-tuning accuracy top-1 fine-tuning accuracy 1 fine-tuning accuracy on
on ImageNet-1K regard- on ImageNet-1K regard- ImageNet-1K regarding fea-

ing choice of teacher. ing masking strategies. ture alignment methods.
Teacher Acc (%) Masking Acc (%) Alignment Acc (%)
Supervised [34] 83.7 Random [20] 84.1 None 83.7
DINO [5] 84.1 Block [3] 83.8 Cosine Similarity 84.2
MoCo v3 [11] 84.4 Semantic-guided 84.4 L, Distance 84.3
MAE [20] 83.8 Lo Distance 84.2
SimMIM [37] 83.9 Smooth Ly 84.4
SiameseIM [33] 84.0
CAN [27] 83.8

5 Conclusion

In this work, we introduced MOMA, a self-supervised knowledge distillation
framework that enhances masked image modeling by encouraging the integra-
tion of high-level semantics and global features. We leveraged a contrastive learn-
ing teacher to generate semantic-guided masks for the masked image modeling
student and incorporated feature alignment between the teacher and student
representations. Our extensive experiments across various vision benchmarks
demonstrate that the proposed MOMA framework achieves improved perfor-
mance compared to traditional masked image modeling frameworks and exhibits
competitive results relative to other self-supervised baselines. We aim to apply
the proposed method to other critical domains, such as medical applications and
aspire to inspire advancements in the design of more sophisticated self-supervised
learning algorithms.
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Abstract. Semi-supervised semantic segmentation leverages both
labeled and unlabeled images to accomplish pixel-wise classification task.
Within this field, the weak-to-strong consistency regularization has been
widely popularized and has become a standard approach. However, unidi-
rectional regularization often leads to the ignorance of correct but filtered
predictions and brings the noise of wrong but confident predictions. To
address these inherent flaws, we fully leverage Cross-Augmentation Con-
sensus and Conflict (CACC), including Augmentation Feedback Mecha-
nism (AFM) and Category Threshold Controller (CTC). AFM aims to
mitigate the influence of incorrect predictions with high-confidence and
mine unconfident but accurate predictions by re-weighting the pixel-wise
pseudo supervision and applying supplementary regularization. Con-
currently, CTC adopts category-specific thresholds by considering the
model’s overall performance and the varying category-specific learn-
ing difficulty. Experimental results on benchmark datasets demonstrate
the superior performance of our method, showcasing its effectiveness in
improving semi-supervised semantic segmentation.

Keywords: Semi-Supervised Learning - Semantic Segmentation

1 Introduction

Semantic segmentation is a fundamental task in computer vision, which is about
classifying each pixel in an image into semantic categories. It is widely applied in
various visual fields, including autonomous driving [12], medical image analysis
[23] and remote-sensing image analysis [16]. Although it is crucial, densely per-
pixel labeling is time-consuming and labor-intensive. Considering the substantial
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demand for annotations, semi-supervised semantic segmentation emerges as a
practical solution. This approach leverages a limited set of labeled data along-
side a larger pool of unlabeled images, which not only alleviates the annotation
burden but also enhances the generalization of the segmentation model.
Specifically, semi-supervised semantic segmentation can be classified into two
principal approaches. The first one is the pseudo-labeling, which assigns high-
quality pseudo-labels to unlabeled data, thereby transferring the knowledge from
labeled to unlabeled data [11]. The second one is the consistency regularization,
which enforces the model to produce stable outputs for perturbed inputs [18].
A foundational work in this area is FixMatch [20]. Specifically, it generates
pseudo-labels from the weakly augmented images and uses these pseudo-labels to
supervise the predictions of strongly augmented images, which also serves as the
consistency regularization among different perturbed views. Unlike many other
semi-supervised learning methods, FixMatch does not rely on complex auxiliary
components or post-processing workflows. FixMatch has inspired subsequent
innovations including UniMatch [29], CorrMatch [21] and MaskMatch [19].

Fig. 1. Qualitative results generated by UniMatch [29] on the Pascal VOC 2012 dataset.
We fix 0.9 as the threshold. (a) Images; (b) Ground truth; (c) Predictions; (d) High-
confidence wrong predictions (marked as white); (e) Low-confidence correct predictions
(marked as white).

However, despite their simplicity and efficiency, FixMatch-family methods
are not without its limitations. As column (d) in Fig. 1 shows, predictions with
high-confidence from weakly perturbed images as pseudo-labels may introduce
noise into the training process, as some of these reliable predictions may be
erroneous. This noise can accumulate over the course of training, leading to the
confirmation bias of the model. As column (e) in Fig. 1 shows, a non-negligible
fraction of pixels are discarded due to threshold-based filtering, potentially omit-
ting valuable information that could contribute to the model learning.

Additionally, the one-size-fits-all threshold overlooks the overall training per-
formance of the model and class-wise learning difficulties. High thresholds may
filter out potentially correct predictions for challenging categories and inhibits
their learning. Low thresholds may introduce noise from easier-to-learn cate-
gories predictions, exacerbating the model’s bias towards these categories.
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Based on the analysis above, this paper attempts to address the following
issues without introducing additional components, solely based on the con-
flicts and consensus among different augmentation flows within the
model itself: (i) How to reduce the impact of reliable but incorrect predictions?
(ii) How to re-mine unreliable but correct predictions, treating filtered “trash”
as “treasure”? (iii) How to design dynamically adjusted category thresholds that
consider the global and class-wise learning progress? To this end, the paper pro-
poses the Augmentation Feedback Mechanism (AFM) to tackle the issues of
model overreaction (problem i) and underreaction (problem ii), while the Cate-
gory Threshold Controller (CTC) addresses the issue of category learning imbal-
ance caused by fixed model thresholds (problem iii). For AFM, robust supervi-
sion from the consensus among data augmentations is selected as a supplemen-
tary supervision when predictions from the weak augmentation branch are miss-
ing due to the threshold filtering. Adaptive weight adjustment is also applied
to the weak augmentation branch predictions based on consensus within the
augmentation space. For CTC, the strategy is based on the following hypoth-
esis: categories that are close in the representation space are easily confused
after applying data augmentation [14]. Therefore, CTC calculates the transition
frequency among categories between weak and strong augmentation, which is
a measure of confusion among categories. Category thresholds are determined
based on the degree of confusion across categories, thus setting flexible con-
straints for hard-to-learn samples and strict constraints for easy-to-learn sam-
ples.

Overall, the contributions of this work are summarized into three folds:

— This paper proposes AFM to reduce the impact of reliable but incorrect
predictions and to utilize unreliable but correct predictions.

— This paper proposes CTC, which dynamically adjusts class-wise thresholds
based on the conflict among categories.

— Experiments on extensive benchmarks has demonstrated the superior perfor-
mance of the proposed method.

2 Related Work

As outlined in Sec. 1, semi-supervised learning bridges the gap between super-
vised and unsupervised methodologies by utilizing both labeled and unlabeled
data. This approach leads to two key strategies: consistency regularization and
pseudo-label training. Consistency regularization focuses on producing stable
outputs under variations of image space or feature space. In contrast, pseudo-
label training assigns proxy labels to unlabeled data, thereby continuously guid-
ing the model towards a more supervised pattern.

2.1 Consistency Regularization

Consistency regularization capture the distributional structure of unlabeled
data, thereby enhancing the model’s generalization. Some works focus on apply-
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ing adaptive strong augmentations to enhance data diversity. [33] enhances semi-
supervised semantic segmentation performance through intensity-based augmen-
tations and adaptive CutMix [31] techniques. [32] introduces instance-specific
enhancements and model-adaptive supervision to address instance learning-
difficulties variability. [9] tackles class imbalance by employing adaptive Copy-
Paste and CutMix augmentations and a re-weighting strategy to balance cate-
gory performance. Some works explore a broad perturbation space. [29] explores
image and feature perturbation spaces and integrates them into a unified frame-
work. [15] presents a dual-teacher framework which jointly injects feature-level
adaptive perturbations to the student model.

In this work we explore a noise-resistant consistency regularization strategy
through the interactions between data augmentation flows within the model
itself, without relying on additional components or auxiliary contrastive loss.

2.2 Pseudo labeling

Pseudo-label self-training methods use pseudo-labels to convert unlabeled data
into the annotated format, reducing the gap between semi-supervised and fully-
supervised approaches. For rectification, [4] proposes a decoupling training strat-
egy and an entropy-based sampling strategy to train a class-unbiased decoder.
[17] adopts dynamic soft pseudo labels to maintain the potential ground-truth
classes. For cross-model supervision, [13] applies a cross-fusion supervision mech-
anism to fuse predictions from multiple learners, as well as applying a lower
weight to the object boundary to mitigate the noise from unreliable pixels. [6]
trains two parallel classifiers by the supervision of the intersection and union
between their predictions, and [26] minimizes the similarity between the feature
extracted by two sub-nets. Both of them encourage to learn reliable predictions
from two irrelevant views for co-training.

In this work, we do not rely on a multi-model system to generate comple-
mentary and robust pseudo-labels. Instead, we construct dynamically adjusted
thresholds based on the conflicts between data augmentation flows within the
model. This approach can filter out unreliable pseudo-labels while retaining high-
quality ones.

3 Methodology

In this section we delve into the proposed CACC approach with AFM and CTC.
Fig. 2 shows the overall pipeline of our method. In Sec. 3.1, we briefly define the
task and introduce the motivation of the proposed CACC. In Sec. 3.2 we intro-
duce AFM to dynamically adjust prediction weights and incorporate additional
supervision signals based on augmentation consensus. In Sec. 3.3 we introduce
CTC, focusing on how to adjust category thresholds based on cross-category
conflicts.
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Fig. 2. The overview pipeline of the proposed CACC. Images with weak augmentation
(arrows marked as ) are sent to the model and the pseudo labels are generated to
supervise predictions from two strong augmentation flows (arrows marked as and
blue). The original weak-to-strong loss function will be modified into Lyefine by reweight-
ing strategy (Sec. 3.2) and threshold controller (Sec. 3.3). Beyond the Lyecak—strong, an
additional loss Laqq will serve as the supplementary supervision based on the prediction
consensus (Sec. 3.2).

3.1 Preliminary

Semi-supervised learning combines supervised and unsupervised learning meth-
ods to improve model performance. In supervised learning, the model is trained
on a labeled dataset to learn the prior classification information. In unsupervised
learning, the model uses an unlabeled dataset to identify patterns of the data.
Using a larger amount of unlabeled data besides the labeled one often results in
better generalization and accuracy.

To be more specific, given a dataset D = Dy, U Dy, where Dy, = {(x4, yi)}ij\gl
represents the labeled set with Ny image-label pairs and Dy = {z; };V:Ul repre-
sents the unlabeled set with Ny images, the goal is to classify each pixel into
K categories with a limited amount of labeled data alongside a larger set of
unlabeled data. The overall loss function can be described as Eq. 1

L= Lunsup + >\£sup7 (1)

where A is a trade-off factor to balance two targets and Lgp =
1 N
~NL Zj:L1 H(y;,pj-
For general setting, pseudo-labels generated from weakly augmented version
is used to guide the learning on strongly augmented data. The unsupervised loss
function can be written as Eq. 2

Ny
1 SW S
Eunsup = 7N7UJZIMJ ®© H(yj 7pj)a (2)

where Ny is the number of unlabeled images. M; = I(p}’ > 7) is the indicator
matrix for the j-th image, where I is the indicator function, returning 1 when

weak

the condition max(p}**) > 7 is satisfied (i.e., when the prediction probability
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exceeds the confidence threshold 7) and 0 otherwise for each pixel. ® represents
the Hadamard product. H is the cross-entropy function. y7 is the one-hot label
for the weakly augmented view, and pf is the prediction probability matrix for
the strongly augmented versions.

Upon revisiting this equation, we encounter three issues: First, predictions
from the weakly augmented branch are not always reliable, and it is needed
to identify these incorrect predictions. Second, it is important to retrieve the
accurate predictions filtered by the threshold. Third, the threshold should be
dynamically adjusted to accurately distinguish erroneous and correct samples
as the training goes on. Sec. 3.2 will delve into the first two issues, while the
discussion on the third issue will be presented in Sec. 3.3.
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Fig. 3. Supportive experiments of CACC. Fig. 3(a) shows that the phenomenon exists
where predictions of weak and strong augmented images don’t reach a consensus. Fig.
3(b) shows that the accuracy of pseudo labels in conflict is lower than the normal one.
Fig. 3(c) shows that the consensus predictions from both strong-augmented flows are
more accurate where the pseudo labels are filtered.

3.2 Augmentation Feedback Mechanism

This chapter primarily investigates how to enhance the utilization of pseudo-
labels in unlabeled datasets and the capability to filter noisy pseudo-labels. As
mentioned in Sec. 2.2, cross supervision helps mitigate confirmation bias and
promote knowledge exchange. In fact, the concept of cross-supervision among
multiple models can also be transferred to a single model by considering differ-
ent data augmentation branches as views of different models. Consequently, a
straightforward idea emerges that the consensus among predictions from multi-
ple strongly augmented branches is reliable. This consensus can not only serve as
the judgement to the accuracy of predictions from weakly augmented branches,
but also be a supplementary supervisory signal when the pseudo-supervision
from weakly augmented branches is filtered by the threshold.

To verify the reliability of this idea, we conduct experiments on the Pascal
VOC blender [7] 1/8 split with ResNet-101 [8] backbone. First, we select all pixels
where predictions from dual augmentation branches are consistent, and then
we extract predictions of selected pixels from the weak augmentation branch.
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We measure the frequency of conflicts between the prediction from the weak
and strong augmentation branch, and calculate the proportion of pixels whose
predictions from the weak augmentation branch is wrong but the predictions
from the strongly augmented one is correct. Fig. 3(a) indicates that pixels with
conflict occurs in high frequency and needs consideration. Fig. 3(b) indicates
that pixels with conflicts are more likely to exhibit noisy predictions compared
to regular pixels. Second, we fix thresholds 7 = 0.8 to identify pixels filtered out
by the thresholds. We calculate the accuracy of these filtered pixels where the
predictions from the strong augmentation branches agree. The results in Fig.
3(c) demonstrate that these consistent predictions could indeed serve as a form
of reliable auxiliary supervision.

The experimental results strongly support our hypothesis that the consensus
among multiple augmented views and the discrepancies in weak-strong view
pairs serve as a robust indicator for identifying errors in pseudo-labels. Based
on this, Eq. 2 can be modified. Specifically, we update the mask as Eq. 3:

ASo

1, if §or£y
- J J
N; {max(p}’-"), if 5,31 _ S,jz (3)

For the part where N; = 1, the strong augmentation branches fail to reach a
consensus, and their predictions are probably unreliable. It is essential to rely on
the supervision provided by the weak augmentation branch. For the part where
N; < 1, pixels can be divided into two subsets: First, in cases where conflicts
arise between weak and strong augmented predictions, dynamic weighting is
applied to the loss function. A lower confidence in the weakly augmented branch
indicates that the pseudo-prediction is less reliable, thereby mitigating the noise
from pseudo-labels. Second, if the predictions from the weak and strong branches
are consistent, it suggests that the model has adequately learned the information
for the region. As such, further learning is unnecessary, and the model’s attention
on these reliable regions can be reduced by diminishing their weights.

Beyond the vanilla loss function, we add a supplement term where predictions
from weakly augmented view are filtered. Similar to Eq. 3, we define the weight

as Eq. 4:
0, it g7 £ 5y
_ J J
R, { 1 —max(p}),if §7' =¥ (4)
Overall, mitigating the concept of Eq. 3 and Eq. 4, Eq. 2 can be re-formulated
to Eq. 5:

Ny
1 oW 1 oW
Lretine = ~ g7 > M; 0N; @ (H(Y.p}) + H(Y,pP)),
j=1
1 Xy L L (5)
Cadd = _2NU (1 - M]) @ R.] @ (H(yJQapjl) + H(y]17pj2))7

»Cunsup = »crcﬁnc + ﬁadd~
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3.3 Category Threshold Controller
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Fig. 4. Comparison of mean confidence of correct predictions and wrong predictions
during 10** and 30" Epoch across Pascal VOC 2012 classes (with ResNet-101 model).

Before designing our threshold strategy, we firstly compute the mean value of
confidence and the corresponding standard deviation! of correct and incorrect
predictions for each category during the 10t and 30*" epochs (corresponds to the
captions of ”correct” and ”wrong” in Fig. 4). Two key insights can be obtained
from Fig. 4: First, the overall performance is improving, indicating a gradual
enhancement in model performance. Second, the confidence level vary among
categories. There exist easy-to-learn and difficult-to-learn categories. Such obser-
vation have inspired our approach to designing thresholds: (1) they should reflect
the overall learning progress of the model, and (2) the thresholds should be
category-specific. Nearly all previous studies employ a fixed threshold, which is
contradictory to the first principle. A few works including CorrMatch [21] and
U2PL [25], despite obeying to principle 1, overlook the principle 2.

Building upon the above discussions, we compute both the global threshold
and category confusion factors to reflect the model’s overall training performance
and the learning difficulty of categories. For the global threshold, we calculate
the online global threshold for the current batch by averaging the confidence of
all pixels exceeding the current global threshold, and then update the historical
global threshold using exponential moving average (EMA):

> max(py') - I(max(p}’) > 747")
> Imax(py) > 7571)

! The standard deviation will be provided in Sec. A in the supplementary material.

_P:

(6)
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T;:a-T;_l—i—(l—a)-P, (7)

where 74 means the global threshold, ¢ means the time step, P means the online
factor, i indicates the pixel, « is the momentum decay of EMA. Secondly, we
compute the confusion factor for each category to represent the learning difficulty
of each category. Specifically, We initialize a confusion matrix C € R¥*X and
count the transfer frequency in a minibatch. C [r, ¢] means the number of pixels
where the weak augmentation predictions belong to category r and either of the
strong augmentation predictions belong to category c. Then we sum the rows of
matrix C and divide each diagonal element by the row-wise sum to obtain the
normalized category confusion factors F} € RE:

= Cr
o
F Zc Ckc’

where k represents the index of category. Like the global threshold, we also
update the category confusion factors using EMA:

(8)

Fl=a -F'+(1-a)- F. (9)

Finally, we normalize the category confusion factors to their maximum value
to obtain the relative confusion factors for each category, which are then multi-
plied by the global threshold to determine the final category-specific thresholds:

t
t t Fk:

T =Ty" 7maX(F,§)‘ (10)

4 Experiments

4.1 Experimental Setup

Datasets. We conducts experiments on both the PASCAL VOC 2012 [5] and
Cityscapes [2] datasets to evaluate our method. The PASCAL VOC 2012 dataset
comprises 1,464 finely annotated training images and 1,449 validation images.
Additionally, we incorporate additional 9,118 coarsely labeled images from the
Semantic Boundaries Dataset (SBD) [7], the same as all the baseline methods
mentioned in Tab. 2. We evaluate our method on both classic and blender Pascal
setting. For the Cityscapes dataset, it is an urban-scene-related dataset, includ-
ing 2,975 images for training and 500 images for validation. For all datasets we
adopt 1/2, 1/4, 1/8, and 1/16 labeled data ratio as the settings of experiments.

Evaluation Protocols. For all datasets, we use the mean Intersection-over-
Union (mloU) as our evaluation metric. During the inference phase, for the
Pascal dataset, we center-crop the image to a fixed size and conduct inference for
whole cropped image. For the Cityscapes dataset, we adopt the sliding-window
way for image inference. Inferences are conducted on the validation sets of all
datasets.
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Implementation Details. For the batch size, there are 8 labeled and 8 unla-
beled images in a minibatch. For the learning rate, we start with 0.001 for the
Pascal dataset and 0.005 for the Cityscapes dataset. The learning rate for the
decoder is set 10 times as large as that of the backbone network for Pascal.
The optimization is carried out by an SGD optimizer with a weight decay of
0.0001, and we employ a poly policy to adjust learning rate. For the image size,
we resize the Pascal dataset images to 512 x 512 and Cityscapes images to 769
X 769. All augmentation methods keep the same as UniMatch and all derived
works. We set 80 epochs and 240 epochs of the training process for Pascal and
Cityscapes. For the model we use DeepLab v3+ [1] with the output stride of 16
as the segmentation network, and the backbone is ResNet101 [8] pretrained on
ImageNet [3]. All experiments are conducted on 4 V100 GPUs.

4.2 Comparison with State-of-the-Arts methods

Table 1. Comparison with the state-of-the-art methods on Pascal VOC 2012 Classic
Val set. "means that since the released code corrresponds to the older version of the
manuscript on arXiv, we only report the previous results. See the paper for more details.
The highest mIOU is marked in red, and the second highest mIOU is marked in blue.
Same as below.

Methods Venue 1/16 (92)1/8 (183)1/4 (366)1/2 (732)
SupOnly - 44.98 50.79 63.88 69.30
PRCL [27] AAAI23 69.91 74.42 76.69 77.88
MKDf [30] ACMMMZ23 65.35 70.18 74.44 75.90
AugSeg [33] CVPR23 71.09 75.45 78.80 80.33
CCVC [26] CVPR23 7020 7440 7740  79.10
DGCL [24] CVPR23 70.47 77.14 78.73 79.23
iMAS [32] CVPR23 68.80 74.40 78.50 79.50
UniMatch [29] CVPR23  75.20 77.20 78.80 79.90
CSS [22] ICCV23 68.09 71.93 74.91 77.57
ESL [17] ICCV23 70.97 74.06 78.14 79.53
DeS' [4]  IJCAI23  68.02 7223 7458  77.62
PCR [28] NIPS22 70.06 74.71 77.16 78.49
GTA [10] NIPS22 70.02 73.16 75.57 78.37
Ours - 75.44 77.75 79.28 80.48

Results on classic Pascal VOC 2012 dataset. As shown in Tab. 1, our
method significantly outperforms the SupOnly baseline by 30.46%, 26.96%,
15.40% and 11.18%, showing an impressive improvement across all subsets, with
the most notable increase being over 30% in the 1/16 subset. When compared to


https://github.com/jianlong-yuan/semi-mmseg
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Table 2. Comparison with the state-of-the-art methods on Pascal VOC 2012 Blender
Val set. T is reproduced with the output stride of 16. See the code for more details. 1 /2
result of ¥ is reproduced by abandoning the Dropout in the backbone and keeping the
original dilation rate, as same as all baseline methods and ours. Since U?PL prioritizes
selecting high quality labels in blender experiment setting, we compare with methods
using the same split as U?PL for fairness (marked as?).

Methods Venue 1/16 (662)1/8 (1323)1/4 (2646)1/2 (5291)
SupOnly - 67.26 69.05 75.03 76.81
CorrMatch' [21] CVPR24  77.82 78.57 78.96 -
MKD [30] ACMMM23 75.90 76.59 77.62 78.94
MaskMatch [19] Arxiv23  76.66 78.56 79.44 -
AugSeg [33] CVPR23  77.01 77.31 78.82 -
CCVC [26]  CVPR23 7720 78.40 79.00 -
DGCLS [24] CVPR23  76.61 78.37 79.31 79.87
iMAS [32]  CVPR23  76.50 77.90 78.10 -
UniMatch [29] CVPR23  78.10 78.40 79.20 -
ESL [17] ICCV23  76.36 78.57 79.02 79.98
Ours - 78.50  78.98  79.50  80.03
U?PL! [25] CVPR22  77.20 79.00 79.30 -

CSst [22] ICCV23  78.73 79.54 80.82 81.06
GTA?! [10] NIPS22 77.82 80.47 80.57 81.01
PCR* [28] NIPS22 78.60 80.71 80.78 80.91

Ours? - 80.81 81.64 81.77 81.97

existing SOTA methods, our approach surpasses leading methods such as Uni-
Match and AugSeg. Specifically, in the constrained subset (1/8 labeled ratio),
our method exceeds the SOTA method by 0.55%, demonstrating our method’s
effectiveness in leveraging limited labeled data.

Results on blender Pascal VOC 2012 dataset. As shown in Tab. 2, our
method again demonstrates superior performance over the SupOnly baseline,
with up to a 13.54% increase in mIOU in the 1/16 subset. Against the cur-
rent SOTAs, our method outperforms them by 0.40%, 0.41%, 0.06% and 0.05%,
respectively. Under the setting of U2PL, our method exceeds the baseline meth-
ods by 2.08%, 0.93%, 0.95% and 0.91% respectively. Two groups of experiments
demonstrate that our method perform well under different partitions.

Results on Cityscapes dataset. In this dataset, known for its complexity
due to the diversity of urban scenes, our method continues to exhibit improve-
ments over the SupOnly baseline, especially with a 9.82% increase in the 1/16
subset. Compared to leading SOTAs, our method maintains a competitive out-
performing by 0.17%, 0.23%, 0.11% respectively. Under 1/2 split our method
still achieves comparable result.


https://github.com/BBBBchan/CorrMatch/blob/main/configs/pascal.yaml
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Table 3. Comparison with the state-of-the-art methods on Cityscapes Val set. Tis
reproduced with the output stride of 16 and the resolution of 769, see the code for more
details. *are reproduced with the resolution of 769 by us and MaskMatch, respectively.

Methods Venue 1/16 (186)1/8 (372)1/4 (744)1/2 (1488)
SupOnly - 66.30  72.80  75.00  78.00
CorrtMatch' [21] CVPR24  75.95  77.63  78.27  79.34
MKD [30] ACMMM23 75.31  75.98 7828  80.74
MaskMatch [19] Arxiv23  75.68  77.82  78.71  80.29
AugSeg! [33] CVPR23 7493 7742 7877  79.61
CCVC [26] CVPR23  74.90 7640  77.30 -
DGCL [24] CVPR23  73.18  77.29 7848  80.71
iMAS [32]  CVPR23 7430 7740 7810  79.30
UniMatch! [20] CVPR23  75.76  77.61  78.60  79.08

€SS [22] ICCV23  74.02 76.93  T7.94 79.62
ESL [17] ICCV23  75.12 7715  78.93  80.46
DeS* [4] 1JCAI23 - 75.74  T7.87 -
PCR [28] NIPS22 73.41 76.31  78.40 79.11
Ours - 76.12  78.05 79.04  79.82

4.3 Ablation Study

Table 4. Ablation study of the proposed components in CACC.

AFMadd AF M, efine CTC Pascal(183) Pascal(1/8) Cityscapes(1/2)

75.90 77.57 78.73

v 76.78 78.23 79.64

v v 77.19 78.44 79.82
v 76.57 78.16 78.73

v v v T77.75 78.98 79.82

We conduct the ablation study on the classic Pascal 183 split, blender Pascal 1/8
split and Cityscapes 1/2 split to provide insightful observations on the individual
and combined effects of AFM and CTC within the CACC framework.

Effectiveness of AFM. Initially, the baseline model (with only two branches
of strong augmentations) achieves performance scores of 75.90%, 77.57%, and
78.73% mIOU respectively. The inclusion of the adaptive weighting compo-
nent (AFM,efine) demonstrates independently beneficial effects, with increases
of 0.88%, 0.66% and 0.91%. This demonstrates its efficacy in handling diverse
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Table 5. Comparison of Computational Burden under the setting of the classic Pascal
732 split.

Method GFLOPs Time (per epoch)
Baseline 2197.41 19min37s
CCAC 219741 19min39s

data scenarios. The simultaneous application of both AFM components further
enhanced model performance to 77.19%, 78.44%, and 79.82%. This result indi-
cates the complementary effect of two components. Notice that just adopting
AFM,qq individually will lead to the failure of training, since the majority of
loss function is still AFM,efine.

Effectiveness of CTC. Notice that since we adopt zero as the threshold,
following the setting of all baseline methods, there is no contribution of CTC
in Cityscapes. Compared to the fixed threshold, the integration of CTC further
yields the improvement of 0.56% and 0.54%, which verifies its pivotal role in
dynamically balancing learning thresholds based on category confusion, thereby
distinguishing the correct and wrong predictions. For the contribution to the
class-wise IOU, please refer to the Sec. B in the supplementary material.

Ablation Study on Hyper-parameters. The only hyper-parameter in the
proposed method is the momentum factor a. Please refer to Sec. C in the sup-
plementary material.

Analysis on the computational burden. Although incorporating two com-
ponents in our method, it can be concluded that the additional computational
burden is negligible. From the perspective of the theoretical aspect, the addi-
tional computational burden only comes from a few matrices. In Eq. 5, the
additional matrices are R; and IN;. The extra computation includes the argmax-
operation and comparison between y;l and y;‘?, and the calculation of per-pixel
weight. The amount of computation is N, x (2 x K + 1) x H x W, where H
and W are the width and height of an image. In Eq. 10, the extra computation
comes mainly from the matrix operations, including Eq. 6 and the construction
of matrix C. And the computation can be estimated as 2 x N, x H x W. Overall,
just a few image-level matrices computation is totally negligible, compared to
the large amount of matrices computation in the neural network. We also con-
duct the experiment to compare the computational burden between our baseline
method and the CACC method. As shown in Tab. 5, adding our designed com-
ponents will not bring too much computational burden.

Qualitative Results. We have visualized the comparison of different seman-
tic segmentation methods and different components implementation strategies.
Please refer to Sec. D in the supplementary material.
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5 Conclusion

In this paper, we propose CACC framework to enhance model performance by
leveraging internal consensus and conflicts cross data augmentations, eliminating
the need for external components. The AFM module not only reduces the impact
of unreliable but incorrect predictions by leveraging consensus in data augmen-
tations, but also amplifies the low-confidence correct predictions. CTC module
addresses the challenge of fixed thresholds by dynamically adapting them based
on the confusion among categories. Extensive experiments across various bench-
marks have demonstrated the superiority of the CACC, and ablation studies
have further validated the effectiveness of each component.
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Abstract. Fraudulent transactions affect the different entities involved
in the payment pipeline: (i) the merchant/vendor at which the transac-
tion is performed, (ii) the authorizing bank, (iii) the card-holder, and
(iv) the payment processing network/gateway. While fraud transactions
result in the loss of billions of dollars globally, they may also result
in reputational damage to the involved parties. Detecting fraudulent
transactions is thus of utmost importance for the business and it also
enhances customer experience in the financial domain. Predicting fraud
transactions involves identifying suspicious transactions at the time of
authorization and raising an alert to the decision-making authority. This
research proposes a novel Event-aware Multi-component (EM) loss for
fraud prediction which incorporates key fraud-specific characteristics for
learning a robust and accurate fraud prediction model. Specifically, the
proposed loss incorporates key domain characteristics of fraud modeling
such as focusing more on recent transactions, optimizing for an ideal
event (fraud) rate, and maximizing the net benefit (or fraud savings)
seen by the fraud prediction model. Further, the proposed loss is agnos-
tic to the model architecture and can be utilized with different backbone
architectures. Experimental results and analysis on multiple datasets
demonstrate the efficacy of the proposed loss, where it achieves improved
detection performance while optimizing for the above-mentioned indus-
try requirements.

Keywords: Fraud Detection - Transaction Modelling - Financial
Domain

1 Introduction

Fraudulent transaction prediction is one of the key challenges faced by the finan-
cial industry. Fraud transactions that are not blocked or detected in real-time
often result in monetary loss, along with anguish to the card-holder (Fig. 1).
Further, high fraud rates also affects the brand value/reputation of banks, pay-
ment networks, and merchants. As per a recent report in 2021, there was a
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(a) Large Scale Fraud Transactions (b) Effect of Fraud Transactions on

in the Digital Domain Customers

Fig. 1. (a) Fraudulent transaction attempts are growing in number, resulting in larger
number of affected individuals and higher revenue loss. (b) Often, poor customer expe-
rience due to fraud transactions result in account closures at financial institutions.
Detecting fraud transactions is thus an important task for all involved stakeholders.
Both images have been taken from the Internet.

global loss of 20 billion US dollars due to fraudulent e-commerce transactions
world-wide!, which is a steep increase of 14% as compared to the previous year.
Therefore, developing an efficient fraud prediction model is of utmost importance
with large-scale real-world applicability and wide-scale impact. Transaction mon-
itoring applications are often used by financial institutions such that they are
able to monitor potentially risky transactions and take real-time decisions for
fraud alerting. Often, in such scenarios the applications are required to provide
a score for each transaction, following which the financial institutions might
incorporate domain knowledge based business rules for ingesting the scores onto
their final decision making pipeline. In order to eliminate the post-processing via
business rules, this research proposes a novel model-agnostic Event-aware Multi-
component loss for training a robust fraud prediction model, while incorporating
key domain-specific characteristics during training.

The task of fraudulent transaction prediction involves taking real-time deci-
sions on whether an incoming transaction is fraudulent or not [2,9,21,23]. The
task thus requires efficient algorithms (capable of running in real-time) while
modeling key characteristics of fraudulent transactions in order to have high
detection rates. In the literature, recent research has focused on proposing novel
algorithms for the challenging problem of fraud transaction prediction. Given the
sequential /time-based behavior of card-holders, most of the algorithms focus
on modeling the previous history of the user using sequential models [11,31].
Research has also focused on modeling the relationship between the different
entities in the payment network (such as card-holder and merchant) using spa-

! https://www.statista.com /statistics/1273177 /ecommerce-payment-fraud-losses-
globally/.
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tial/relational models [16]. While such algorithms focus on capturing the dif-
ferent patterns observed in the data (further elaborated in Section 2), to the
best of our knowledge, they do not focus on incorporating the domain-specific
business knowledge for generating robust fraud prediction models, suitable for
applicability in the real world.

In order to address the above limitations, this research proposes a novel
model-agnostic Event-aware Multi-component (EMI) loss for fraudulent trans-
action prediction. The proposed loss incorporates domain knowledge by model-
ing the transaction patterns while optimizing for the overall fraud predictions,
net benefit (amount savings), and effective classification performance. Further,
since fraud patterns often change over time, the proposed EMI loss focuses on
providing higher importance to recent transactions in order to ensure recency
based model learning. The model-agnostic property of the EMI loss enables its
applicability across different architectures, thus also supporting quick real-time
inference. To summarize, the key highlights of this research are as follows:

— A novel Event-aware Multi-component (EMI) loss function has been pro-
posed for learning efficient fraud prediction models. The EMI loss utilizes key
domain-specific knowledge for optimizing the number of fraud predictions
over a batch of transactions. The proposed loss ensures that the model is
deployable in real-world setups without hampering the customer experience
(by not raising too many false alarms or false positives). Further, to the best
of our knowledge, this is the first of its kind formulation which focuses on
incorporating domain-specific business knowledge for fraud prediction mod-
els such as optimizing for the predicted event rate, net benefit, and recency
based data importance.

— As shown in Fig. 2, the proposed EMI loss is model agnostic and can be
applied with different backbone architectures (e.g., Multi Layer Perceptrons
(MLPs), Long Short-Term Memory architectures (LSTMs), or transformers).
Experimental analysis across different models demonstrates the model agnos-
tic behavior of the loss, where enhanced performance is obtained with different
backbone architectures.

— The efficacy of the proposed loss has been demonstrated on two financial
datasets: (i) the Tabformer dataset [24] and (ii) an in-house synthetically gen-
erated dataset. Experimental analysis and results demonstrate the improve-
ment obtained by the proposed EMI loss as compared to the baseline and
other comparative techniques. Experiments have also been performed to fur-
ther analyze the different components of the proposed loss via an ablation
study, which strengthens the inclusion of different terms in the proposed for-
mulation.

The remainder of this paper is organized as follows: Section 2 presents the related
work in the area of automated fraud transaction prediction. Section 3 presents
the proposed EMI loss, along with the detailed description of the framework.
Section 4 presents the dataset details and protocols, followed by the results and
analysis. Section 6 concludes the paper with the summary and future work.
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Fig. 2. In the literature, research has focused on developing sequential or non-sequential
architectures for the given transaction data. The proposed loss can be applied to either
kinds of deep learning models while also incorporating domain-specific characteristics
for improved business relevance.

2 Related Work

The area of automated fraud transaction prediction has been an active area
of research since the past several decades. Early fraud detection systems relied
on rule-based techniques [20], wherein the system’s capabilities are limited by
the experts’ knowledge [1]. Such engines typically hard-code business rules and
thus suffer from limited real-world applicability. On the other hand, statistical
methods try to learn these rules using the data by employing techniques like
capturing interactions among features and generating summaries at transaction
level [22,34]. Association rules have also been used to detect credit card fraud [§]
as well as other fraud types like healthcare fraud [28]. These methods try to infer
IF-THEN-ELSE statements from the data itself, using symbolic/categorical fea-
tures. For example, Brause et al. [8] proceed by comparing each transaction with
another and finding pairs of similar ones (associations) and thus infer causality
among sets of objects. Such raw associations lead to long rules, often diminishing
the generalization ability of the model. Various techniques, like ignoring selec-
tive features for rule generation at varying tree levels, hope to shorten the rule
length. Other statistical methods include clustering and outlier detection based
on user analysis [6,32] which fall under the unsupervised learning paradigm and
do not utilize the rich label information available during model training.

In the literature, supervised learning-based algorithms have been proposed
for fraud detection which either utilize the sequential information of a card-
holder /user or rely on non-sequential cues for identifying fraudulent transactions.
Non-sequential supervised learning algorithms rely on robust feature engineering
in the form of profiling. Profiles are aggregations of data by a particular field,
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or group of fields, over a pre-decided window of time to capture the histori-
cal behaviour and interactions among features and their interaction with fraud
labels [22,30]. Models like the Multi-Layer Perceptron (MLP), Decision Tree, or
Support Vector Machine (SVM) often utilize a single transaction as input and
thus are benefited by the feature engineering process, that would have otherwise
been devoid of context. An example of such features can be the amount trans-
acted by a user at a given merchant in the previous one hour, represented by
user _merch _amt 1hr. Given a test transaction, this feature provides the model
the ability to look back one hour, know whether the user was active/inactive,
whether they are accustomed to having interactions with the merchant for the
amount in question. In this way, such methods can identify relevant patterns in
the scope of their features and respective time windows. Such heavy dependence
on manual feature engineering limits the field of view of algorithms and thus
limits their potential for real-world applications. This method of feature engi-
neering is also time and compute expensive, and thus hard to utilize for quick
inference requirements during run-time as well as challenging to engineer [7].

Sequential models aim to utilize the inherent ordering amongst subsequent
transactions with respect to time by implicitly modeling this characteristic by
design. Models like Convolutional Neural Networks (CNN) are known to capture
short-term context, whereas others like Recurrent Neural Network (RNN) [4],
Long-Short Term Memory Network (LSTM) [18], and gated-recurrent unit [13]
can capture longer range dependencies as well. Zhang et al. [33] use convolu-
tion to capture interactions among subsequent features and extract the relevant
derivative features, instead of interactions amongst subsequent transactions, for
which they use a feature sequencing layer to learn the best order of features.
In order to capture the longer range dependencies, Branco et al. [7] treat each
entity /user as an independent sequence that share learnable parameters of the
Gated Recurrent Unit (GRU). Such models focus on learning from the past
events of the given user/card-holder. While these models don’t rely on extensive
feature engineering, it has been found that adding the manually engineered fea-
tures appear to guide them further to an optimal solution [18]. Zhu et al. [36] cap-
tures relevant feature level and event level characteristics using field-level extrac-
tor and event-level extractor, respectively. While existing sequential and non-
sequential learning-based algorithms have provided substantial advancements in
the current literature, automated fraud transaction detection still remains to be
a long standing problem [10,12,29,31,35]. We believe that a possible drawback of
the existing solutions is the lack of domain/business specific knowledge inclusion
during model development. Most of the current approaches aim to improve the
modelling and representation of data from an architectural perspective, while
ignoring the domain-specific business aspects of the same.

3 Proposed EMI Loss

This research focuses on bridging the above discussed gap and incorporating
domain-specific insights for learning an efficient, robust, and deployable model.



110 T. Somavarapu et al.

\ Historic Transactions Current Transaction,
’,

LSTM

Event-aware Multi-component Loss

Fig. 3. Diagrammatic representation of the architecture used with the proposed EMI
loss. The previous ten events (transactions) are provided to the LSTM model, followed
by applying dense layers on the learned embedding. The error obtained via the proposed
EMI loss is back-propagated throughout the network for effective model learning.

We aim to explicitly learn fraud prediction models that not only give better
performance with respect to the various metrics but also improve the net benefit
(fraud amount savings) incurred for direct business relevance while keeping an
overall low fraud prediction alarms. From our domain understanding [14], we
notice that recent trends in transactions are often more important than the
older ones, and thus propose to incorporate the notion of recency during model
training which can be useful for non-sequential networks [18] as well, thus leading
to improved real-time impact.

For a given architecture, the loss function is the function that measures the
distance between expected and predicted outputs. To create the best perform-
ing models, we are often required to minimize this function. In order to develop
robust models, we should first identify important aspects needing to be opti-
mized which can be included in the loss function. For example, while creating a
fraud prediction model, the dollar amount saved (or the net benefit) [27] is often
more important than the cross-entropy loss [15] values. These two are related
but not always 100% correlated. Furthermore, the loss functions are mostly opti-
mized using gradient descent [26] while training. Thus, they must be continuous
and differentiable, this leads to achieving the global minimum loss values. To this
effect, we propose a novel Fvent-aware Multi-component (EMl) loss function con-
sisting of three components: (i) recency based cross-entropy loss (Lgecency)s (ii)
predicted event rate optimization (Lpgr), and (iii) net benefit loss component
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(ﬁNet)i
Lem = aﬁRecency +BLpER + ’VLNet (1)

where, «, 3, correspond to the weight values given to each loss component.
Details regarding each component are as follows:

(i) Recency based Cross-entropy Loss Component (Lgecency): Transac-
tion fraud monitoring can be referred to as a two class classification problem
(fraud or non-fraud). As with traditional classification loss functions, the base
architecture utilizes the standard Cross-Entropy loss for learning an effective
classifier. The financial world often witnesses variations in the transaction pat-
terns which are essential to model. The proposed recency based cross-entropy
loss component introduces a recency factor during model training. The recency
factor focuses on providing higher weight-age to recent transactions as compared
to the older transactions, thus ensuring that the model is able to capture recent
fraud trends. Mathematically, given a prediction y;; for a target y;, a recency
weight of At; is introduced:

yi * log y;
ACRecency = Z At (2)

The recency weight is inversely proportional to the duration of the current trans-
action from the last transaction, thus resulting in higher weight-age to most
recent transactions.

(ii) Predicted Event Rate (PER) Optimization Loss Component
(Lprr): The Predicted Event Rate (PER) is defined as count of fraud pre-
dictions over the count of total observations. On the other hand, the True Event
Rate is defined as the count of the true frauds over the count of total observa-
tions. In an ideal scenario, the model should produce a PER close to true event
rate, thus resulting in lesser false positives and promoting the model to predict
the under-sampled class (fraud). In order to model the PER, the £Lpgg has been
formulated as follows:

»CPER: (T—MSE(y;7On)) (3)

where, r is the true event rate and 0,, = (0,0,...,0) € R, is a zero vector. The
above loss thus promotes the model’s PER to be as close as possible to the true
event rate.

(iii) Net Benefit Loss Component (Ly.:) [5]: This is one of the most impor-
tant business metrics for the fraud prediction domain. When a fraud prediction
model has been deployed by an entity, it would provide recommendations for
blocking transactions that appear fraudulent to the model. For a true positive
event (actual fraud), it will be saving the total sum of the amount of such trans-
actions. On the other hand, for a false positive event (incorrect fraud prediction),
it will lose out on the transaction processing fee that it would have gained by
allowing the transaction through. So, effectively the net benefit (or fraud sav-
ings) can be viewed as the difference between the dollar amount of the true
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positive transactions and the loss incurred due to the false positive transactions.
For generality, we have defined the net benefit loss component as a function of
the true positive transactions and the false positive transactions, which can be
represented as follows:

Lnet = f(true positives, false positives) (4)

The proposed EMI loss is thus a combination of the above defined loss compo-
nents: Lrecency, LPER, LNet Dy using relevant hyper-parameters («, 3,7). Thus,
the combined Event-aware Multi-component fraud prediction loss is defined as:

i X lo ;
Lonn(yhy) = ax Y A8 4 G (r = MSE (4], 0,)) +
v * f(true positives, false positives) (5)

The proposed Event-aware Multi-component loss function thus enables the learn-
ing of a robust fraud prediction model while incorporating the domain-specific
business trends and requirements.

Table 1. Details regarding the datasets and protocols used in this research. Number of
transactions (txns.) in the training, testing, and validation sets have been provided for
ease in reproducibility. Both the datasets simulate real-world scenarios with a relatively
smaller event rate (%) (fraud rate) across the transactions.

Dataset Txns Frauds Event RateUsers|Fields|Train | Val | Test
Tabformer [24] 24M | 29757 0.122 6139 8 17TM |2.4M|4.8M
In-house Synthetic| 1M | 67580 6.758 37404 8 700K |100K|200K

4 Experiments and Protocol

Experiments have been performed on two datasets with varying backbone archi-
tectures (LSTM, MLP, and RNN), along with detailed analysis of the EMI loss.
The following subsections elaborate upon the dataset details and corresponding
protocols, followed by the implementation details and the results.

4.1 Datasets and Protocol

The proposed EMI loss has been evaluated on two datasets containing trans-
action records. Table 1 presents the dataset details along with the training
and testing protocols. The following paragraphs elaborate upon the protocols
in detail:
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— Tabular Transformers for Modeling Multivariate Time Series
Credit Card Dataset (Tabformer) [24]: The dataset contains synthet-
ically generated 24M credit card transactions from 20,000 users. The transac-
tions have been generated using rule based generators, where the values are
generated using stochastic sampling techniques, similar to the methods by
Altman et al. [3]. Every transaction has 12 fields consisting of both continuous
and discrete nominal attributes, such as the transaction amount, merchant
location, transaction date etc. Similar to the existing protocol, we create sam-
ples by combining 10 contiguous rows (with a stride of 10) in a time-dependent
manner for each user.

— In-house Synthetic Dataset: Owing to the limited availability of pub-
licly available datasets containing fraud/non-fraud transaction information,
experiments have also been performed on an in-house synthetic dataset. The
dataset consists of 1M transactions from 37,500 unique users with 28,000
unique merchants and has a total of 67,580 fraudulent transactions. Every
transaction consists of 298 unique fields like transaction time, merchant ID,
etc. We create sequences of time, amount, and other fields in the input for
each user, ordered by time and pass it then onto the model architecture. The
complete dataset is divided into a training, validation, and testing partition,
having 70%, 10%, and 20% of transactions, respectively in each set.

4.2 TImplementation Details

For the two datasets, experiments have been performed with a LSTM [17] base
architecture (Fig. 3) consisting of two hidden layers, followed by two dense (fully
connected) layers for classification. The LSTM model has been implemented
in the PyTorch environment [25] with a NVIDIA Quadro RTX6000 GPU. As
demonstrated in Fig. 3, the past ten transactions of a user are provided to the
LSTM model, followed by two dense layers for predicting whether the current
transaction is fraudulent or not. Characteristics of the transactions are provided
as input (depending upon the dataset and availability of information). Cate-
gorical features (e.g., merchant category code, industry, etc.) are converted into
one-hot encoded embeddings, while numerical features (e.g., transaction amount)
are provided as is. The predicted class scores are used in the loss equation Eq.5
and the weight parameters for the same are initialized as follows: « = le — 5
, 3 = 1.5 and v = 0.01. The model is trained using the Adam optimizer [19]
for 100 epochs with 1024 batch-size. Comparison has also been performed by
replacing the LSTM with a RNN and a MLP architecture as well. The following
section elaborates upon the results and analysis.

5 Results and Analysis

Tables 2-4 present the performance obtained by the EMI loss in different exper-
iments. Comparison has been performed in terms of the precision, recall, F-1
score, and the net benefit obtained by the different models. Due to privacy con-
cerns, we are unable to share the exact dollar savings (net benefit), and thus have
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Table 2. Results obtained on the TabFormer dataset: precision, recall, F-1 score, and
the percentage variation in the net benefit by each algorithm have been reported. The
proposed EMI loss with a LSTM architecture demonstrates improved performance in
terms of the overall F-1 score, while also obtaining a higher net benefit.

Algorithm Precision Recall F-1 Score AUC-PR Benefit (%)
Multi-layer Perceptron 74.21 52.15 61.25 48.25 -67.2%
Recurrent Neural Network| 89.02 75.46 81.68 81.49 -0.5%
Long Short-Term Memory | 89.22 70.05 78.48 79.65 -6.5%
MLP + Legwm 86.11 51.55 64.49 49.51 -66.7%
RNN + Lewm 90.36 | 76.14 82.25 82.64 +2.6%
Proposed LSTM + L 92.43 | 76.48 83.70 84.21 -

presented them in a relative format, that is, percentage increase or decrease. The
key results are as follows:

Comparison on the TabFormer Dataset: As demonstrated in Table 2, the
proposed EMI loss presents improved performance on the Tabformer dataset as
compared to other techniques. Specifically, the proposed loss achieves a precision
and recall of 92.43 and 76.48, respectively, demonstrating significant improve-
ment from the LSTM model (trained only with the cross-entropy loss) which
obtains a F-1 score of 78.48, which is around 5% lower than the proposed model
(83.70). In the literature, a F-1 score of 86.00 has been reported on the Tab-
former dataset [24], however, it is important to note that the authors follow a
different protocol (exact splits are not available) and also perform additional
steps of upsampling during training. Therefore, it is impossible to draw a fair
comparison. Further, the existing research [24] presents an improvement of 3%
from the then reported baseline, while we observe an improvement of around 5%
from the base LSTM architecture. Comparison can also not be performed on the
net benefit (in terms of the dollar amount) since that has not been reported in
the existing research.

Table 3. Ablation study of the proposed EMI loss on the TabFormer dataset. The
experiments demonstrate contribution of each loss component towards the creation of
a robust fraud prediction model. Benefit (%) presents the percentage variation in the
net amount benefit (in dollars) by each model.

Algorithm Precision RecallF-1 Score Benefit (%)‘
Lewmi - LRecency 94.46 72.25 81.87 +0.7%
Lemi - LNet 91.64 74.28 82.05 -2.9%
Lemi - LPER 92.48 72.92 81.55 -5.1%

Proposed Lpyi| 92.43 |76.48 83.70 -
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Fig. 4. Improvement in the F-1 score and net benefit (percentage) on training the
three architectures with the proposed EMI loss. Maximum improvement is seen with the
LSTM model, possibly due to their better capabilities of modeling long term sequential
data.

Effect of Different Backbone Architectures: The efficacy of the proposed
loss has also been demonstrated by using different backbone architectures (RNN;
MLP, LSTM), where, training with the proposed EMI loss demonstrates improve-
ment as compared to training with the native loss function. Table 2 presents the
performance comparison on different backbone architectures with and without
the proposed loss. The improved performance (in terms of the precision/recall /F-
1 score) thus supports the model-agnostic behavior of the proposed loss. For
example, an improvement of over 3% is observed upon utilizing the EMI loss
with the LSTM architecture as compared to the native loss (92.43 versus 89.22).
The benefit of using sequential models is also visible across different architec-
tures, where a difference of at least 15% in precision is observed between the
MLP architecture and the RNN/LSTM architectures. Further, it is also inter-
esting to note that MLP based architectures appear to perform substantially
poorer in terms of modelling the effective net benefit. Fig. 4 also presents a bar
graph showcasing the improvement in the F-1 score and the net benefit percent-
age on training the three architectures with the proposed loss as compared to the
native cross-entropy loss. Maximum improvement is observed with the LSTM
architecture for both the metrics. Overall, the best performance is obtained by
utilizing the LSTM architecture with the proposed EMI loss in terms of the
accuracy metrics (precision/recall), while a minor trade-off is seen in the overall
net benefit as compared to the RNN architecture with the EMI loss.

Ablation Study on the EMI Loss: Table 3 presents the ablation study on
the proposed EMI loss using the TabFormer dataset. Experiments have been
performed to understand the contribution of each loss component by training
the LSTM architecture with the proposed loss function after removing each
term and analyzing the performance metrics. As can be observed from Table 3,
removal of any component from the EMI loss results in a drop in performance in
terms of the precision, recall, and F-1 scores. Maximum drop in performance is
observed upon removing the PER loss component (Lpgpr), resulting in a drop
in F-1 score from 83.70 to 81.55. The performance drop appears intuitive in
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nature since the PER loss component controls the total fraud predictions, thus
pushing the model towards predicting lesser false positives. On the other hand,
minimal impact is seen upon removing the recency based component (£ Recency),
where a drop in F-1 score is accompanied with a slight increase (0.7%) in the net
benefit. Overall, the ablation study supports the inclusion of the different loss
components for achieving enhanced fraud prediction performance and business
objectives.

Table 4. Results obtained on the in-house synthetic dataset. The proposed technique
demonstrates an improvement in the overall F-1 score and a 3.5% increase in the net
benefit.

Algorithm|PrecisionRecallF-1 ScoreBenefit (%)
LSTM 33.80 49.81 40.31 -3.5%
Proposed 39.76 48.69 43.75 -

Performance on the In-house Synthetic Dataset: Table 4 presents the
performance comparison between the proposed loss and the baseline model on
the in-house synthetic dataset. An increase in the F1-Score is observed from
40.31 to 43.75, along with an increase in the precision (from 33.80 to 39.76) for
the fraud class when using the proposed loss. An improvement of +3.5% is also
observed for the overall net benefit.

The above set of experiments and results suggest improved performance by
the proposed Event-aware Multi-component (EMI) loss function. Improvement
can be seen across capturing fraudulent transactions and the overall net benefit
(in terms of dollar amount). The improved performance strengthens its usage
for real-time fraud prediction, while providing flexibility during model training
for tuning different business aspects.

6 Conclusion and Discussion

The past few decades have witnessed tremendous growth in the domain of Data
Mining, Machine Learning, and Artificial Intelligence. While initial research
began with modelling a handful of data points, current research focuses on
understanding patterns and trends across millions of instances. The research
developments have further enabled the adoption of such techniques/models in
the real-world industrial setups as well. These days, it is not uncommon to auto-
mate mundane tasks and rely on learned Al models for day-to-day predictions
such as weather forecasts, market trends, transaction monitoring, entertainment
recommendations (dining/content consumption), or customer support for trou-
bleshooting commonly faced issues. The omnipresence of such algorithms has
thus enabled widespread utility of AI based services to the consumers (individ-
uals) as well as institutions,/corporations.
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The financial world is one such domain consisting of billions of data points
(transactions) and being fed by multiple automated services for several tasks. For
example, automated data cleansing including noise removal, credit score assess-
ment, market analysis, transaction risk monitoring, financial (credit/debit) limit
adjustments, loan approvals, etc. The wide applicability of financial solutions
across different demographics and geographies makes it an imperative domain
for deployment of automated services. Despite the multiple applications and
solutions, fraudulent transaction detection remains a long-standing challenging
problem requiring dedicated research focus. From the real-world data, it is evi-
dent that fraudulent transactions are becoming more and more difficult to detect
even with state-of-the-art algorithms developed in the past five years. Further,
newer methods of transactions bring with them more innovative ways in which
criminals can commit fraud. Thus, in order to keep up with the emerging trends
in today’s modern world, it is imperative to keep researching and developing
more ingenious solutions to this problem.

To this effect, this research proposes a novel Event-aware Multi-component
(EMI) loss function which incorporates domain-specific knowledge for building
robust fraud prediction models. The proposed loss can be used for training a
transaction monitoring model which provides a score of riskiness for each trans-
action, thus determining whether it is fraudulent or not. The EMI loss focuses
on increasing the net benefit (in terms of the fraud amount savings) which is
often a function of the true positives, false positives, and false negatives; mini-
mizing the total fraud predictions (in order to reduce false positives) such that
the model provides confident predictions; and gives higher importance to recent
transactions (recency based learning). Experimental results and analysis across
two different datasets (one open source and one in-house synthetic dataset gen-
erated from modelling the real-world transaction distribution) demonstrate the
effectiveness of the proposed loss. Further, the inclusion of business-specific loss
components allows the model to be deployable, while supporting a smaller model
for quick real-time inference.

Despite the research advancements, we believe that there is still a long way
to go in the field of fraudulent transaction detection. Novel techniques when
creatively implemented to solve this problem can potentially help in creating
better and more robust models. As part of future work, our efforts will be focused
on incorporating better backbone architectures with the proposed EMI loss for
robust model creation. Further, improvements can also be made at the input-
level, where novel features can be identified and provided as input to the model
for developing further enhanced models.
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Abstract. In many cases, machine learning model is used not autono-
mously, but as a part of some larger system that may include human
experts. Learning to defer technique allows to train models that can
take into account error probabilities of both machine learning model and
human expert and route samples accordingly in order to maximize overall
accuracy of the system. However, most of the learning to defer methods
don’t allow constraining the deferral fraction, which is important, as the
number of human experts and their capacity are usually limited. The
paper proposes and explores a simple yet effective heuristic technique
allowing to impose constraints on the fraction of samples deferred to an
expert, thereby, helping to balance accuracy and coverage metrics. The
technique can be used in conjunction with many existing learning to
defer and rejection learning methods; it is evaluated using three popular
learning to defer techniques and two datasets — a synthetic and a real-
life, collected using crowdsourcing.

Keywords: Learning to defer - Human-AI complementarity -
Human-AlI collaboration

1 Introduction

Machine learning models taking into account human-AI collaboration, e.g., sim-
ply by avoiding to classify samples for which they are uncertain are especially
demanded in responsible and critical applications. The most widely used tech-
nique to build such models is to train a model (e.g., for the classification) and
then, during inference, estimate the uncertainty of the prediction and redirect to
the human expert only those samples, for which the model is uncertain. There are
several approaches for estimating uncertainty [3,6,9], potentially, any of them
can be used. The main drawback of this approach is that it ignores the limited
knowledge of the human (and respective probability of an error), considering
him/her as an oracle.

To account for the limited human knowledge, a learning to defer paradigm
has been proposed [11,14]. The idea is to train two models — main model and a
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rejector model. The first one is responsible for solving the classification problem
per se, while the second one decides which samples should be assigned to the
main model, and which to the human. These models can be trained jointly or
separately [2], but their training typically relies on some specially constructed
loss function, taking into account human errors in the training sample. There-
fore, the models learn also the distribution of human expertise in the feature
space and act accordingly. However, a severe limitation of this approach is that
it doesn’t account for possibly limited human resources, besides, some of the
methods of this group rely on the relative weight of terms in the loss function
which can be hard to set up correctly.

As it is shown in [1,13], learning to defer problem with limited human
resources can be formulated as a mized-integer linear programming problem
(MILP), where coverage can be just one of the constraints (e.g., [13] introduce
also fairness constraints). While the solution of such MILP can provide an opti-
mal sample allocation between human and model (in some sense and with certain
assumptions), this setting has two potential drawbacks: a) these algorithms are
designed to distribute a given set of samples, so they may be less convenient for
a situation when the samples need to be distributed as soon as they arrive, b)
solving a MILP problem can be computationally expensive.

This paper proposes and explores a simple yet effective heuristic technique
to account for the situation when human resources are limited, allowing to
balance accuracy and coverage metrics while distributing samples “on the fly”.
The proposed heuristic is not intended to replace the existing learning to defer
approaches (based on unconstrained optimisation of surrogate loss functions),
instead, it aims to complement them.

The rest of the paper is structured as follows. Section 2 describes related
publications. Section 3 describes the formal problem definition and the pro-
posed technique. Section 4 contains the results of the evaluation of the proposed
technique using several datasets.

2 Related Work

The problem of joint work of an Al model and a human expert has been attract-
ing attention of the ML researchers for a relatively long time. Probably, the
most developed setting is so-called rejection learning, when a model is trained
to reject certain samples to improve reliability on the others [7]. However, in
rejection learning human expert is typically out of the scope (or considered to
be absolutely accurate).

More recently, a concept of learning to defer has been proposed [11], where
human expert has been placed “into” the system, which means that these algo-
rithms optimize deferral policies taking into account not only the performance
of the machine learning model in various regions of the feature space, but also
accuracy of the human expert which may also be different in the different regions
of the feature space.

Most approaches to learning to defer rely on specially constructed loss func-
tions, balancing components responsible for automated classifier and human
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expert. These loss functions can either be very closely based on the utility the-
ory [17] or further elaborated as surrogate loss functions with better optimization
and calibration properties, see, e.g. [12,14,16].

However, all of these approaches are either aimed to find a deferral policy
optimizing only the system accuracy, or rely on relative weighting in the loss
function, which should reflect relative cost of sample processing by the model
and the human expert, however, may be hard to specify. Crucial is that most of
these approaches ignore that the expert capacity can be limited [10].

A few methods have been proposed to deal with the limited expert capacity,
typically via MILP reformulation of learning to defer problem, e.g. [1,4,5,13].
In [4,5], MILP is solved for the training set and then its solution is approxi-
mated by an additional model (the proposed MILP formulation is limited to
certain types of models). In [1,13] MILP is built during inference, therefore,
these approaches can only allocate a set of samples, but are less suited for the
situation when the samples have to be distributed between model and human
expert as soon as they arrive. Besides, solving MILP can be computationally
expensive, especially for large datasets.

This paper explores a heuristic method for on the fly sample allocation
respecting limited expert capacity, which can be used with existing learning
to defer approaches and doesn’t require solving MILP.

3 The Proposed Technique

3.1 Problem Definition

Given the dataset {(X;, m;,y:)}7, ~ D, where X; € X are the features describ-
ing objects, y; € ) are true labels, and m; € ) are expert labels (not necessarily
equal to the true labels, as the expert can also be wrong). The problem is find
two functions — a classifier h: X — Y and a rejector r: X — {0, 1}. To obtain
a decision ¢; for some instance x; these functions are combined in the following
way:
g = {h(xz), ?f r(x;) =1 )
mg, if r(z;) =0
Moreover, as access to the expert evaluations can be limited in the infer-
ence time, these functions must maximize classification quality, respecting the
restriction on the number of used expert evaluations. Formally,

(h*,r*) = arg %f?)(E(w,m,y)eD[H{r(x)h(:c) + (1 —r(x))m} =y, st. E[r(z)] > C,.
(2)

In practise, expectations in the equation above are typically estimated via
empirical metrics, evaluated using a test dataset, sampled from the same distri-
bution D. Expectation of the number of correct answers corresponds to accuracy
and the expectation of the samples assigned to the model h corresponds to cov-
erage (ratio of the samples classified by the model, without resorting to the
expert).
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3.2 Loss Functions

The requirement to account for errors of both a machine learning model and an
expert translates to natural loss function used to train & and r [11]:

»Cnat(xh mi, Yi, ha T) = T(ml)‘em(h(xl)a yz) + (1 - T(xi))eexp(miv yl),

where /., is a model loss and /.;;, is an expert loss. For example, if it is a
binary classification problem, then ¢, can be a binary cross entropy (for the £z,
it is a bit more complicated, see below).

However, direct using of such natural loss has two main drawbacks:

1. In the training data, m represents the class provided by the end user, there-
fore, if the expert is wrong, binary cross entropy becomes infinite. In practice,
one can either clamp too large values (e.g., it is a default work-around for
infinite log implemented in PyTorch) or use some other loss function (e.g.,
L1). In either case, a particular value, corresponding to the user error, must
be somehow scaled to the range of the first term (¢,,).

2. The loss function optimizes the models only in terms of accuracy, not paying
attention to the fact, that access to the pool of human experts might be
limited.

Some surrogate losses has been proposed in the literature (e.g., [14]), miti-
gating the first problem, but they still optimize only in terms of accuracy.

3.3 Method

The proposed technique relies on a possibility to obtain a score, reflecting rela-
tive confidence of the classification of the sample by the model w.r.t. the clas-
sification of the same sample by the human expert. We will denote this score
as score(hyr)(x). Absolute values of this score don’t matter, instead, this score
establishes an ordering: if score, (i) > score(, (), then assigning z; to the
model (rather than human expert) will result in less probability of an error, than
assigning x; to the model. We provide specific examples of building score, ()
for several existing learning to defer methods later in this section.
The technique consists of three steps:

1. Train A and r models using an existing learning to defer algorithm. The
resulting pair can perform deferral, typically achieving good (or, optimal in
some sense) accuracy, but not respecting coverage constraints.

2. Using separate dataset V¢ = {(X¢,m¢,yf)} ~ D and Algorithm 1, find the
score threshold 6, corresponding to the required coverage C,..

3. Apply Algorithm 2 to classify any incoming instances, sampled from the D.

Training algorithm (Algorithm 1) evaluates scores for all the samples of V¢
and then considers each score value as a candidate threshold for assigning all
samples with greater (or equal) scores to the model and the rest to the human
expert (which is done using function f;,, defined as h(z;) if score, y(x;) > 54
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and m; otherwise). It then evaluates accuracy and coverage of each such split
and picks a score value, such that: at least C,. (the required coverage) samples
of V¢ have greater scores and the accuracy is maximal (among all the values,
respecting the required coverage constraint).

Algorithm 1. Training
Require: C, € [0;1],V° h,7
Ensure: 0
for all i € | X°| do
si «— score(p,r)(Ti)
end for

a0
6 «+— None
for all i € | X°¢| do
a — Accuracy(fs; (X, m°),y°)
& 157 € {1, [X¥[}, 85 > s:}1/1X°]
if ¢> C, and a > a then
a<—a
0 «— s;
end if
end for

Inference algorithm (Algorithm 2) evaluates score of the passed instance,
compares it with the threshold, found during training and redirects it accord-
ingly (ASK). Note, that the algorithm uses only the value of the parameter 6,
estimated using Algorithm 1, and the sample x, therefore, it can be applied to
the samples as soon as they arrive, without the need for a large batch (unlike,

e.g. [1]).

Algorithm 2. Inference
Require: z,0
if score(p,r)(x) > 6 then
return h(x)
else
return ASK
end if

Lets consider scoring functions for several learning to defer algorithms. The
simplest algorithm is confidence threshold-based (we’ll refer to it as Threshold).
It doesn’t have a separate rejection model, but redirects to human expert
instances, for which maximal softmax output [3] is lower than certain threshold
(threshold is typically set to maximize accuracy). This algorithm is inherently
not sensitive to the expertise variability in the input domain, so score(hy,ﬂ)(x)
can be defined as any confidence measure, e.g., maximal softmax output.
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Another approach is to use natural loss directly, training two separate func-
tions — classifier A and rejector r (NatLoss). In this case, there is a separate
rejector, which output (sigmoid function, before binarization) gives the value
appropriate for score, ().

Finally, softmax parametrization loss, proposed in [14] (SP). In this case, h
and r are modeled using using one neural model with K + 1 outputs (where K
is the number of classes). Outputs 1 to K correspond to class probabilities, and
(K + 1)-th output correspond to deferral to the human expert. Let p;(z) be the
value of the i-th output. In this model, h(x) is defined as argmaxye1.x pr(z),
and r(x) is 1 iff maxpe1.x Pr(2) > Pry1(x) and 0 otherwise. The score, ()
can be defined as maxge1.x P (%) — Prc+1(x). Intuitively, it reflects the difference
between classifier’s confidence and estimated human expert’s reliability for the
considered sample.

4 Evaluation

4.1 Datasets

The approach is illustrated using two datasets: synthetic and real-life. Synthetic
dataset is designed for binary classification and is generated using following
equations. For class (y = 0):

x5 ~ U(0,1) (3)
€xry, ~ N(21‘2,U) (4)

For class (y = 1):
x1 ~ N(2 - 2x9,0) (6)

And expert labels are defined by the following function:

if Bernoulli(x2)

m(z1,z2,y) = {y,

1 —1vy, otherwise

A sample from this dataset is shown in Fig. 1. The plot on the left shows
two classes and the plot on the right uses color to highlight instances for which
the expert gives correct (green) and incorrect (red) result. The idea is that there
is a region where the classes are separated relatively well (low values of s),
and a region, where they are hard to separate (higher values of x4, at the same
time, expert’s competence is highest for the high values of x5 and lowest for the
low values. As a result, it can be expected, that for the low values of x5 the
classification would be done by the model, and for the high values — delegated
to the expert. The o parameter of the normal distribution controls the overlap
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Fig. 1. A sample from the synthetic dataset.

between classes and limits the classification model accuracy (even for the low
values of z3). In the experiments, presented in this paper, the value of o is set
to 0.25 (the same value is used in the sample shown in Fig. 1).

Real-life dataset is CIFAR-10H [15], a subset of CIFAR-10 [§], containing
10,000 images, for which human labels were collected using crowdsourcing. There
are several human labels for each image in this dataset, and to produce m; one
of them was picked randomly.

4.2 Models

For the synthetic dataset we used a multi-layer perceptron (MLP) architecture
with two hidden layers (each with 40 neurons) and ReLU activation. The the
number of such models, output layer configuration and loss function were differ-
ent for the examined learning to defer approaches:

— for Threshold it was one MLP model with two output neurons (corresponding
to classes) trained using cross entropy using only ground truth labels;

— for NatLoss it were two MLP models (one for h and one for r), each with one
output neuron, trained simultaneously using L,,q;

— for SP it was one MLP model with three output neurons (two of them corre-
spond to classes and one for the deferral to the expert) trained using softmax
parametrization loss from [14].

In all cases, the optimizer was Adam, and training was done in batch mode
until convergence (training set loss change less than 107°).

For the CIFAR-10H we trained a ResNet-18 model on the CIFAR-10 dataset
(excluding the images that are also part of the CIFAR-10H) to obtain classi-
fication accuracy of about 86%. Then we transformed CIFAR-10H images into
their compressed representations of width 512, taking the output of the layer
just before the classification head. All the models for human-AI learning (clas-
sification and deferral policies) are MLPs with two hidden layers of 80 and 40
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neurons and ReLLU activation function. Output layer configuration and loss func-
tions were the same as described above (but with 10 classes).

4.3 Results

The main question that has to be answered during evaluation is if the heuristic
technique described in Sec. 3 allows one to impose coverage constraint during
inference time. The behaviour of one particular model w.r.t this requirement
can be visualized using required coverage vs. test coverage plots (or, CC-plots).
On the x-axis is required coverage (set during model training), on the y-axis is
the test coverage evaluated using the test set. Note, that according to formal
definition of the problem (Sec. 3), test coverage must be greater or equal to the
required coverage, therefore, the graph should be above the diagonal line.

Fig. 2 shows example CC-plots for the synthetic dataset (left) and for CIFAR-
10H dataset (right). It can be seen, that test coverage actually follows the
required coverage in certain required coverage range, but for low required cov-
erage, test coverage turns out to be significantly greater than required. This
happens because algorithm in Sec. 3 looks for the parameter value maximiz-
ing accuracy and respecting coverage constraint. However, for certain coverage,
maximum accuracy is obtained, therefore, for all required coverage values lower
than this one, the same test coverage is returned (corresponding to the overall
best accuracy of the human-AT system).

1.0 o 1.0
—— Threshold —— Threshold
— NatLoss —— NatLoss

094 — SP 094 — SP

o
[
L

Test coverage
o
]
L

Test coverage

0.6 1

r : . : 0.5 4 : : T
0.5 0.6 0.7 0.8 0.9 1.0 0.5 0.6 0.7 0.8 0.9 1.0
Required coverage Required coverage

0.5 1

Fig. 2. Required coverage vs. test coverage for the synthetic dataset (left) and CIFAR-
10H (right).

CC-plots can give insights to the behavior of the algorithm using certain
trained model and certain human labels. However, it lacks generalization. For this
purpose, we also build CC violation plots, showing the distribution of maximum
violation of the coverage requirement for model. Fig. 3 shows an example of such
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plot, built for 100 generated synthetic datasets (and respective models). We can
see, that coverage constraint can be violated, but in vast majority of cases this
violation is less than 1% and in all the cases it is less than 5%.

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Coverage violation

Fig. 3. Distribution of maximal coverage violation.

Finally, Fig. 4 shows examples of coverage-accuracy graphs induced by the
proposed algorithm. In the scope of this paper, we do not consider the problem
of selecting the best training algorithm (Threshold, NatLoss, SP or something
else), rather, we aim to show that the simple technique described in Sec. 3 allows
for adding coverage constraint to any of them. Coverage-accuracy graphs in this
context are secondary, but their examination explains the patterns found on
CC-plots (coverage with overall high accuracy).

0.9 0.96 A

0.8 1 0.94 4
> >
o 13
© 0.7 - C 0.92
-] 3
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0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Coverage Coverage

Fig. 4. Coverage vs. accuracy plots for the synthetic dataset (left) and CIFAR-10H
(right).

An interesting observation is that coverage-accuracy graphs in the considered
examples are unimodal curves. The ultimate goal of the algorithm 1 is to find
maximum accuracy in certain coverage region, therefore, the unimodality of the
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coverage-accuracy gives an opportunity to significantly improve time complexity
of this algorithm by employing zero-order unidirectional optimization algorithms
(e.g., golden section search). However, this effect requires further research and
proper theoretical grounding.

5 Conclusion

The paper proposes and analyzes empirically a simple heuristic technique to help
imposing coverage constraints on existing learning to defer models. It has been
evaluated in conjunction with three popular deferral techniques — confidence-
based, natural deferral loss-based and the one based on a surrogate loss function.
Computational experiments using two datasets — a synthetic one and CIFAR-
10H dataset collected using crowdsourcing — has shown that the imposed cov-
erage constraint is respected during inference time, violations are possible, but
they are not very numerous and not severe.

Future work is mostly connected to improving the complexity of the algo-
rithm (accuracy-coverage curves give one possible idea for that), and to estimat-
ing theoretical guarantees of the constraint violation probability.
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Abstract. Complex network theory has been widely demonstrated as a
powerful tool in modeling and characterizing various complex systems.
In the past, complex network theory has focused on the behaviors as well
as the characteristics of the network nodes and edges. However, with the
continuous evolution of society, traditional graph theory faces challenges
due to the emergence of extermely large network structures. Recently,
complex network method based statistics has attracted much attention.
The new approach effectively manages very large networks and uncovers
their intrinsic properties. In this paper, we present a complex network
analysis model for undirected, unweighted networks based on a statistical
analysis approach. This model is inspired by the ensemble model in ther-
mostatistical physics. Based on the established mathematical model, we
derive physical measures that reflect the intrinsic properties of the net-
work, including Entropy, Free Energy, Temperature, and so on. In the
experimental part, we first explored the mathematical characterization
of these metrics. Then, we observed the performance of various network
categories under the same metric. Finally, we applied these measures to
the field of graph classification. Extensive experiments demonstrate the
effectiveness and superiority of the proposed method.

Keywords: statistical mechanics - complex network - entropy -
ensemble

1 Introduction

The complex network theory provides a useful thinking method for analyzing
complexity science and complex system [1]. They possess the capacity to depict,
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elucidate, and model intricate real-world systems from both theoretical and prac-
tical perspectives [2]. For instance, a cell can be conceptualized as a complex net-
work of chemicals linked by chemical reactions, the Internet is a complex network
of routers and computers interconnected through diverse physical or wireless
links [3] and a community as a complex network of interpersonal relationships
woven by individuals who coexist. Indeed, myriad scientific, technological, social,
economic, and biological systems can be elegantly and efficiently represented as
networks: individual elements assume the role of nodes, and connections between
these elements manifest as edges within the network, the edge weights can signify
the strength of these connections, and unidirectional associations find expression
in directed networks [4].

Utilizing classical graph-theoretic approaches, researchers have discovered
numerous properties of complex systems, the best known of which are graph
models, such as the small-world network models and the scale-free network mod-
els. The salient characteristic of scale-free networks is their adherence to a power
law distribution in the degree distribution. This shows that most nodes exhibit
minimal connections, while a scant few nodes facilitate the majority of inter-
connections [5]. The key property of small-world networks lies in the gradual
expansion of the shortest path between two vertices with the scale of networks,
often exhibiting logarithmic growth [6] [7]. This equates to a relatively short aver-
age distance between nodes in the network [8]. Exemplifying this concept, social
networks stand as a quintessential instance of a small-world network. Real-world
networks frequently showcase a community structure as well, characterized by
subsets of vertices densely interconnected within, yet sparsely linked between [8§]
[9].

Despite relying on conventional methods, numerous complex network models
have been constructed to describe complex systems. The complexity of tradi-
tional analysis methods inevitably increases with the network size, necessitating
the development of more efficient analytical tools. Statistically based methods
for analyzing complex networks were first proposed by Newman [10]. He applied
the ensemble models from thermostatistical physics to predict network proper-
ties and derive partition functions for random graphs and generalized random
graphs. This set the stage for the subsequent development of statistically-based
complex network models. Grounded in robust mathematical theory, statistical
mechanics boasts significant utility in the examination of physical systems like
fluids and solids. Its applicability to network research is equally justifiable [10].
Complex networks are usually evolving dynamically and typically encompass a
substantial number of nodes and interconnected edges. The analogy with ther-
modynamic systems provides a rational basis for employing statistical mechanics
methods in network science [11].

There are already numerous statistical models that yield physical measures
characterizing the network. Richard C. et al. [12] applied the Maxwell-Boltzmann
partition function to calculate network Entropy and model the Energy of the
network in terms of thermodynamic equilibrium. For random graphs, small-
world networks, and scale-free networks, they propose three physical measures
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to characterize the intrinsic properties of networks: average network Energy, Free
Energy, and network Temperature. However, the calculation of thermodynamic
Entropy requires the network system to be in thermodynamic equilibrium. Hao-
ran Zhu et al. [13] proposed the concepts of inverse Temperature and total Energy
for the network, focusing on the variation of network Entropy with respect to
network degree. Xin Zhao et al. [14] focused on the total Energy of edges in the
network, which is primarily used to extract the network’s backbone structure.

In this paper, we propose a feature extraction model for undirected
unweighted networks, also based on the ensemble model in statistical physics. We
maximizing the Entropy with the assumption that the number of nodes and edges
in the network is fixed, and then we obtain the degree distribution of the nodes
according to Maxwell-Boltzmann partition function. By analogy with physical
measures in statical mechanics, six metrics characterizing the intrinsic patterns of
the network are obtained: Temperature, Entropy, Free Energy, Capacity, Gibbs
Free Energy, and Gibbs Chemical Potential. For example, the network Temper-
ature indicates the average node degree, the Free Energy reflects the network’s
ability to establish new connections, and the Gibbs Chemical Potential can be
used to control the number of network nodes at a given Temperature.

In experiments, we calculated the metrics for each network in the dataset
and analyzed their distributions. By fitting these distributions, we found that
the metrics follow similar distribution patterns in pairs. For example, both net-
work Entropy and Gibbs Free Energy conform to a normal distribution. We then
explored the differences between various network categories under the same met-
ric. For example, social networks exhibit smaller network Entropy compared to
biological networks. Furthermore, to verify whether these network metrics can
represent the unique characteristics of a network, we visualized the network clus-
tering results using these six metrics as embedding. The results showed that these
network metrics effectively differentiate between network categories. Finally, we
used the network metrics for the graph classification task and compared the
results with those obtained from a GCN [14] model on a graph dataset with no
node or edge features. We found that using the network metrics as embeddings
for the classifier yielded performance that was comparable to or better than that
of the two-layer GCN model. This demonstrates that these network metrics can
efficiently extract the intrinsic features of the network.

2 Related Work

Our paper mentioned graph model and ensemble model. In what follows, we
provide a brief overview on related work in both models.

Classical Graph Model A regular graph is the simplest network structure,
which has each node connected to all other nodes, which makes the degree of
each node the same. Such a graph is also called a complete graph.

Random graphs have fixed values for certain attributes, while the structure
of such networks is random in other respects. The simplest case involves a fixed
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number of nodes and edges, but the positions of the edges connecting these nodes
are randomized. The most famous random graph is the ER graph [15]. ER graph
is constructed by randomly selecting E pairs of vertices from N vertices, each
pair of vertices being selected with equal probability. Random graphs can be
used to study the properties of the probability space associated with a graph
with N nodes as IV tends to infinity.

The property of small-world networks is that the shortest path between two
vertices gradually expands as the network size increases, usually showing loga-
rithmic growth. The two most common small-world network construction models
are the WS model [16] and the NW model [17]. Small-world network models are
widely used in social network analysis.

One other characteristic of real-world networks that have not been observed
in previously mentioned model are growth. Scale-free networks are open to
growth, as the most real networks. As the time passes, the number of nodes
will be greater which is the same for World Wide Web that grows exponentially
by addition of new web pages [18]. As a result, the node degrees of scale-free
networks often follow a power law distribution.

Ensemble Model The concept of ensembles in statistical physics, which entails
an assemblage of numerous potential states of a system under specific conditions
[19]. In this paper, we deal with the canonical ensemble. The canonical ensemble
represents the set of all possible states of a system in thermal equilibrium when
in contact with a thermostatic thermal reservoir. The possible microstates of the
system can have different energies because the system can exchange energy with
the heat reservoir. In analogy with canonical ensemble, each node and edge in
a complex network has different properties and the entire network is in contact
with the real world at all times thus reaching thermal equilibrium.

3 Description Of Networks

Let G(V, €) be an unweighted and undirected network with a set of nodes V' and
a set of edges £ C |V| x |V|. N = |V|] and L = || represents the total number
of nodes on graph G(V, ). The adjacency matrix A is defined as

_ [ 1lif(u,v) e L
Aw = {0 otherwise (1)

where (u,v) is a pair of nodes forming an edge in the network.
The corresponding degree matrix D is diagonal, where the elements are the
degrees of the nodes,

veV

where the degree of node u is k.
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The average deegree k, also known as the edge density, is

_ 1 2L
k:NZD(u,u):F (3)

For a network, the straightforward statistical property is the degree distribu-
tion, where nj refers to the number of nodes which have certain value of degree
k in the network. Thus,

an =N (4)
k=0

The preliminary Entropy relates to the number of ways for choosing nj; nodes
among the total number of nodes N in the network. This is given by the combi-
natorial formula in terms of the factorials

N!
o H|V| ne!
k=0 ""k*

Then, the Entropy is the lograithm of the expression 2 in (5) can be simplified
by using Stirlings approximation logn! = nlog(n) — n and as a result

Q ®)

V]
S =logQd = —NZ PylogPy, (6)
k=0

where Py is the nodal degree distribution of nodes as

n
P, = Nk (7)

Thus, the Entropy in a network is related to the degree distribution.

4 Methond

4.1 Canonical Ensemble

The definition of canonical ensemble in our study refers to a very large group
of networks with the identical number of nodes N and edges L. This means the
network group follows an ergodic process, which contains all kinds of statistical
structural propertites with the same number of nodes and edges. Our work is to
study one of the graphs in this ensemble, particularly focus on one general case
of a network with nodes NV and edges L.

In a network, each node has the number of edges to connect that is a degree
k;, where k; € 0,1,2,..., N. The number of nodes with the certain degree k
in the network is ny, where n; € 0,1,2,..., N. Then, we want to maxmise the
Entropy in (6) with respect to the probability Py, subject to two constraints
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where the overall number of nodes and edges in a network is equal to N and L,
respectively.

V]
max log{) = —ZPklong
k=0
A4
s.t. ZP]C =1
k=0
U Y
kP, = k=— 8
;0 . ¥ (8)

A straightforward method is to apply Largrange multipliers to find the opti-
mum solution. This introduces two parameters o and (3 as

[V V] V]

F==Y PlogPi+a 1= P |+8|k=> kP (9)

k=0 k=0 k=0

When the partial differential of (9) with the respect of Py is equal to zero, as

oF
— = —logP, —1—a— = 1
I log Py a—pPk=0 ( 0)

We derive the degree probability by maximising the Entropy as

1
P, = e (He)e=0k — Ee*ﬁk (11)

where Z is the named as partition function following the first constraint that
the overall probability is unit.

V] 1 _ BN

Z:elJro‘zz:e_Bkzi1 3
— e_
k=0

(12)

When the number of nodes in a network is large, the corresponding partition
function in (12) can be approximated as

N

1

Z= lim Y e = —— (13)
k=0

N —o0

The second constraint of network edge proposes the relation of partition function
and the average degree.
2L 102  OlogZ 1

NENTTZosT o Fo1

(14)
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According to (13), we derive the expression of parameter [ as

B =log (1 + ]1g> = log (1 + 21\2) (15)

The parameter § is named as inverse Temperature, and the corresponding Tem-
perature T' is given as

T:;:[Zog<l+2j\£)]lotk (16)

So the Temperature T is proportional to the average degree(edge density) in the
network.
When combining (11), (13) and (15), we can derive the probability of a
node with a certain degree as the function of degree distribution
e Pk

P(k) = = = (1= e (17)

which exponentially decays as the value of connected edges increasing. According
to (15) and (17), we can also get the expression of degree probability in terms
of the edge density as

1 E\"
Pkk=|—])—) =601-06)* 18
m- () () oo
where 6 = ﬁ
This shows that the degree distribution is also a geometric distribution
related to the average degree.

4.2 Limit Case of Canonical Ensemble

As the number of nodes N tends to infinity, with the partition function of (12)
in hand, the preliminary entropy in the canonical ensemble case in (7) can be
written as

14 VI o8k
S= = PlogP,=-Y_ =Pk — logZ)
k=0 k=0
= Bk -F) (19)

where F' is named as the Helmholtz Free Energy in statistical mechanics as
1
F = —BlogZ = —TlogZ (20)

It reflects the ability of the network to make new connections.
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To simplify, the parameter p in the grand canonical ensemble can be com-
puted from Helmholtz free energy as

oF 1
10 = (5y), = T 21

Therefore, the parameter p is named as Chemical Potential that is used to control
the number of nodes in the network corresponding to the Temperature.

From (16), we can also derive the Capacity C which reflects how the average
degree in a single node changes with the Temperature as

7. 1T
o (614) - et (22)
oT T2(el/T —1)2
This show the ability of a node to attract new connections is not always increas-
ing with the degree. It can reach to a platform while the connection is saturation
in a network.
So far, we only consider a single node in a network with the statistical
mechanics framework. For a network with N indistinguishable nodes, the parti-
tion function in (12) can be written as Gibbs partition function

ZN
TN

Then, the Helmholtz Free Energy can be calculated when combine with the
partition function in (13)

z (23)

F = —-Tlog(Z) = —TNlogZ + Tlog(N!) (24)

The corresponding Chemical Potential in (21) is

o= (22), i (2) =1 () o

We can observe the critical point happens when p = 0. This is consistent to be
trival solution that number of edges in a network reach to a half of potential
connections in nodes. -

k=N-1, when u=0 (26)
that is 1

L= iN(N -1) (27)

Therefore, the parameter p can be used to reflect the edge density changes in
the network connection.

5 Experiments

5.1 Datasets

We use five well-known datasets consisting of two complex network reposi-
tory (KONECT [20] and REPOSITORY |[21]) and three graph classification
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Table 1. Statistics of the experimental benchmark datasets. #G denotes the numbers
of graphs. #Ctg denotes the numbers of categories #Cls denotes the number of class
labels. Avg#N denotes the average number of nodes per graph. Avg#E denotes the
average number of neighbors per node. d is the dimension of feature vectors.

Dataset #G  #Ctg#Cls Avg#N Avg#Ed
KONECT 1,32624 - - - -
REPOSITORY 5,66133 - - - -

COLLAB 5,0001 3 745 659 -
IMDB-B 1,0001 2 19.8 9.8 -
DD 1,1781 2 284.3 5.0 82

datasets(COLLAB, IMDB-B, and DD). The COOLAB, IMDB-B datasets do
not have available node features; thus we use node degrees as features. Dataset
statistics are summarized in Table. 1.

KONECT: The Koblenz Network Collection, one of the most important
dataset in the field of network science, contains over 1,000 network datasets.
KONECT contains networks of all sizes, from samll calssical datasets from the
social science, such as Kenneth Tead’s Highland Tribes network with 16 vertices
and 58 edges, to the Twitter social network with 52 million nodes and 1.9 billion
edges.

REPOSITORY: The largest network repository with thousands of dona-
tions in 30+ domains from biological to social network data.

Social networks datasets: COLLAB is a scientific dataset, where each
graph represents a collaboration network of a corresponding researcher with
other researchers from each of 3 physical physics fields; each graph is labeled to
a physics field that the researcher belongs to. IMDB-B is movie collaboration
datasets, where each graph is derived from actor/actress and genre information
of different movies on IMDB.

Bioinformatics datasets: DD is a collection of 1,178 protein network struc-
tures with 82 discrete node labels, where each graph is classified into enzyme or
non-enzyme class.

5.2 Experimental Results

Experiment 1 In this experiment, we explored the mathematical distributional
properties of the proposed six metrics, Entropy, Temperature, Capacity, Free
Energy, Gibbs Chemical Potential, and Gibbs Free Energy. First, we computed
six metrics on KONECT and REPOSITORY, and we constructed statistical his-
tograms of these results. Fig. 1 portrays the metrics distribution of the database
KONECT. Note that we take logarithms with base ten for Gibbs Free Energy.
Obviously, Entropy and Gibbs Free Energy seem to obey a similar mathematical
distribution, and the same phenomenon occurs between Temperature and Gibbs
Chemical Potential, Capacity, and Free Energy. Fig. 2 shows the results calcu-
lated on the REPOSITORY and the distribution pattern between the measures
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Fig. 1. Histogram of the distribution of the six metrics on the KONECT dataset.
We can see that each column of metrics follows the same distribution. Note: we take
logarithms with base ten for Gibbs Free Energy.
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Fig. 2. Histogram of the distribution of the six metrics on the REPOSITORY dataset.
Similarly, in this dataset, we can observe the same conclusion as mentioned in Fig. 1

is the same as that shown in Fig. 1. And the distribution of the same measure
is also the same between the two datasets.

Then, we fit distributions to these metrics using KONECT as an illustra-
tion. The Results indicate that Entropy and Gibbs Free Energy follow a normal
distribution, Temperature, and Gibbs Chemical Potential obeys the Gamma dis-
tribution, and Capacity and Free Energy follow the stable distribution. Fig. 3
exhibits the results of the probability density fitting curve and the cumulative
probability distribution comparison.

Experiment 2 Real-world networks can be loosely classified into four cate-
gories: social networks, information networks, technological networks, and biolog-
ical networks. Notably, social and biological networks have garnered significant
research attention [22]. In this experiment, we use Entropy and Gibbs Chemical
Potential as measures to explore the differences between social networks and bio-
logical networks. In Fig. 4a, it becomes evident that biological networks exhibit
lower Entropy in comparison to social networks. We believe that the reason for
this difference is that the structure of biological networks is relatively regular.
Such structure is determined by the genetic and metabolic patterns which all
creatures have similarly. In contrast, social networks tend to evolve more ran-
domly, rendering them inherently less organized.

The Gibbs Chemical Potential shows the tendency of the Free Energy of the
network to change with the number of nodes when given a specific Tempera-
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Fig. 3. Probability density function fitting and cumulative metric distribution for six
metrics on KONECT. In Fig. 3b, the value of the fitted cumulative probability dis-
tribution is small compared to the actual cumulative probability distribution when
Free Energy is less than —60. But the number of networks is few in this interval, we
considered the fitting results to be valid. The same is true for capacity.

ture. Fig. 4b displays that the Gibbs Chemical Potentials of biological networks
generally exceed social networks. This discrepancy could be attributed to the
small-world property that is common in social networks. The new nodes added
into the community have little impact on the integral network structure. As a
result, in social networks, the variation of Free Energy caused by the change in
the number of nodes is not obvious.

Experiment 3 In this experiment, we explored the feasibility of the proposed
metrics as network embeddings. We performed dimensionality reduction on the
network features using the TSNE method on the REPOSITORY. For ease of
presentation, we have listed only the top 18 categories with the highest number
of datasets. In Fig. 5, It can be seen that the result of using the six metrics as
network features to cluster is basically the same as the original network cate-
gories.
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Fig. 4. Comparison of biological and social networks under Entropy and Gibbs Chemi-
cal Potentials on DD and IMDB-B, respectively. The results show that social networks
have greater Entropy, while biological Networks have greater Gibbs Chemical Potential.

Table 2. Graph classification results(% accuracy). The best scores are in bold

Model COLLABIMDB-BDD
GCN-2 66.6% 62.03% 41.52%
Our* 67.69% 67.98% T77.39%
DGCNN [23] 68.34% - 77.21%
GAP-Layer(Ncut) [24]65.80%  68.80% -
1-NMFPool [25] 65.0% - 76.00%
CT-Layer [24] 69.87% 69.84% -

* using proposed metrics as embeddings feeds to
single-layer classifier.

Experiment 4 Inspired by the results of Fig. 5, in this experiment, we verified
the feasibility of the proposed metric for supervised graph classification tasks.
We used the proposed metrics as the graph embeddings feeding to single-layer
classifier. As a contrast, we selected some graph convolution models to generate
graph embeddings and then applied them to classifier of the single-layer struc-
ture. For two datasets, COLLAB and IMDB-B, there are no node features, so
we use one-hot vectors of node degree as node features. The DD dataset uses
one-hot vectors of node labels as node features. Table .2 presents the experi-
mental results for the benchmark datasets. It can be seen that although our
classification accuracy is not the highest in COLLAB and IMDB-B, it is suffi-
cient to demonstrate our proposed metrics can be used as graph embeddings for
downstream tasks.
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Fig. 5. A T-SNE visualization using proposed metrics as graph embeddings on REPOS-
ITORY.

6 Conclusion

This paper introduces a model based on statistical mechanics, applied for
unweighted and undirected networks, which yields six parameters characterizing
the features of the network. Inspired by statistical mechanics canonical ensem-
ble concepts, we employ the maximum Entropy method to study networks with
fixed count of nodes and edges. Through the Lagrange multiplier technique, we
proved that the network’s degree distribution adheres to a geometric distribu-
tion under maximal Entropy conditions. In line with thermodynamic principles,
we introduce the notion of network Temperature and deduce the distribution
function for the canonical ensemble.

In the experimental part, we designed four experiments. In the first experi-
ment, we focused on the mathematical distribution of the proposed metrics and
determined the statistical distribution followed by the metric through distribu-
tion fitting. In the second experiment, we explored the difference between social
and biological networks in terms of Entropy and Gibbs Chemical Potential, and
found that the Entropy of social networks is small, while the biological Entropy
is on the large side. In the third experiment, we clustered the network data by
TSNE, and the experimental results are similar to the original network cate-
gories, proving that the proposed metrics can be used as network embedding. In
the fourth experiment, we take six metrics as graph embedding and use them
for the graph classification task, and compared with the two-layer GCN model,
directly using the proposed metrics for the classifier works better than the two-
layer GCN model in the dataset without node features.

Although our proposed metrics can extract network macroscopic features,
it is unable to take into account network microtopology and graph-level fea-
tures when compared to the graph convolutional models. In future work, we will
explore the combination of the proposed metrics and graph convolutional models
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to improve the graph classification performance in graph datasets without node
features.
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Abstract. This study uses machine learning techniques to classify the
surface roughness using the laser speckle images of the machined samples,
an intriguing yet relatively less explored field of research in the realm of
speckle metrology. The laser speckle imaging technique is sensitive to
surface roughness paving the way for the classification of the machined
specimen based on surface roughness using the distinct speckle pattern.
The paper presents the analysis of the performance of the state-of-the-
art machine learning techniques on the preliminary dataset of the speckle
pattern of the machined sample. The gray level co-occurrence matrix is
used for feature extraction. The model performance with various combi-
nations of features is studied to distinguish the most descriptive feature
for generalization. The assessment of the classifiers’ performance aids in
the generalization of the classification and prediction of the roughness
classes in the range R, = 0.1 um — 1.6 um using the speckle images.

Keywords: Surface Roughness - Laser Speckle Imaging Technique -
Classification - Gray Level Co-Occurance Metrix - k-Nearest
Neighbour - Support Vector Machine - Decision Tree - Random Forest

1 Introduction

Surface Roughness, R, is an important texture property that specifies the
microstructural variation of the material surface. For industrial applications, it is
pertinent to understand the micro-details of a surface to match the desired sur-
face texture characteristics. The laser speckle imaging technique (LSI) [16,17] is
a non-destructive optical imaging modality for gathering multiparameter object
information. Speckle Metrology, based on LSI techniques, is a new paradigm for
numerous industrial applications including measurement of object movement,
vibration modes, and surface roughness [14,25]. The speckles represent the inten-
sity distribution developed from the mutual interference of the wavefront scat-
tering from the object when illuminated by a coherent light source. Since the
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wavefront scattering takes place from the different depths of the object’s sur-
face, the statistical analysis of speckle patterns displays subtle variations related
to the surface roughness. Therefore, the speckle imaging technique is relatively
suitable for the classification and prediction of surface roughness measurement
compared to the other non-destructive techniques.

The statistical methods for speckle image processing were proposed includ-
ing Speckle Contrast(SC) [2,13] which is frequently used for a small range of
R, measurements. Besides SC, bright to dark (B/D) pixel ratio [9,20], speckle
correlation [18], fractal dimensions [7], Hurst exponent [1| were proposed for
R, measurement. With the digital transition, the role of machine learning tech-
niques for speckle image processing to convert the observations into the desired
attributes is pivotal to accelerate the performance and alleviate the pitfall of the
traditional image-processing algorithms.

The classification and prediction of surface roughness of the machined sam-
ples based on machine vision technique are reported in [4,5,15,22,24]. Never-
theless, machine vision is a non-destructive and undisturbing method of data
acquisition, it is very sensitive to the lighting conditions. In dim or dark con-
ditions, the quality of the image can degrade affecting the true results. In such
cases, artificial lighting is an additional requisite. Moreover, for unstructured
scenes, specimen identification may be difficult with the machine vision tech-
nique. In comparison, the laser speckle images can encode the microstructural
details of the surface from the scattering of the light, making speckle patterns
distinct for each surface that visually might appear alike. Therefore, the pre-
diction and classification of surface roughness of the optically smooth surfaces
is feasible with LSI. In addition, the laser speckle imaging technique is suitable
for 2-dimensional and 3-dimensional surfaces where machine vision techniques
might face several limitations.

In this paper, k-Nearest Neighbour, Support Vector Machine, Decision
Tree, and Random Forests techniques have been used to illustrate the surface
roughness-based classification of the machined samples using the speckle images.
The samples are prepared using the grinding operation. The classification for the
five classes of grinding samples is performed for R, = 0.1um—1.6um with a brief
discussion on the classification accuracy and the important features. Section 1
presents the introduction, methodology is described in Section 2; Section 3 cov-
ers the experiment details followed by results and discussion in Section 4; Section
5 discusses the potential scope for improvement, and Section 6 reports the con-
clusion and future work.

2 Methodology

2.1 Feature Extraction

The speckle is a 2-dimensional random intensity pattern, therefore they are often
investigated by statistical methods. Gray-level co-occurrence matrix (GLCM) is
a second-order statistical method for texture analysis [11]. The statistic of pixel
intensity distributions in the direction 6 and distance d between the pixels is
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obtained using GLCM. The pixel pair in GLCM with certain mutual spatial
relationships provides more efficient representative information than a single
pixel, thereby bringing GLCM to the front for the feature extraction of the
images. GLCM calculates how often a pixel value i occurs either horizontally
(0°), vertically (90°), or diagonally (45° and 135°) to the adjacent pixels of
value j. Haralick et. al [11] defined fourteen features that provide spatial context
information for texture classification. Conners and Harlow [6] reported energy,
entropy, local homogeneity, and inertia as the few significant GLCM features,
that are commonly used. The following procedure is followed for the feature
extraction using GLCM:

— Decide the offset distance integer (d) and direction (6).

— The formation of GLCM matrix for an image I of size M x N; where each
pixel-pair is separated by d and 6, the probability of having the pixel intensity
i next to pixel intensity j is addressed. The GLCM is a square matrix of size
N where N is the total number of grey levels in the image. Each matrix
element is represented by P(i,j|d,8).

After GLCM formulation, one can compute the statistical features given below:

— Energy
It is also known as the angular second moment (ASM). It is a measure of
image uniformity.

N N
ASM =" [Pa(i, ). (1)
i=1 j=1
— Contrast
Contrast is the difference between the highest and the lowest values of a
continuous set of pixels. It is useful to measure the grey-level local intensity
variations in the image.

N N
Con =" (i,4)*Pali, 5)- (2)
i=1 j=1
— Homogeneity
It is measured to show the closeness of GLCM matrix elements to the GLCM
diagonal.

N N
1
Hom = ——Py(4, 7). 3
DB e ia @
i=1 j=1
— Correlation
The joint probability occurrence of the specified pixel pairs is measured using
the correlation parameter.

Corr = Z Z P(i,j)—(i — M;igy_ uy). (4)
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where p, and p, are the means and o, and o, are the standard deviation of
rows and columuns, respectively.

— Entropy
It is a measure to describe the disorder or the complexity of the image.

N N
Ent:_Zzpd(ivj)logQPd(i’j)' (5)

i=1 j=1

— Disssimilarity
Dissimilarity represents the linear local variation in the image intensity.

N N
Diss = > " |i = j|Pa(i, 5)- (6)

i=1 =1

where p is a mean of Py(i, 7).

2.2 Feature Selection

The appropriate selection of features is important for effective classification. For
the classification of surface roughness based on the respective speckle images of
the samples, the following aspects are considered for the feature selection:

— To reduce the dimensionality of feature space and avoid overfitting.
— To improve the accuracy of a classification algorithm.

According to the principle of laser speckle imaging, when the light is scattered
from a random surface with higher roughness, the intensity of the speckle grain
reduces, thus the resultant speckle pattern contains more dark speckles as com-
pared to the smooth surface. Eventually, the number of similar neighbor pixels
tends to increase which increases the homogeneity of the sample. Therefore, the
correlation between the neighboring pixels increases. Moreover, the contrast of
the speckle pattern decreases with an increase in surface roughness. Numerous
studies have demonstrated the relation between the average surface roughness
and the contrast of the speckle images based on the regression analysis. The cor-
relation increases with an increase in the surface roughness. In addition to the
aforementioned features, energy or angular second moment is weekly sensitive
to the smooth surface, which varies between 0 — 1. Moreover, according to the
general principle, the feature must be discriminative, reliable, and independent.
Based on these considerations, the analysis is confined to the Haralick features
viz., contrast, correlation, homogeneity, dissimilarity, entropy, and energy in the
present study.

2.3 Classification Methods

k-Nearest Neighbour: k-Nearest Neighbor (kNN) is a supervised machine
learning technique for classification due to its simple implementation and dis-
tinguished performance [23]. In the case of classification, kNN aims to find the
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value of k on the observations in the training data which is closest to the obser-
vations in the testing datasets [26]. Being a user-defined constant, the effective
classification of data explicitly depends on the appropriate selection of k-values.
The Euclidean distance metric is most widely used in kNN defined below:

d(z,y) = (Z(Jﬂz - yi)2>- (7)

=1

The other metrics include the Manhattan distance, the Chebyshev distance,
the Cosine distance, the Jaccord distance, and the Hamming distance. The
Minoskowi distance is known as a generalized form used for the Chebyshev, the
Manhatten, and the Euclidean distances calculation depending on the selection
of p.

Support Vector Machine: Support vector Machine (SVM) was formally intro-
duced by V. Vapnik in 1965. SVM is widely applied in pattern recognition, text
and image classification, biological sequence analysis, natural language process-
ing, etc [8]. The model uses a linear classifier with an optimal margin in the
feature space. The learning strategy is to maximize the margin to formulate a
convex quadratic programming problem. The input vector X is mapped into a
high-dimensional decision feature space S non-linearly by choosing a priori. The
decision surface is known as hyperplane H, defined as the maximum margin of
separation between two classes [12].

H={x|w'x+b=0}, (8)

where w is a weight vector normal to the plane and b is a bias. The SVM can
also be used on a dataset that might have required a non-linear decision plane.
This is achieved using various kernel functions which can map the non-linearly
separable input space into a linearly separable space. The kernel functions are
described below:

— Linear Kernel: It assumes the linear relationship between the data points
and is suitable for the dataset following a linear trend.

K(CL‘, T;) = [(xT'xi)]’ (9)

— Polynomial Kernel: Polynomial kernel is used for learning the non-linearity
in the data points. It is expressed as follows:

K(x,z;) = [27.2; + %, (10)

z and x; are the vectors of size n in the input space. ¢ is the constant used to
tread off between the higher-order and lower-order terms in the polynomials.
The degree of polynomial is represented by d.

— Sigmoid Kernel: The Sigmoid kernel provides the basis for similarity mea-
sure based on the hyperbolic tangent function.
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K(x,x;) = tanh(a(z.z;) + S, (11)
The hyperparameters o and 3 control the shape of the kernel.

— Gaussian Radial Basis Function Kernel: This function uses the
Euclidean distance relationship between the data points. The parameter g
represents the width of the Gaussian function which aids the adoption of the
high dimensional datasets of varying scale.

) = exp (Jz=ail
K(z,z;) = exp e . (12)

Decision Tree: The Decision Tree(DT) is a non-parametric supervised learning
method that simplifies the relationships between feature input and the target
variables by partitioning the original features into potential subgroups. It is often
used to deal with large and complex datasets for classification, prediction, and
data manipulation tasks. The decision tree methods can be used to select the
most relevant features that should be used to form decision tree models. The
model performance is sensitive to the splitting, stopping, and pruning[21].

Random Forest: Random Forest (RF) technique treats the overfitting problem
of decision tree algorithm on training dataset through ensemble learning by
constructing the multiple decision tree during the training phase. The subset of
the feature is selected in a random split while the decision tree considers all the
possible feature splits.

3 Experiment

3.1 Description of LSI Setup

The schematic of the experimental assembly is shown in Fig. 1. The sample
was illuminated using a laser source at an illumination angle, §; = 45° form-
ing a speckle pattern due to wavefront interference at the image plane. The
interferences of the wavefront captured by the CMOS sensor are recorded using
the image acquisition software as a speckle pattern. The distance between a
laser source and an object to the image sensor was kept unchanged during the
experiment. A He-Ne laser source of wavelength A\ = 632.5 nm,15mW and
a CMOS camera with a maximum resolution of 2048 x 1536 and pixel size
3.45 um x 3.45 pum were used for the illumination and recording of a speckle
pattern, respectively. Fig. 2 shows the recorded speckle images for each class of
R,.
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Digital Camera

Laser

01

Machined Sample Speckle Pattern

Fig. 1. Schematic of the experimental setup for the acquisition of speckle images of
the machined samples.

(a) 0.1 um (e) 1.6.m

(b) 0.22m (c) 0.4um (d) 0.8 2m

Fig. 2. Speckle images of the grinding sample classes with surface roughness R, (a)
0.1um (b) 0.2um (c) 0.4um (d) 0.8um (e) 1.6um.

3.2 Data Collection and Data Description

The speckle images of the grinding specimen were recorded by scanning at dif-
ferent sampling positions of the specimen. The preliminary dataset consists of a
total of 200 speckle patterns of five classes of surface roughness as tabulated in
Table 1. The speckle of the respective class of roughness is distinct in terms of
the speckle intensity and speckle size. The speckle is a random intensity pattern
representing the structural irregularities of the corresponding point of illumina-
tion on the sample plane, it is noteworthy that the speckle pattern of the two
closely sampled positions of the same class of roughness are not alike. For the
classification analysis, the raw speckle image data is used for each classifier.

Table 1. The description of the sample set.

Re (#m)0.10.20.40.81.6
label 0 1 2 3 4

4 Results and Discussion

This section describes the result and analysis of experiments conducted for the
classification of surface roughness of the grinding specimen based on the speckle
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Table 2. The impact of feature selection on the accuracy. FS-Feature Subset; FS-
I: contrast, correlation, homogeneity, dissimilarity, energy, entropy; FS-1I: correlation,
homogeneity, dissimilarity, energy, entropy; FS-III- dissimilarity, energy, entropy, homo-
geneity, FS-IV: correlation and dissimilarity, FS-V: correlation, dissimilarity, entropy;
FS-VI: homogeneity, dissimilarity, energy. The cross-validation is obtained for k = 10
-fold. The accuracy is expressed in %.

FS-1 FS-11
K-value Cross -validation Test Accuracy Cross-validation Test Accuracy
3 72.50 75 99.00 100
5 75.50 78.33 98.5 98.33
7 72.99 76.66 97.00 98.33
9 75.50 80.00 96.00 96.33
11 74.5 78.33 93.99 95.00
13 75.50 75.50 93.49 95.00
15 74.49 73.33 92.5 96.66
17 73.00 71.66 95.5 95.00
19 76.49 68.33 92.99 95.00

FS-111 FS-1V
K-value Cross -validation Test Accuracy Cross -validation Test Accuracy
3 95.00 100 99.00 100
5 92.00 95.00 98.00 98.33
7 89.49 93.33 96.50 98.33
9 87.5 83.33 95.50 95.00
11 84.5 83.33 93.49 95.00
13 83.00 83.33 92.99 95.0
15 82.00 83.33 91.49 96.66
17 80.99 76.99 90.99 93.33
19 81.50 76.77 96.00 95.00

FS-V FS-VI
K-value Cross -validation Test Accuracy Cross -validation Test Accuracy
3 99.00 100 89.50 88.33
5 98.00 98.33 85 80
7 97.00 98.33 82.5 81.66
9 96.00 96.33 80.5 83.33
11 93.99 95.00 76.5 81.66
13 93.49 95.0 78.49 78.33
15 92.50 96.66 78.00 75.00
17 92.50 95.00 75.50 73.00

19 96.00 95.00 78.00 70.00
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images. The kNN algorithm is often sensitive to the selection of the k value [10].
Liu et al. suggested that a fixed k value may not be suitable for many test data
points in a given training dataset[19]. Nevertheless, kNN is a simple algorithm,
the high dimensional feature space hinders the performance of kNNJ3]|. In the
present case, the effect of variable k value for different GLCM feature subsets
(FS) which significantly affects the model’s predictions is presented. The cross-
validation for k£ = 10 is analyzed for the train-test split of 70:30 of the dataset.
The importance of each feature is determined by examining how the perfor-
mance is affected with or without having the specific feature(s). If the removal
of feature degrades the classifier performance, the feature is considered to be
important. The key contributing features are thus selected for the final feature
subset. As described in Table.2, at first, the F'S-I consisting of all six features
resulted in 80% testing, and 75.50% cross-validation (CV) accuracy which is the
highest for k = 9. In the FS-II configuration, the removal of contrast shows a
remarkable increase in testing and cross-validation accuracy. The optimal value
of k is 3 for which the CV = 99% and the test accuracy obtained is 100%. The
accuracy further reduces with an increase in k. In the FS=III the CV accuracy
is 95.50% while testing accuracy is 100% for k= 3. Due to the high difference in
the testing and CV accuracy, FS-IIT seems unpredictable for generalization. The
performance of kNN with a combination of correlation and dissimilarity (FS-V)
shows a consistent decrease in CV with a marginal difference with the testing
accuracy. To investigate further, the inclusion of entropy over FS-V has moder-
ately increased the accuracy beyond k= 7. Furthermore, homogeneity, energy,
and dissimilarity in F'S-VI showed the cross-validation accuracy higher than the
testing accuracy which might lead to overfitting with the unseen data. the kNN
suffers from the curse of dimensionality with a large number of features as appar-
ent in the case of the present dataset as well. For the generalization, dissimilarity,
correlation, and entropy are promising descriptive features as compared to the
other GLCM features for the kNN model. Fig.3 (A),(B),(C) illustrates the plot
of accuracy (CV and Test) versus k for FS-I, IV, and, V. The plot in Fig 3 (D)
represents accuracy (CV and Test) versus K for energy, entropy, and homogene-
ity which indicates the overfitting of the data. The FS-V seems promising for
model building using kNN for the classification of surface roughness.

The performance of SVM with linear and the rbf kernel is presented in the
Table. 3. The exhaustive search method is applied for the selection of optimal
hyperparameters. The linear kernel with FS-IT having correlation, dissimilarity,
energy, homogeneity, and entropy features resulted in 100% accuracy, precision,
recall, and Fl-score for C = 10 whereas, the accuracy obtained with the rbf
kernel is 98.33% for C= 10 and gamma = 1 for the similar FS. The FS-I, FS-III,
FS-IV, and FS-V under-perform indicating the incompetency for prediction on
unseen data. The statistics presented in Table. 3 infer that the performance of
FS-II with the linear kernel is reliable for the generalization as compared to the
remaining combinations.

Fig. 4 shows the plot for the testing and training accuracy as a function of the
maximum depth of the decision tree. The plot indicates the model performs well
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Fig. 3. The plot of cross-validation and test accuracy as a function of nearest neighbour,
k for kNN model with (A) FS-I (B) FS-IV,(C) FS-V, and (D) The combination FS with
energy, homogeneity, and entropy.

on the training data but is relatively poor on unseen instances which indicates the
overfitting due to the small data size. The problem of overfitting can be countered
with pruning implementation. From the plot, it is observed that the minimum
level of depth required is 4 for which the training and validation accuracy are
approximately similar. The performance of the random forest is analyzed based
on the train-test split of the dataset in the ratio of 80:20, 70:30, and 60:40 using
the cross-validation for k-fold= 5 and k-fold= 10 as tabulated in Table.4. The
10-fold CV accuracy obtained for the train-test split of 70:30 is 96.42%.

The Nested Cross-Validation(N-CV) procedure is often justified by providing
a more reliable means of model selection for a given dataset. In the N-CV, the
hyperparameter selection is performed in the inner cross-validation, whereas, the
outer cross-validation provides an unbiased estimate of the expected accuracy
of the algorithm. The statistics in Table.2 and Table.3 show the generaliza-
tion performance obtained with CV accuracy is overly optimistic for certain FS.
Therefore, N-CV is performed for those feature subsets. Table.5 presents the
N-CV score for the kNN and SVM model. The SVM(linear) model with FS-IT
provides best performance for a given dataset with hyperparameters, C= 10.
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Table 3. The comparative analysis of SVM with the kernel function: linear and rbf
for various Feature Subset (FS). All values are represented in %. FS-I: contrast, cor-
relation, dissimilarity, energy, entropy, homogeneity; FS-II: correlation, dissimilarity,
energy, entropy, homogeneity; FS-III: dissimilarity, energy, entropy, homogeneity; FS-
IV: energy, entropy, homogeneity; FS-V: entropy, homogeneity.

Linear rbf

FS Accuracy F1-score Precision Recall|Accuracy F'1-score Precision Recall
I 83.33 83.36 84.33  83.33 71.67 70.67 73.14  T1.67
II 100 100 100 100  98.33 98.32 9834  T1.67
111 76.67 76.95 7833  76.67 83.33 83.22 8444  83.33
IV 36.66 21.48 30.85 76.67 53.33 40.63 35.38  53.33
V 46.67 30.08 2240  46.6 46.67 34.71  33.03  46.67

1.0 1
0.8 1
—
e
= 0.6
—— Training Error
0.4 — Testing Error

1 2 3 4 5
Maximum Depth

Fig. 4. Plot of training and testing error as a function of maximum depth.

5 Potential Scope for Improvement

In order to develop a suitable machine learning model, the following potentials
for improvements are summarized as follows:

— Data sufficiency: The challenge faced in the present analysis is related to
the sufficient dataset. There is no common consensus about the number of
data instances sufficient for effective model performance. The performance of
the model suffers unless the optimal instances are included. For the present
study, extensive experiments with diverse specimens for the comprehensive
dataset is indeed desirable.

— Preprocessing Techniques: Data preprocessing is another critical aspect
of understanding the model performance. The speckle image is essentially an
intensity pattern representing the surface irregularity, the scope of comparison
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Table 4. Cross-validation accuracy for Random Forest classifier for the different ratios
of the train-test split.

Cross-Validation Accuracy(%)
Data Split (Train-Test)k-fold= 5k-fold= 10

80:20 98.75 96.25
70:30 92.85 96.42
60:40 98.33 99.16

Table 5. The Nested Cross-Validation accuracy for kNN and SVM model. All values
are represented in %.

Feature Subset Methods

kNN SVM(linear) SVM(rbf)
I 97.86  98.00 97.5
I\Y 96.42 - -
A\ 97.86 - -

of the results based on pre-processing is a crucial aspect to understand the
model’s robustness.

— Data Agumentaion: The process of data augmentation in its capacity of
data alternation by applying random transformations to the existing data
affects the efficiency of the model. It is interesting to analyze the effect
on model performance by applying the data augmentation process with the
speckle images.

— Speckle Statistics: The speckle pattern of the machined samples is sensi-
tive to the machining operations (grinding, milling, turning) imparted to the
sample during the manufacturing. The surface operation affects the speckle
statistics such as speckle size and structure. With the comprehensive dataset
including mixed patterns, the application of suitable machine learning config-
urations with various feature extraction tools can aid in the efficient prediction
of sample class and surface roughness measurement.

6 Conclusion and Future Work

The classification of the surface roughness based on the speckle images of the
metal specimen using state-of-the-art machine learning techniques is discussed.
The performance is each technique discussed is based on the k-fold accuracy
and the other performance indices such as precision, recall, and F1-score. The
analysis is promising for the application of machine learning to the dataset of
the speckle images encoded with the surface texture information, particularly
the surface roughness. The results presented can be useful for the exploration
of diverse machine learning and deep learning techniques to the high dimen-
sional dataset for the classification and prediction of the surface roughness of
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the machined samples based on the speckle images. The performance of the k-
nearest neighbor is promising for the combination of correlation, dissimilarity,
and homogeneity and also with correlation, dissimilarity, energy, entropy, and
homogeneity. The cross-validation accuracy is 99% and nested cross-validation
is 97.86% for k = 3 in both cases. Similarly, a Support Vector Machine with a
linear kernel provides nested cross-validation is 98% for feature subsets of cor-
relation, dissimilarity, energy, entropy, and homogeneity. The performance of
Decision Tree suffers from overfitting due to small datasets. Both Decision Tree
and Random Forests are expected to perform well with large datasets. The read
of comparative analysis offers a strong basis for the practical in-situ implemen-
tation of machine learning techniques for speckle image-based surface roughness
classification of the machined samples.

Based on the present analysis, future work would focus on the evaluation
of the model’s efficiency, particularly on a large dataset (balanced and unbal-
anced) containing the mixed speckle pattern of the specimens polished by var-
ious machining operations. In addition, the optimization of feature extraction
techniques, investigation of the advanced algorithms, and inclusion of ensemble
techniques for refining the accuracy and robustness of the model on the compre-
hensive dataset shall be addressed in the future.
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Abstract. Transfer learning is a common practice that alleviates the
need for extensive data to train neural networks. It is performed by pre-
training a model using a source dataset and fine-tuning it for a target
task. However, not every source dataset is appropriate for each target
dataset, especially for time series. In this paper, we propose a novel
method of selecting and using multiple datasets for transfer learning
for time series classification. Specifically, our method combines multiple
datasets as one source dataset for pre-training neural networks. Further-
more, for selecting multiple sources, our method measures the transfer-
ability of datasets based on shapelet discovery for effective source selec-
tion. While traditional transferability measures require considerable time
for pre-training all the possible sources for source selection of each pos-
sible architecture, our method can be repeatedly used for every possi-
ble architecture with a single simple computation. Using the proposed
method, we demonstrate that it is possible to increase the performance of
temporal convolutional neural networks (CNN) on time series datasets.

Keywords: Transfer Learning - Time Series Classification -
Transferability Estimation

1 Introduction

Neural networks have widespread usage in time series recognition. For example,
temporal Convolutional Neural Networks (CNN) [19] have been shown to be
effective across many time series domains [2,38]. However, often, neural networks
require large amounts of data [10,15]. Also, acquiring large amounts of annotated
data can take time and effort.

Several ideas exist to solve the problem of the requirement of large amounts
of annotated data, such as transfer learning, self-supervised learning, data aug-
mentation, etc. In particular, transfer learning has become a popular method of
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initializing neural networks. In transfer learning, to alleviate the need for data,
neural networks can be trained on larger source datasets and fine-tuned for tar-
get datasets. In this way, the weights of the neural network can be trained to
extract generalized features [46] and be used for the target task. In the image
recognition domain, transfer learning is a standard practice. For example, using
pre-trained models trained with ImageNet [8] in image recognition is standard
practice. However, for time series, transfer learning is still a budding field [10].

In order to realize an effective method of transfer learning for time series, we
propose a combination of multi-source transfer learning with a novel shapelet-
based distance measure used for dataset selection. Specifically, to increase the
effectiveness of transfer learning and the source dataset’s size, we propose a
method of using multiple datasets for pre-training.

However, selecting the datasets for transfer learning is complex. Fawaz et
al. [10] demonstrated that the choice of dataset for transfer learning for time
series has a large effect on the effectiveness of transfer learning. Notably, only
some datasets increased the accuracy of the model. Oftentimes, the accuracy
was decreased when using an inappropriate dataset.

Thus, we propose a dataset distance-based measure to select the appropriate
datasets for our multi-source pre-training. To do this, first, we extract discrimi-
native shapelets using shapelet discovery [42]. Next, a dataset distance measure
is created by comparing the discriminative shapelets between the source and
target datasets. The idea is that datasets with similar discriminative shapelets
would have similar features, thus leading to more effective transfer learning.

The contribution of this paper is as follows:

— We propose a new method of predicting and selecting source datasets for
transfer learning in temporal neural networks. This method uses extracted
shapelet similarity between the target and possible source datasets.

— We create a transfer learning method that combines multiple sources into one
super dataset.

— We evaluate the proposed method on all 128 time series datasets from the
2018 UCR Time Series Archive (UCR Archive) [7].

— We provide code for easy transfer learning at https://github.com/uchidalab/
time-series-transferability

2 Related Works

2.1 Transfer Learning for Time Series

Transfer learning has been used for various applications in image recognition [46].
Furthermore, transfer learning has become the standard practice for training
networks, as pre-trained weights are available for the most popular image recog-
nition network architectures.

Conversely, transfer learning is less common for time series recognition and
temporal neural networks [10] outside of Natural Language Processing (NLP).
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However, there have been a few works that demonstrate the usefulness of trans-
fer learning in the time series domain [10,36,39]. Other examples include using
transfer learning with health data [4], human activity recognition [1]|, predic-
tion of internet load [9], and fall detection [23]. De Souza et al. [33] proposed
decomposing time series into shapelets and noise and using the decompositions
to pre-train models. In comparison to our method, we use shapelets as a distance
measure between datasets and not directly to train models.

For the source selection, several works demonstrated that source selection
with dataset similarity, computed by using Dynamic Time Warping (DTW) [27]
distance, can be effective [10,22,43].

2.2 Multi-Source Transfer Learning

There have been a few works that use multiple source datasets for transfer
learning. For example, Yao and Doretto [41] extend TrAdaBoost [6], a method
of boosting transfer learning, to use with multiple sources. Huang et al. [13]
improve on this and propose SharedBoost for multiple source transfer learning.
Multi-transfer [34] combines multi-view and multi-source transfer learning. For
multi-source transfer learning, Song et al. [32] use the conditional probability
difference to weight source domains.

Multi-source transfer learning has also been used for time series data. One
of the typical methods of multi-source transfer learning is to use a preliminary
classifier to select the sources. For example, for electroencephalogram (EEG)
data, Jinpeng Li et al. [20] trained each source individually, and then they tested
the target domain on each and selected the top-performing models. Ren et al. [26]
classify EEG data using a multi-source model. Huiming Lu et al. [22] use an
ensemble model to implement multi-source transfer learning for building energy
prediction.

Also, Yao et al. [40] use multi-source transfer learning with Variational
Mode Decomposition to improve PM2.5 concentration forecasting while select-
ing sources using Euclidean Distance and Maximum Mean Discrepancy. Lotte
and Guan [21] use a search algorithm to combine different datasets. Senanayaka
et al. [29] used a similarity-based approach for multi-source transfer learning
to generate a mixed domain of multiple sources and targets in the pre-training
stage.

3 Transferability Measure

3.1 Problem Setting

Given source dataset S = {(s1,21),---, (Sm,2m)s---,(Sam, 20)}, where (Sm, 2m)
is the m-th pair of pattern s,, and respective label z,,, transfer learning aims
to train a network f with S, so that it will be a practical starting point for
target dataset 7 = {(x1,¥1),- -, (Xn,Yn)s-- -, (Xn,Yn)}, where (X, 2,) is the
n-th pair of pattern x,, and respective label y,,. Unlike domain adaptation, there
is no assumption that the task of the source and target datasets are related.
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As Fawaz et al. [10] found, not all source datasets are useful for transfer learn-
ing with time series. Thus, a suitable source dataset S for each target dataset
7T should be determined. Under the problem setting, this determination should
be performed before training 7, i.e., without exhaustively fine-tuning 7 on all
possible datasets.

Two types of measures have been proposed to solve the source selection prob-
lem. One class of measures is to estimate the transferability of the pre-trained
network f, and the other is to measure the similarity of the datasets.

3.2 Transferability Estimation

Transferability estimation measures attempt to predict how effective transfer
learning will be for model f, pre-trained on source dataset S, for target dataset
7. These methods first use models f pre-trained on datasets S to predict target
dataset 7. Specifically, prediction f(z,) is done using the data z,, of 7 with
the source labels ¢ € C' and the features F(z,,) € F are extracted from model f
trained by &. While the source labels C' might be unrelated to the target task,
the outputs are used for the transferability estimation. In other words, mod-
els trained for S are used as-is with dataset 7, and the amount of information
inferred by the model is measured and used as a transferability estimation mea-
sure. Some transferability estimation measures include, Log Expected Empirical
Prediction (LEEP) [24], Negative Conditional Entropy (NCE) [37], Log Maxi-
mum Evidence (LogME) [45], Transrate [12], and H-score [3].

For example, LEEP [24] first predicts the target dataset 7 using trained f.
LEEP is then calculated by:

N
LEEP(S,7T) Z og <Z P(%Ic)f(%)) : (1)

ceC

where P(y,|c) is the empirical conditional distribution calculated by:

. P(yn, c) % Zn;y —c f(zn)
P(y,lc) = — = - . 2
S 7 S T ()

LEEP is the average log-likelihood of the prediction of 7" in trained network f
multiplied by P(yx|c) for each source class c.

Dataset Similarity Measure for Source Selection As an alternative to
transferability estimation, dataset similarity can also be used to predict transfer-
ability. The previous methods are helpful because only the pre-trained network
f and not the original dataset S is needed to calculate transferability. How-
ever, unlike image recognition, standard models with downloadable weights for
time series recognition are lacking. Therefore, requiring pre-trained networks is
a detriment because it requires training many networks before pre-training the
actual network for the task.
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Conversely, measuring the distance between datasets only requires access
to the datasets. Following this, Fawaz et al. [10] proposed to use DTW [27]
between representative time series patterns from each class in the target and
source datasets. The representative time series is the average time series of each
class found by DTW Barycenter Averaging (DBA) [25]. They defined the distance
between datasets as the distance between the most similar average time series
from each dataset. In this paper, we define this method as DBA-DTW. By
using the dataset-based distance measure, the appropriate source dataset can be
selected for the target dataset. The benefit of this and the proposed method is
that no initial trained model is required to measure transferability.

4 Multi-Source Transfer Learning

We propose a simple yet effective method of combining multiple source datasets
for transfer learning. As shown in Fig. 1, to perform multi-source pre-training,
we compile multiple source datasets Si,...,S;,...,Sr into one super dataset
Svutti = {S1,-..,8i,...,Sr}. In order to transfer knowledge from a model
trained with multiple sources, the datasets are pre-processed so that they have
the same number of time steps as the target dataset. Note that by resampling
the source datasets, the features and characteristics of the datasets might not be
preserved. However, this fact is optional because the purpose of the pre-training
is to acquire a robust set of initial weights for transfer learning and not the
classification accuracy of the source datasets. In addition to resampling, Syiuiti
is balanced so that each sub-dataset has the same number of time series. To
balance Syryiti, oversampling is performed while preserving the class ratios. This
is done due to the discrepancy in the size of possible source datasets; it ensures
that every dataset has an equal contribution to the transfer learning.

SMulti

3 Pre-training }
By ) |

Fmetumng
<]

Fig.1. An illustration of our multi-source transfer learning. Source datasets S; are
selected using a transferability measure, and the neural network is pre-trained. The
trained weights are then fine-tuned using target dataset 7.
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As shown in Fig. 1, in order to train a network with multiple datasets, the
one-hot vector of the ground truth of each source dataset S; are concatenated,
and the output nodes are extended accordingly. In this way, the network is then
trained using Syuiti for a classification task using all of the classes from all of
the source datasets. The result is the ability to pre-train a network with a larger
dataset with a larger number of classes.

After training the network, fine-tuning can be performed as typical transfer
learning does. The weights of the trained network can be used as an initialization
for a target dataset and fine-tuned for a specific task. While the experimental
results use temporal CNNs, there is no theoretical limitation on the type of
neural network used.used.

5 Shapelet Similarity-based Source Selection

In order to use the proposed transfer learning method effectively, some source
datasets need to be selected. However, as mentioned, selecting the source datasets
needs to be performed. Thus, we propose a new method of measuring the trans-
ferability of networks through a novel dataset similarity measure using discrim-
inative shapelets.

5.1 Shapelet

A shapelet refers to a subsequence extracted from time series data that are
maximally representative of a class [42]. These subsequences are intended to
encapsulate fundamental patterns or discriminative features within a class. For
example, the circled subsequences in Fig. 2 are well discovered within a class and
represent differences between the two classes. In the figure, the circled shapelets
are segments of the time series unique to each class.

/— Class A —\

o\
o\

o\

- /

/— Class B —\

S\
S

. /

O : shapelet candidate

Fig. 2. Examples of shapelets from the Arrowhead dataset. The left and right figures
are three time series patterns from the same classes.



166 J. Lee and B. K. Iwana

5.2 Matrix Profile for Shapelet Discovery

Since a shapelet can be any subsequence from a time series, finding the maximum
representative shapelet would be too costly with brute force. In order to overcome
this issue, Matrix Profile [44] has been shown to find discriminative shapelet
candidates efficiently.

Matrix Profile is an algorithm that represents a time series based on the
distances between subsequences of that time series and their nearest neighbor.
Specifically, given an ordered list of all subsequences A of a single time series t,
Matrix Profile p is a sequence that holds the distances between each subsequence
A, to its nearest neighbor, or:

P= ||A1 _51”7'--7”-’47“ _57'||7'--7HAR_5RH7 (3)

where &, is the nearest subsequence of A to the respective A, and ||-|| is the sum
of the pair-wise Euclidean distances between each element in the subsequences.
By finding Matrix Profile p using time series t, Matrix Profile can be used as a
fast motif and discord discovery method.

In order to use Matrix Profile for shapelet discovery, a few modifications
are performed. First, given a dataset S, all of the time series of each class ¢ are
concatenated into a single time series t(¢). For example, given class 1 and class 2,
a time series t(!) and t(® are created. Then, instead of just calculating Matrix
Profile using the nearest neighbors of A with itself in (3), a Matrix Profile
calculation is made for each combination of the two classes, or p(t'), p(1:2),
p??) and p®1Y. Finding the highest values in the differences p(3?) — p(t:1)
and pY —p(22) will identify the maximally representative shapelet candidates
for class 1 and 2, respectively. Because this is only compatible with two-class
classification, we extend shapelet discovery via Matrix Profile using a one-versus-
all approach for each class.

5.3 Shapelet Similarity-based Source Selection

Now that the representative shapelets P() and P(7) can be found for each source
dataset S and target dataset 7, respectively, we use them as a basis for a dataset
distance measure. We propose two shapelet distance measure schemes, Average
Shapelet, and Minimum Shapelet distances. Fig. 3 represents an overview of
Average Shapelet and Minimum Shapelet.

Average Shapelet takes the average distance for each combination of 732»(3)

and 73](-7), or:
1 S T
Doy = 75 2P =PI, 4)
1J o
where Pi(s) and ”P](»S) are the i-th and j-th shapelet in P($) and P(7), respectively.

By using the average distance between shapelets, this measure compares all of
the discriminative features of the datasets simultaneously. The general idea of
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Fig. 3. Overview of Average Shapelet and Minimum Shapelet.

this measure is that if all of the shapelets of the datasets are similar, then the
datasets might be similar.

Minimum Shapelet is defined as the distance between the most similar
pair of shapelets of S and 7, or:

. S T
Dy = min [P~ P (5)

Instead of measuring all of the features, this measure allows the distance calcu-
lation to ignore features that might be specific to a dataset.

6 Experimental Result

6.1 Dataset

The experiments were conducted using all of the UCR Archive [7], which consists
of 128 datasets. We use the predetermined training and test set split provided by
the archive. Also, no pre-processing was performed except for resizing datasets
through Gaussian smoothing with different lengths.

6.2 Settings and Architecture

For the experiment, we adopted a 1-dimensional CNN model based on the VGG
architecture [31]. The convolutional network used three blocks of convolutional
layers and a pooling layer. The first block has two convolutional layers of size 3,
and the subsequent blocks have three convolutional layers. Max pooling is used
with the first two blocks, and global average pooling (GAP) is used with the
final block. While GAP is not required for the proposed method, it is required
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for LEAP, NCE, H-score, Transrate, and LogMe due to having different-sized
datasets; thus, we used it for all evaluations.

For training, we pre-train the network for 10,000 iterations with Adap-
tive Moment Estimation (Adam) optimizer [17] with an initial learning rate of
0.0001. For transfer learning, we then fine-tune the network for 5,000 iterations.
The batch size is set to 32 for both pre-training and fine-tuning. For statisti-
cal validity, we fine-tuned the model three times in order to have the mean of
the three models’ performances. Since the traditional transferability measures,
LEEP, NCE, LogME, Transrate, and H-Score, require a trained network, an
initial network to calculate the transferability is trained for 5,000 iterations.

There are two hyperparameters associated with the shapelet discovery by
Matrix Profile. First, we use a fixed shapelet size of 15 because this is the largest
possible size on the UCR Archive’s smallest dataset. Next, we use the top 10
shapelet candidates per class.

6.3 Comparative Evaluation

To evaluate the proposed method, we compared it to not using transfer learn-
ing, to using transfer learning using a dataset selected by a shapelelt-based dis-
tance measure, and to using a dataset selected by the other transferability met-
rics. The comparative measures used for source selection include using DTW
between DBA class representatives (DBA-DTW) [10], LEEP [24], NCE [37],
Transrate [12], LogME [45], and H-score [3].

Table 1. Average test accuracy.

Method Accuracy (%)
No Transfer Learning (TL) 74.18
TL w/ Random Source 76.89
TL w/ DBA-DTW 78.85
TL w/ H-Score 77.24
TL w/ LEEP 76.43
TL w/ LogME 79.59
TL w/ NCE 78.92
TL w/ Transrate 77.22
Proposed w/ Average Shapelet (10 shapelets) 79.91

Proposed w/ Minimum Shapelet (10 shapelets)  80.25

The results of the experiments are shown in Table 1. In the table, TL rep-
resents typical transfer learning that selects a single source dataset, and MTL
represents our proposed method, Multi-source Transfer Learning. Compared to
the model with random initialized weights, Multi-source Transfer Learning with
a Minimum Shapelet of 10 candidates showed the highest improvement. On the
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other hand, the Average Shapelet showed lower improvement than the Minimum
Shapelet; however, it is still better than other comparative methods.

Additionally, we looked into the datasets that showed better and worse per-
formance by adopting our proposed method. Fig. 4 shows sample plots of the
datasets. From the sample plot, we can affirm that our proposed method works
better with datasets with more clear features. Also, the datasets with more noise
showed worse performance than our proposed method. This trend is due to our
proposed method focusing on shapelet similarity.

ﬁ Datasets worked good with our proposed method ﬁ

K Car PigArtPressure Adiac j

ﬁ Datasets worked bad with our proposed method ﬁ

rowaosen SN

e

\_ PigCVvP GunPointOldVersusYoung FaceAll )

Fig. 4. Sample plot of datasets of UCR Archive. Random three samples are plotted
from two classes. The upper three datasets performed better with our proposed method,
and the lower three datasets showed adverse effects by adopting our proposed method.

To compare the proposed method to other methods found in the litera-
ture, we compare it against reported results on the UCR Archive from methods
that use neural networks. Fig. 5 is a Nemenyi post-hoc test diagram comparing
the proposed methods, the base models, and various reported evaluations. The
comparison models include a temporal Residual Network (ResNet) [38], Fully
Convolutional Network (FCN) [38], MLP [38], Multi-scale CNN (MCNN) [5],
Time Warping Invariant Echo State Network (TWI-ESN) [35], Time Le-Net (t-
LeNet) [18], universal Encoder [30], LSTM [11], BLSTM [28], LSTM-FCN [16].
The models were evaluated by Wang et al. [38], Ismail Fawaz et al. [14], and
Iwana and Uchida [15]. The figure shows that the networks used by the pro-
posed method are comparable to the other state-of-the-art neural networks on
the same datasets.

7 Discussion

7.1 Ablation Study

We compared the classification performances with multi-source pre-training with
shapelet-based source selection, multi-source pre-training with random source
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Fig. 5. A Nemenyi post-hoc test diagram. The proposed methods are in green. The
numbers indicate the average rank when tested on all 128 datasets.

selection, and without transfer learning. Fig. 6 compares the performances of
each dataset of the UCR Archive. Our proposed method showed significantly bet-
ter results than the random initialized model and multi-source transfer learning
with random source selection. Specifically, the result on the right figure demon-
strates that our proposed shapelet similarity-based source selection is effective
for source selection on multi-source transfer learning. Also, according to the
t-test, our proposed method is effective with most datasets, p < 0.001.

100 100
$ S
:’ 80 Car :’ 80
@ i Q PigArtPressure
3 PigArtPressure g P ®: A dataset that proposed method
o % T 00 perform better with
7} FaceAll 7]
€ = ®: A dataset that proposed method
g 40 g 40 perform worse with
£ £ PigCVP
S 2 S 20 e

GunPointOldVersusYoung
0 0
0 20 40 60 80 100 ] 20 40 60 80 100
Random Initialized (%) Random Multi-source (%)

Fig. 6. Ablation study of our proposed method. The Y-axis represents the classification
accuracy of our proposed method with 14 sources selected by Minimum Shapalet. The
X-axis of the left and right figures represent the classification accuracy of random
initialized models and proposed multi-source transfer learning with 14 random sources.

7.2 Number of Datasets

In order to examine how the hyperparameters for the proposed method affect
performance, we examined the number of shapelet candidates, the number of
source datasets, and the two shapelet similarity-based distance measures. For
the number of shapelet candidates, we discovered three, five, and ten shapelet
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candidates for every dataset. For the number of source datasets, we selected 1,
2,4,6,8, 10,12, 14, 16, 18, and 20 datasets according to shapelet-based distance
measures. Finally, we examined the Average Shapelet and the Minimum Shapelet
for the shapelet-based distance measure.

The experimental results in Fig. 7 showed better performance with more
sources for all selection methods, including Random multi-source selection.
Thus, increasing the number of datasets using our multi-source transfer learning
method effectively increases the effect of pre-training while alleviating the risk of
negative transfer. However, there was no significant difference when the number
of datasets was more than 10. This implies a diminishing returns effect with
the number of datasets. Thus, there is a limit to how many datasets should be
combined.

5 d \/
—— Minimum Shapelet 3 cand.
4 Minimum Shapelet 5 cand.

g

§ —— Minimum Shapelet 10 cand.
?) 3] —— Average Shapelet 3 cand.

8 —— Average Shapelet 5 cand.
5 —— Average Shapelet 10 cand.
<2 Random

12 4 6 8 10 12 14 16 18 20
# of datasets

Fig. 7. Experimental result of examining hyperparameters.

However, one possible reason for the diminishing returns is due to our training
scheme. We set the number of pre-training iterations to a fixed number, no
matter how many datasets and data samples were added for a fair comparison.
Therefore, it might be possible to increase the accuracy further using multiple
datasets with more iterations.

7.3 Similarity Based Source Selection

Generally, with a small-scale target dataset, pre-training with a closely related
source dataset allows for more efficient training while reducing the risk of over-
fitting. However, many time series tasks such as EGG, Speeches, and Gestures
have different features and usually contain a small number of patterns. Thus,
selecting a source dataset for time series transfer learning is often a big challenge,
and transfer learning with non-related tasks is usually not helpful.

According to the experimental result, as depicted in Table 1, selecting a
source dataset based on dataset ranking metrics of DBA-DTW and Minimum
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Shapelet resulted in superior performance compared to a random source selec-
tion and even to the classic transferability measures. Therefore, for time series
classification, where lack of data is a frequent challenge, measuring time series
similarity can serve as a valuable indicator of transferability.

7.4 Computational Time

Regarding computational time, shapelet similarity-based source selection has
a huge benefit compared to other transferability estimation metrics. Shapelet
similarity-based dataset ranking has two steps of calculation: one step is to
generate shapelet, and the other is to calculate the similarity among gener-
ated shapelets. Thus, the shapelet similarity-based source selection requires
O(n? + w); O(n?) to generate shapelet and O(w;) to calculate the similarity
among shapelets, where n is the length of the dataset and w;s is the length
of shapelet. The DBA-DTW also has the benefits of computational time com-
pared to the other transferability estimation measures; however, it is not like the
shapelet similarity-based method. DBA-DTW requires O(i - n? + w?); O(i - n?)
to generate prototypes through DBA and O(w?) to calculate distance among
generated shapelets, where wy is the length of a prototype of DBA.

The other transferability estimation measures, such as LEEP, require a pre-
trained model to measure transferability. Training a model requires significant
time, and they have a disadvantage in that they need to re-calculate the trans-
ferability when the model architecture is changed. In this research, it is required
to train 128 x 128 models for evaluation. However, our proposed method requires
no re-calculation even though the model architecture has been changed. Thus,
unlike transferability estimation measures, additional datasets can be calculated
quickly and used for other tasks.

8 Conclusion

In this paper, we suggest using transfer learning for temporal neural networks
using a proposed multi-source pre-training. Specifically, we demonstrate that
by combining multiple datasets into a super dataset using pre-processing and
adjusting the classification task with the concatenation of the classes, it is pos-
sible to pre-train a network using a large amount of data and classes.

Furthermore, in order to select appropriate datasets out of the large num-
ber of possible datasets that exist, we propose a new transferability measure
based on shapelets. Our novel method calculates the distance between datasets
using a shapelet similarity. The shapelet-based distance compares the class-
discriminative shapelets between classes of the target dataset and the source
dataset. We demonstrate that by using multi-source transfer learning with our
shapelet similarity-based source selection, it is possible to increase the time series
classification accuracy with little downside.

In future work, we will investigate the combinations of source datasets to
optimize our proposed method further. We hope to contribute to the time series
classification community by continuing to expand upon these techniques.
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Abstract. Federated learning is a privacy-preserving, decentralized
machine learning approach, which faces the challenge of non-identically
distributed (non-iid) data between train-test data and across client
domains. Previous methods generally exchange domain information
between clients to perform data augmentation. While bringing privacy
risks and communication costs, these methods also destroy the coherence
of images. To tackle these issues, we propose Diffusion-Aligned Coherent
Augmentation (DACOA), a diffusion-based and text-guided style trans-
fer method. By composing different domains and labels as prompts, clients
are guided to perform cross-domain image augmentation with high qual-
ity, thereby learning robust representation against domain shift. To bet-
ter utilize the augmentation results and help the model focus on seman-
tic information, we conduct alignment on both the feature dimensions
and prediction results. We introduce the Domain Aligning Contrastive
Learning (DaCon) loss, which brings the feature similarity of the same
label closer. Also, we introduce the Semantic-Consistency KL (SCKL)
loss, aligning the prediction results of the augmented images with the orig-
inal classification results. Our model outperforms state-of-the-art FedDG
methods through comprehensive experiments. What’s more, we achieve
3.21%, 1.76% and 5.01% improvement on PACS, Office-Home, and Digits-
DG benchmarks. Ablation study validates the efficacy of each module.

Keywords: Federated domain generalization - Latent diffusion
model - Data augmentation

1 Introduction

There is significant progress in the field of deep learning, however, most of it relies
on the assumptions of independent and identically distributed (IID) data. This
reliance often leads to a noticeable decline in performance when these methods
are tested on Out-of-Distribution (OOD) datasets. The Domain Generalization
(DG) technique was introduced to address this issue, aiming to enhance the gen-
eralization to unseen data. In the DG framework, training occurs on known and

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2025
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Fig. 1. Problems with previous augmentation methods.

utilized source domains, with the aim to improve performance on unknown tar-
get domains. Nevertheless, the growing popularity of distributed training has led
to less sharing of inter-domain data, which makes the conventional DG method
invalid.

To tackle this issue, Federated Domain Generalization (FedDG) was pro-
posed [10], offering a decentralized and privacy-preserving training approach.
In FedDG, each client’s training data serves as a source domain, characterized
by unique, non-shareable, and non-IID data distributions. After training locally,
each client’s model parameters are sent to a server where they are aggregated to
form a new global model. This model is then used for inference in the unknown
domains. However, the FedDG scenario presents its own set of challenges. Most
traditional DG methods require the simultaneous integration of information from
multiple domains for domain-invariant learning, making them less suitable for
the more realistic and demanding FedDG scenario.

Previous methods attempted to exchange frequency domain [10] or domain
statistical information [3] between clients and use it for augmentation. However,
these methods often result in unnatural results and destroy the style coher-
ence of the image. As shown in Fig. 1., frequency domain enhancement methods
are prone to style distortion, while statistical information enhancement meth-
ods generate unnatural new images. Moreover, exchanging information between
clients still brings privacy risks and greater communication costs. Introducing
the Latent diffusion model (LDM) [12] can solve the above problems well. LDM
effectively understands and maintains the characteristics of the image during the
data enhancement process, so it can provide effective enhancement while main-
taining the naturalness of the resulting image, thereby guiding the client model
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to learn domain invariant features. In addition, LDM can use text prompts to
control the generation of results, thereby achieving cross-domain enhancement
without communication between domains, complying with privacy regulations,
and reducing inter-domain communication.

Based on the aforementioned motivations, we propose a Diffusion-Aligned
Coherent Augmentation (DACOA) method. We leverage a pretrained LDM
for data augmentation, performing style transfer using text prompts like "a
{domain} of {class}”. We also utilize CLIP’s text encoder to generate text
embeddings as conditional embeddings for the LDM’s denoising process. For
a specific instance, we set a prompt to generate augmented data with the same
label but different domains. By directly utilizing the LDM model, clients can per-
form style transfer without accessing data from other domains, thereby achieving
a higher coverage of feature range and learning domain invariant features.

To better utilize DACOA and enhance the model’s focus on semantic infor-
mation for improved generalization, we aim to align the augmented data with
the original data in terms of features and model prediction results. To achieve
this, we propose the Domain Aligning Contrastive Learning (DaCon) loss and
Semantic-Consistency KL (SCKL) loss. DaCon operates on the feature dimen-
sion, aiming to increase the similarity of features with the same label and push
away features with different labels. SCKL, on the other hand, calculates the
sharpened KL divergence on the predicted logits, with the goal of making the
predictions of augmented data closer to those of the original data. Our main
contributions can be summarized as follows:

e We propose the diffusion-aligned coherent augmentation (DACOA) method,
allowing clients to generate style-transfered image without ruining privacy
protocol, enabling model to learn domain-invariant feature.

e To better utilize DACOA, we incorporate domain aligning contrastive learn-
ing (DaCon) loss and semantic-consistency KL (SCKL) loss to draw aug-
mented feature and prediction closer to the original one.

e Comprehensive experiments on several datasets demonstrate that our results
achieve state-of-the-art performance, validating the effectiveness of each mod-
ule.

2 Related Work

An important prerequisite for generalizing well on unseen test domains is that
the model can extract domain invariant features [1] during the training process.
That is to say, after model training, we hope that the features extracted by its
encoder only depend on the input category information, and do not change with
the input texture and style information. In traditional DG methods, the model
mostly needs to use information from multiple domains to shorten the discrep-
ancy between domains. The most commonly used method is data augmentation.
[20], which belongs to image augmentation, generates new domain images from
the source data by optimizing a divergence measure based on optimal trans-
port. The feature augmentation method enhances the intermediate features of
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the model[7,21]. For instance,[7] computes the statistical features of multiple
domains and augmenting them through the encoder.

However, under the schema of FedDG, most conventional DG methods are
no longer applicable since they need to simultaneously utilize information from
multiple domains. One solution in FedDG is to optimize the training method
of local models. [10] first proposed a solution for FedDG scenarios, exchanging
data distribution information between clients to carry out enhancement in the
continuous frequency space. Similarly, [3] achieves a consistent distribution by
building a style bank, allowing clients to construct style transfer and generate
new domains. FADH [16] trains the local models with domain hallucinations for
robustness. Another idea is to optimize the parameter aggregation process to
extract domain invariant features. COPA [15] employs batch-wise mixed nor-
malization and aggregation, [18] optimizes the parameter aggregation process in
FL, conducts regularization by dynamically calibrating the aggregation weights
, CASC [17] utilizes layer weight to aggregate parameters.

3 Background

3.1 Federated Domain Generalization (FedDG).

As shown in Fig. 1(a), different from the conventional scenario, Federated
Domain Generalization (FedDG) can only train several client models on local
datasets. Given source domains D = {Dj,... Dy} where N denotes the num-
ber domains for training. Let (x,y) be a sample pair, 2 denotes a sample, and
y € {c1,¢2,..., ¢y} is the corresponding one-hot label.

During local training, a baseline loss function L. gauges the gap between
the label and model prediction fi(xy) , where fi represents client model for the
kth domain. Typically, this model entails as encoder for feature extraction and
a simple fully-connected layer serving as the classifier. The standard training
objective involves minimizing the cross-entropy loss L.

1 &
Lee = _ﬁk zljyki log (f (xkz)) (1)

where M}, denotes sample number of each client domain Dy and (xy,, yx,) € D,
0<i< M.

Following local iterations, the global model f(-) undergoes updating via the
aggregation ofclient model parameters. In the FedDG scenario, the global model
confronts computer visiontasks within novel target domains, requiring adeptness
in generalizing to fresh domains.

3.2 Diffusion Model

Diffusion model is a type of generative model that creates data by progressively
adding noise to it and then learning to reverse the process to recover the data
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Fig. 2. Overall Framework of our method.

from the noise. The basic procedure of a diffusion model includes the forward
diffusion process and the reverse denoising process.

The forward diffusion process is a Markov process that gradually adds noise
to the data until it becomes nearly isotropic Gaussian noise. Given the original
data x¢ and the noisy data at step t as x;, the forward diffusion process is defined
as:

q(@e|ze—1) = N(2; Vewzi—1, (1 — ar)1) (2)

where «; € (0,1) is the is the scaling factor at time step ¢, typically set as a
decreasing sequence. By combining multiple steps, the forward diffusion process
can directly relate the original data xg, which can be described by:

ry = Vagzg + V1 —ae, e~ N(0,1) (3)

— t o . . o .
where @; = [[,_; . The reverse denoising process involves training a model
po(xi—1|xs) to approximate the reverse of the forward process, where

po(xi1|z) = N(xtfl;ue(xt,t),Ze(xut)) (4)

where pg(x¢,t) and )" (x¢,t) are the mean and covariance parameterized by a
neural network. During training, the diffusion model optimizes the parameters 6
by minimizing the variational lower bound (VLB). A final a simplified loss that
directly optimizes the reconstruction error at each step is often used:

2
Lt =gy [lle = o (20,)] (5)
where eg(x¢,t) is the noise term predicted by the neural network.
During data generation, the process starts from a standard Gaussian noise

xr ~ N(0,I) and iteratively applies the reverse denoising steps:

Ti—1 Npe(fvt—1|$t) (6)

4 Method

Figure 2 shows the overall framework of our method. Firstly, the input will
undergo text-guided diffusion enhancement through the DACOA module, which
will be input into the encoder together with the original image. After the encoder
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extracts the feature representations, we introduce DaCon loss to shorten the
similarity between features with same labels. After the features are input into a
classifier to obtain the results, we design SCKL loss to ensure that the logits of
the enhanced image are consistent with the original image. Also, the classification
results of original and enhanced images are characterized by cross entropy loss.
During the testing phase, the model only focuses on the classification results of
the original image.

4.1 Diffusion-Aligned Coherent Augmentation (DACOA)

In FedDG scenario, a critical challenge is the inability to share information
between domains due to privacy constraints. Previous methods attempted to
exchange domain features between clients for augmentation, but the results had
coherence issues. This exacerbates the difficulty of achieving generalization per-
formance on unseen domains.

To address this issue, we propose the Diffusion-Aligned Coherent Augmenta-
tion (DACOA), shown in Algorithm 1. DACOA uses a pretrained latent diffusion
model for text-guided data augmentation, which performs style transfer across
different domains by text prompts. Firstly, the prompts follow the format of "a
{domain} of {class}”, such as "a cartoon of house”. For a given domain, we
randomly choose another domain of the same class to compose the prompt.

Algorithm 1 DACOA
Input: Domains D = {D;, Ds,..., Dy}, CLIP text encoder T, Diffusion model
M, Client models f;(i € [1, N]), Global model f

Output: Global model f

1: Initialize global model f parameters

2: for total communication round do

3:  for each client model f; do

4 Distribute global model f parameters to client f;
5. end for
6
7
8
9

for each client i € [1, N] do
Dother — {Dk €D ‘ k 7& Dz}
for each sample z € D; do
D, — random_choice(Dother)

10: encode text as condition embedding Tiepe «— T'("a D, of ¢;”)
11: encode image and noising z « M .noising(M .encode(x))

12: diffusion sample 2 «— M.ddim(z, Tieqt)

13: decode back to image space & < M.decode(Z)

14: use (&, x) to train client model f;

15: end for

16: end for

17:  Update parameters of f by f;(i € [1, N])
18: end for
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Fig. 3. Framework of DACOA and intuitive display of domain distribution. D is the
Source domain and DT is the target domain. DACOA uses text to guide the Diffu-
sion model to generate different distributions D’, thereby broadening the source and
improving the coverage of the target domain.

After obtaining the prompt, we utilize CLIP’s text encoder to generate text
embeddings, serving as conditional embeddings ¢ during the denoising process
of the latent diffusion model(LDM). Subsequently, following the setup of LDM,
we encode and add noise to the input images, projecting them into the latent
space. Finally, we employ conditional embeddings and image embeddings for the
denoising operation within the diffusion process, writen as:

Ti_1 = \/O4_ 1$0|t+\/ 0’?69 (xt,t C)+Ut6 (7)

Using text prompts for augmentation offers advantage of semantic consis-
tency. The meanings of text prompt are fixed, ensuring that the generated images
remain contextually appropriate for the specified class. Also, as shown in lower
half of Fig. 3, the process of generating images by diffusion models involves ran-
dom initial values, which expand the breadth of the source domain distribution.
The randomness allows for diverse creation of the same image. Thus, even with
a fixed text prompt, different initial values result in multiple variations of the
augmented image, enhancing the diversity of the training data.

4.2 Domain aligning contrastive learning

In the context of privacy-preserving federated learning, data augmentation meth-
ods still face challenges in maintaining semantic consistency across different
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domains. To address this limitation, incorporating supervised contrastive learn-
ing (SupCon) [8] into our training process can enhance the discriminative power
of the model by leveraging label information to pull together samples from the
same class and push samples apart from different classes. The SupCon loss allows
the model to learn more distinct and robust feature representations, which is for-
mulated as:

suP Z Z 1 =E (Zi . ZP/T) (8)

el pEP (i) ZaeA(i) exp (2; * 24/T)

where I = {1... N} denotes the set of indices of all features. P(7) denotes the set
of indices of all samples whose label is same as i. A(1) ={1...,i—1,i+1,... N}
denotes all indices but 1.

«_ augmented sample

\ i O S [J different class sample

(O original sample
[] / []

{—»=— sckl loss pull

: O dacon loss pull

{«—— dacon loss push

Domain Aligning Contrastive Loss Semantic-Consistency KL Loss

Fig. 4. Demonstration of DaCon and SCKL loss module, only the leftmost sample is
used as an anchor in the figure. (I) In feature dimension learning, DaCon regularize
the model to learn domain-invariant feature representations. (II) The enhanced image
approximate the original classification result in the form of SCKL on the logits of the
classification result, performing semantic constraints.

To further improve the feature extraction process, we bring another assump-
tion that a robust feature extractor should embed augmented and original fea-
tures adjacent to each other. We hence extend the concept of SupCon to Domain
aligning contrastive(DaCon) loss, as shown in the left of Fig. 4. We minimize the
distance between the original feature (anchor) and the augmented one in terms
of the dot-product similarity. This strategy ensures both semantic alignment and
class discriminability.

Our approach involves concatenating the original and augmented feature rep-
resentations, resulting in a combined feature set. By creating class-based positive
pairs and normalizing the feature vectors, we construct a similarity matrix to
measure the relationships between the samples. The supervised contrastive loss
is then computed by maximizing the similarity of samples within the same class
while minimizing it for samples from different classes.

L= Y 2 o pperes )

ieIur pep acA(i)uA (i) XP (zi+2a/T)

where I’ and A’(7) denotes augmented set of I and A(7).
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4.3 Semantic-Consistency KL Loss

Combining with DaCon mentioned above, we propose a Semantic-Consistency
KL Loss (SCKL). Our approach aims to bridge the gap between different
domains while adhering to privacy-preserving protocols. As shown in the right
of Fig. 4, we achieve this by aligning the predicted logits of augmented data with
those of the original data, thereby drawing them closer. Similar to knowledge
distillation [5], we measure the KL divergence between the two sets of logits.

Unlike the classical distillation approach, where logits are typically softened
to elevate the values of less likely categories, our method includes a sharpening
operation on the original logits. This sharpening process ensures that the seman-
tic information is preserved and highlighted during the learning process, which
is crucial for maintaining the integrity of stylized predictions. By focusing on
the semantic consistency between the original and augmented data, our method
enhances the model’s ability to generalize across domains.

My,
Looms = —Mik g £ (x) 0g (fi (., 7)) (10)

where Mj, is the number of samples (2, , Yk, ) in Dy. Function fy (z,7) and f], ()
denotes the predict results of original and augmented features. 7 is set as 0.5
to perform square root of the predicted logits of f, denoting the sharpening
approach. Finally, the complete loss can be written as:

L= Ece + Elce + Alﬁsup + /\QACcons (11)

5 Experiment

5.1 Implementation Detail

In this section, we choose three well-known domain generalization datasets and
perform experiments on them:

e PACS: This dataset includes 9,991 images across seven classes, originating
from four domains with distinct styles [9].

e Office-Home: Comprising 15,500 images, this dataset covers 65 classes across
four different domains [13].

e Digits-DG: This dataset combines four traditional digit datasets [20].

For all benchmarks, we use a leave-one-domain-out evaluation strategy. In
each round, one domain is treated as the unseen test domain while the remaining
domains are used as the training sources. The training and validation splits
within each source domain follow the configurations outlined in previous works
[4,19]. The entire unseen domain is utilized for testing purposes.

For the PACS and Office-Home datasets, we employ a ResNet-18 model pre-
trained on ImageNet. For the Digits-DG dataset, we use a four-layer convolu-
tional network as detailed in [19]. We use the pretrained, version 1.4 of stable
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Table 1. Results on PACS datasets.

Paradigm Method PACS
Art |Cartoon [Photo [Sketch |Avg
Regular DG Jigen [2] 79.40 75.30  |96.00 |71.40 |80.50
DDAIG [19] [84.20 |78.10 95.30 (74.70 |83.10
L2A-OT [20] 83.30 [78.20  [96.20 |73.60 |82.80
MixStyle [21][84.10 [78.80  (96.10 [75.90 83.70
EISNet [14] [80.00 [76.00  [93.70 |80.90 |82.60
RISE [6] 85.10 [81.80 96.00 (78.40 |85.30
Federated DGFedDG [10] [83.94 79.27  [96.23 [73.30 |83.19
CASC [17] 182.00 |76.40  |95.20 |81.60 |83.80
FADH [16] [83.80 |77.20 94.40 84.40 |85.00
COPA [15] 183.30 [79.80  |94.60 |82.50 [85.10
Baseline [18] [81.28 76.73  193.97 |82.57 |83.64
Our Method FeSFD 84.26 81.97 96.35 84.81 |86.85
Improvement T 2.981 5.24 |1 2.38 |1 2.24 |1 3.21

Table 2. Results on Office-Home datasets.

Paradigm Method Office-Home
Artist|Clipart Product|/Real-world|Avg
Regular DG Jigen [2] 53.00 [47.50 |71.50 |72.80 61.20
DDAIG [19] 59.20 52.30 |74.60 |76.00 65.50
L2A-OT [20] 60.60 50.10 [74.80 |77.00 65.60
MixStyle [21]|58.70 |53.40 |74.20  |75.90 65.50
EISNet [14] 56.80 [53.30 [72.30 |73.50 64.00
RISE 6] 59.10 [52.90 [75.10 |76.40 65.90
Federated DGFedDG [10] |60.70 45.82 [71.51 |73.05 62.77
FedAvg [11] 58.20 51.60 [73.10 |73.80 64.20
FADH [16] [59.90 [55.80 [73.50 [74.90 66.00
COPA [15] 59.40 |55.10 |74.80 |75.00 66.10
CCST [3] 59.05 50.06 [72.97 |71.67 63.56
Baseline [18] 58.57 [54.39 [73.39  |74.73 65.27
Our Method DACOA 59.42 56.24 (75.30 77.15 67.03
Improvement|T 0.85(T 1.85 |T 1.91 T 2.42 T 1.76
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Table 3. Results on Digits-DG dataset. The best and second-best are bolded and
underlined respectively.

Paradigm Method Digits-DG

MNIST|SVHNSYN MNIST-M|Avg
Regular DG Jigen [2] 96.50 163.70 |74.00 61.40 73.90
DDAIG [19] 96.60 |68.60 81.00 64.10 77.60
L2A-OT [20]196.70 |68.60 83.20 [63.90 78.10
EISNet [14] 196.40 [56.00 60.50 |87.90 75.20
MixStyle [21]96.50 [64.70 81.20 63.50 76.50
Federated DGFedDG [10] [96.30 |61.20 |90.00 66.70 78.60
FedAvg [11] 196.93 [62.19 90.04 |57.75 76.71
FADH [16] 97.70 [73.30 190.60 65.30 81.70
COPA [15] |97.00 |71.61 |90.66 66.52 81.49
CCST [3] 96.16 |66.58 88.79 62.76 78.57
Baseline [18] 196.52 [62.80 90.42 |59.16 77.23
Our Method FeSFD 96.67 |74.86 90.83 66.56 82.23
Improvement T 0.15 |7 12.1|7 0.41|T 7.40 1 5.01

diffusion [12] without finetuning as our base LDM. Also, For Digits-DG dataset,
we use “a new style of cls” as the prompt. To ensure fairness, we adhere to the
protocol described in [4]. Following a strong baseline in [18], we dynamically
calibrate client domains during model weight aggregation. The hyperparameters
strength, A1, A2 are set to 0.8, 5 and 0.3 respectively. All other hyperparameters
and optimization settings are consistent with those specified in [18].

5.2 Domain Generalization Ability

We report the overall performance comparison of all methods in Table 1, 2 and
3, and our observations are summarized below:

— Compared with the strong baseline FedDG-GA [18], our proposed method
improves the absolute value by 3.21%, 1.76% and 5.01% respectively, which
effectively verifies the significant improvement of our proposed method in
generalization ability.

— Compared to the best-performing methods among the three benchmarks,
RISE, COPA, and FADH, our method outperforms them on average and
has a significant improvement, indicating the superiority of our method.

— Our method has the most significant improvement on the Digits-DG dataset.
We believe that the different setting of prompts have allowed DACOA to play
a greater role, allowing local models to learn domain invariant features.
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— Our method achieves the best performance in most single target domains. It
can be seen that some methods surpass us on a single target domain, but have
significant performance degradation on other target domains, so we have an
advantage in overall generalization ability.

5.3 Ablation Study

Contributions of Different Components. As shown in Table 4, the baseline
indicates FedAvg-GA [18] as our strong baseline. Line 2 shows that, by utilizing
the DACOA augmentation strategy to expand client domains, the performance
on unseen target domain is significantly improved. In Lines 3 and 4, the model
improved by 0.89% and 1.13% respectively after adding DaCon and SCKL. It
means that our method can make samples with the same label closer in terms of
classification results or feature dimensions, thus learning semantic information.
Line 5 shows that the combination of DaCon and SCKL can achieve optimal per-
formance of the model, which demonstrates that these two modules we propose
complement each other.

Table 4. Ablation study for Contributions of Different Components. Line one denotes
the strong baseline we use.

Lee DACOA |Lsyp Leons|Acc

v 83.64
v 85.21
v v v 86.10
v v v 86.34
v Vv v v |86.85

Table 5. Ablation study for the strength DACOA executes after.

Strength PACS

Art |CartoonPhoto|Sketch|Avg
0.5 82.90/81.28  [95.89 182.93 |85.75
0.6 83.26i81.11  [95.78 83.01 (85.79
0.7 83.78/82.10  195.60 83.10 |86.15
0.8 84.2681.97 96.35 84.81 86.85
0.9 84.10181.82  196.02 83.53 (86.37
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The influence of strength in LDM. Strength is an important parameter of
image to image in LDM. Its meaning is: the number of times an image is added
to noise and inference sampling divided by the number of inference sampling in
the training process. Intuitively, the larger the strength setting, the closer the
generated image will be to the description of conditional embedding, and it will
also be more different from the original image. Table 5 shows the generalization
ability effect of the model after selecting different strengths in the PACS dataset.
It can be seen that the average result of generalization will gradually increase
from 0.5 at the beginning, and the optimal result is when 0.8 is selected, but it
starts to fall again when 0.9 is reached.

strength 0.5

0.6 0.7 0.8 0.9 0.5 0.6 0.7 0.8 0.9
HIR = A . | = L S 2
Ny o 7 S g 2
¢ Pl T e
- FPAEACIIN) B i
LG = Y = # v
] 3
v Iy -7
Ketch ; .ol ' % o P & g
-~ CAFALIRICR
1 f. W - C j?‘"
art_painting \@' —\g % '@ @ AL

Fig. 5. Results of DACOA with different strength.

Figure 4 shows the generation result of the LDM under different strengths. It
can be seen that when the strength is between 0.5 and 0.7, the generated image
is often very close to the input. At 0.8, the image can have a good style transfer
while maintaining original semantic. However, at 0.9, there will be significant
semantic changes. For example, the left input of photo to sketch or photo to
cartoon, the gender of the image has changed when strength is 0.9. In the right
example, the output of the image have also been distorted or deformed. This
indicates that the larger the augmentation amplitude is not the larger the better.
If the strength is too large, the semantics of the image may even be changed,
which affects the learning of models. In order to learn robust representation
against domain shift, the model needs to achieve a balance between semantics
and cross-style learning. Therefore, choosing a moderate strength of 0.8 will
achieve the best generalization ability of the model.
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5.4 Discussion

In this section, we analyze the shortcomings in the experiment and point out
the parts that can be improved in the future. Specifically, for those instances
where the model classifies incorrectly in both the original and augmented data,
we observe the results of its style transfer. It can be found that stable diffusion
still has problems as follows: (1) As shown in Figures 6.1 and 6.2, LDM omitted
key data for classification during the generation process, resulting in significant
unconscionable changes in the image. (2) In Figures 6.3, 6.4, and 6.5, LDM did
not follow the guidance of the text prompt and generates incorrectly, which com-
pletely changes the semantics of the image. (3) In Figure 6.6, LDM’s inference
was stopped early during a dynamic adjustment stage, resulting in distorted
images.

input

output

Fig. 6. DACOA augmentation results that are out of expectation.

In summary, relying solely on text prompts and adjusting strength parame-
ters may still have limitations. We hope this work will encourage more research
to address this issue and improve this novel framework. For example, fine-tune
stable diffusion on each domain or use a higher quality stable diffusion model
to control image quality during the generation phase. Additionally, a quality
model can be introduced to exclude some negative samples that do not meet
expectations. This will also be left for our future work.

6 Conclusion

In this paper, we propose DACOA, a diffusion-based augmentation method
which can preserve image coherence, helping client models learn robust fea-
ture against domain shift. Additionally, clients can generate cross domain image
using text prompt, so as not to violate privacy protocols. To conduct alignment
on both the feature dimensions and prediction results, we introduce DaCon and
SCKL loss, which improve the generalization ability of model. Adequate exper-
iments and example diagrams demonstrate the superior effect of the model and
provide guidance for how to use diffusion models in the DG field in the future.

Acknowledgments. This work is supported by Shenzhen Science and Technology
Program (No. JCYJ20230807120800001)



190

G. Wang et al.

References

10.

11.

12.

13.

14.

15.

16.

. Ben-David, S., Blitzer, J., Crammer, K., Pereira, F.: Analysis of representations for

domain adaptation. Advances in neural information processing systems 19 (2006)

. Carlucci, F.M., D’Innocente, A., Bucci, S., Caputo, B., Tommasi, T.: Domain gen-

eralization by solving jigsaw puzzles. In: Proceedings of the IEEE/CVF Conference
on Computer Vision and Pattern Recognition. pp. 2229-2238 (2019)

Chen, J., Jiang, M., Dou, Q., Chen, Q.: Federated domain generalization for image
recognition via cross-client style transfer. In: Proceedings of the IEEE/CVF Winter
Conference on Applications of Computer Vision. pp. 361-370 (2023)

Gulrajani, 1., Lopez-Paz, D.: In search of lost domain generalization. arXiv preprint
arXiv:2007.01434 (2020)

Hinton, G., Vinyals, O., Dean, J.: Distilling the knowledge in a neural network.
arXiv preprint arXiv:1503.02531 (2015)

Huang, Z., Zhou, A., Ling, Z., Cai, M., Wang, H., Lee, Y.J.: A sentence speaks
a thousand images: Domain generalization through distilling clip with language
guidance. In: Proceedings of the IEEE/CVF International Conference on Computer
Vision. pp. 11685-11695 (2023)

Jeon, S., Hong, K., Lee, P., Lee, J., Byun, H.: Feature stylization and domain-aware
contrastive learning for domain generalization. In: Proceedings of the 29th ACM
International Conference on Multimedia. pp. 22-31 (2021)

Khosla, P., Teterwak, P., Wang, C., Sarna, A., Tian, Y., Isola, P., Maschinot, A.,
Liu, C., Krishnan, D.: Supervised contrastive learning. Adv. Neural. Inf. Process.
Syst. 33, 1866118673 (2020)

Li, D., Yang, Y., Song, Y.Z., Hospedales, T.M.: Deeper, broader and artier domain
generalization. In: Proceedings of the IEEE international conference on computer
vision. pp. 5542-5550 (2017)

Liu, Q., Chen, C., Qin, J., Dou, Q., Heng, P.A.: Feddg: Federated domain gener-
alization on medical image segmentation via episodic learning in continuous fre-
quency space. In: Proceedings of the IEEE/CVF Conference on Computer Vision
and Pattern Recognition. pp. 1013-1023 (2021)

McMahan, B., Moore, E., Ramage, D., Hampson, S., y Arcas, B.A.:
Communication-efficient learning of deep networks from decentralized data. In:
Artificial intelligence and statistics. pp. 1273-1282. PMLR, (2017)

Rombach, R., Blattmann, A., Lorenz, D., Esser, P., Ommer, B.: High-resolution
image synthesis with latent diffusion models. In: Proceedings of the IEEE/CVF
conference on computer vision and pattern recognition. pp. 10684-10695 (2022)
Venkateswara, H., Eusebio, J., Chakraborty, S., Panchanathan, S.: Deep hashing
network for unsupervised domain adaptation. In: Proceedings of the IEEE confer-
ence on computer vision and pattern recognition. pp. 5018-5027 (2017)

Wang, S., Yu, L., Li, C., Fu, C.W., Heng, P.A.: Learning from extrinsic and intrinsic
supervisions for domain generalization. In: European Conference on Computer
Vision. pp. 159-176. Springer (2020)

Wu, G., Gong, S.: Collaborative optimization and aggregation for decentralized
domain generalization and adaptation. In: Proceedings of the IEEE/CVF Interna-
tional Conference on Computer Vision. pp. 6484-6493 (2021)

Xu, Q., Zhang, R., Zhang, Y., Wu, Y.Y., Wang, Y.: Federated adversarial domain
hallucination for privacy-preserving domain generalization. IEEE Transactions on
Multimedia (2023)


http://arxiv.org/abs/2007.01434
http://arxiv.org/abs/1503.02531

17.

18.

19.

20.

21.

Diffusion-Based Augmentation for Federated Domain Generalization 191

Yuan, J., Ma, X., Chen, D., Wu, F., Lin, L., Kuang, K.: Collaborative semantic
aggregation and calibration for federated domain generalization. IEEE Transac-
tions on Knowledge and Data Engineering (2023)

Zhang, R., Xu, Q., Yao, J., Zhang, Y., Tian, Q., Wang, Y.: Federated domain
generalization with generalization adjustment. In: Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition. pp. 3954-3963 (2023)
Zhou, K., Yang, Y., Hospedales, T., Xiang, T.: Deep domain-adversarial image
generation for domain generalisation. In: Proceedings of the AAAI conference on
artificial intelligence. vol. 34, pp. 13025-13032 (2020)

Zhou, K., Yang, Y., Hospedales, T., Xiang, T.: Learning to generate novel domains
for domain generalization. In: Computer Vision—-ECCV 2020: 16th European Con-
ference, August 2328, 2020, Proceedings. pp. 561-578. Springer (2020)

Zhou, K., Yang, Y., Qiao, Y., Xiang, T.: Domain generalization with mixstyle. In:
International Conference on Learning Representations (2020)



l‘)

Check for
updates

Collaborative Domain Alignment for
Multi-source Domain Adaptation

Yuanyuan Xu®2®)  Meina Kan'2, Zhilong Ji*, Jinfeng Bai*,
Shiguang Shan'?3, and Xilin Chen'-?

! Key Lab of Intelligent Information Processing of Chinese Academy of Sciences
(CAS), Institute of Computing Technology, CAS, Beijing 100190, China
yuanyuan.xu@vipl.ict.ac.cn
2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Peng Cheng Laboratory, Shenzhen, China
4 Tomorrow Advancing Life (TAL), Beijing, China

Abstract. In multi-source domain adaptation, the main challenge is
effectively integrating information from various source domains and
adapting it to the target domain. Existing methods either align feature
distributions of each source domain with the target domain separately
and fuse at the classifier level, or jointly align feature distributions of all
domains. The former approach fragments shared information, while the
latter sacrifices discriminative properties. To address this, we propose
Collaborative Domain Alignment (CoDA). CoDA utilizes an integrated
feature encoder with domain attention masks to capture diverse shared
information within a unified framework, thereby preserving both robust-
ness and discriminability. Specifically, each source domain is elastically
aligned with the target domain using a source-specific domain atten-
tion mask on the shared feature representation. Activated masks high-
light features shared between individual source domains and the target
domain, while overlapping masks highlight features shared by multiple
source domains and the target domain. To optimize CoDA, we devise
a domain-collaborative training strategy that includes domain-specific
training loss, domain-consistency training loss, and pseudo-labeling loss.
Extensive experiments on diverse datasets confirm the effectiveness and
superiority of our approach.

Keywords: multi-source domain adaptation - domain adaptation -
transfer learning

1 Introduction

Conventional machine learning assumes training and test data share the same
distribution, leading to the expectation that a model performing well on train-
ing data will also perform well on test data. However, test data often differ
from training data, as seen in robotic manipulation tasks where robots trained
in simulations must operate in the real world [1,23]. To tackle domain shift
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and improve target domain performance, domain adaptation methods are used.
While many focus on single-source domain adaptation (SDA), this study explores
multi-source domain adaptation (MDA), which addresses scenarios with source
data from diverse distributions.

Target Domain T Source Domain Sy Source Domain Sy
( cone ) ( bumpy ) ( red ) cone bumpy [ cone red |
Separate Domain Alignment: {TN&}+{TNnS:}
Joint Domain Alignment: TNSINS,
Collabrative Domain Alignment: TN{S1US}
cone, bumpy, red

Fig.1. A toy example compares different MDA methods. The goal is to improve the
binary classification accuracy for the strawberry category in the target domain by
utilizing labeled data from two source domains and unlabeled data from the target
domain. Existing multi-source domain adaptation methods vary in how they leverage
shared features to enhance the target task.

In MDA, the challenge is integrating information from multiple source
domains and adapting it to the target domain. Existing methods fall into two cat-
egories: separate and joint domain alignment methods. Separate domain align-
ment methods [22,29,33] align each source domain independently with the tar-
get domain and then fuse different classification results, but they often overlook
interactions between source domains [27], resulting in fragmented information.
Joint domain alignment approaches [12,13,32] aim to learn features invariant
to multiple domain shifts, but effectively filtering domain-specific information
across various domains remains challenging and can lead to a loss of discrimina-
tive ability [30].

To address this issue, we propose Collaborative Domain Alignment (CoDA)
for MDA. CoDA utilizes an integrated feature encoder with domain attention
masks to capture diverse shared information within a unified framework, thereby
preserving both robustness and discriminability. Fig. 1 illustrates CoDA’s advan-
tage in classifying the strawberry category compared with other MDA meth-
ods. Unlike separate methods that learn pairwise features independently (e.g.,
{TN&}+{7T NS&2}) or joint methods that focus only on features common to
all domains (e.g., 7 NS1 NSz), CoDA integrates attributes shared by all domains
and those shared by partial domains, similar to 7 N {S; U Sa}.

To learn such an integrated feature encoder, each source domain aligns flexi-
bly with the target domain using source-specific domain attention masks applied
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to the shared feature representation. These masks highlight features common to
individual source domains and the target domain, while overlaps reveal features
shared across multiple source domains and the target domain. We optimize the
encoder with a domain-collaborative training strategy, which includes three types
of losses: a domain-specific training loss for extracting shared features; a domain-
consistency training loss for domain collaboration; and a pseudo-labeling loss for
improving feature discriminability.

2 Related Work

Single-source domain adaptation addresses the domain shift between a single
source and the target domain, forming the foundation for multi-source domain
adaptation. CoDA utilizes domain attention masks, which are closely related to
attention mechanisms. In this section, we will introduce these related methods.

Single-Source Domain Adaptation. Deep SDA methods primarily mini-
mize domain shift by mapping source and target data into a shared latent
feature space, categorized into discrepancy-based [15,17] and adversarial-based
approaches [6,9]. Discrepancy-based methods reduce domain discrepancy by
aligning first or second order data statistics. For example, DAN (deep adapta-
tion network) [15] minimizes the maximum mean discrepancy in the reproducing
kernel Hilbert space between two feature distributions. Adversarial-based meth-
ods reduce the domain gap by extracting domain-invariant features through
adversarial learning. For example, DANN (domain-adversarial training of neural
networks) [6] learns invariant features through gradient inversion. Recent SDA
works [3,10,16] further focus on improving feature discriminability when learn-
ing domain-invariant features. However, SDA methods are not effective when
dealing with multiple source domains as information fusion is not considered.

Multi-Source Domain Adaptation. Deep MDA methods can be broadly
classified into separate and joint domain alignment methods. Separate domain
alignment methods [21,22,29,33] align the distribution of the target domain with
each source domain independently, and the final result is obtained by fusing dif-
ferent classification predictions. For example, DCTN (deep cocktail network)
[29] deploys multi-way adversarial learning to align the target domain with each
source domain. Joint domain alignment methods [12,13,32] jointly align feature
distributions of all domains, aiming to extract features that are agnostic across all
domains. For example, DRT (dynamic residual transfer) [13] uses a dynamic net-
work instead of a static one to align the target domain with all source domains,
to better handle conflicts across multiple domains. Several studies [4,5,35] have
introduced attention mechanisms into MDA. For example, DAC-Net (domain
attention consistency network) [5] uses a feature channel attention module to
emphasize transferable attributes for the target domain. However, our proposed
CoDA stands apart by using attention mechanisms to preserve diverse features.
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Attention Mechanism. Attention mechanisms, inspired by human informa-
tion processing, are categorized into channel, spatial, temporal, and branch types
[20]. Our work focuses on channel attention, which adjusts channel weights adap-
tively. Channel attention has been studied across various fields [2,8,28]. Our
CoDA method is particularly related to DMG (domain-specific masks for gener-
alization) [2]. Unlike DMG, which uses activation masks learned independently of
the target domain, CoDA learns masks specifically related to the target domain
and adds a domain consistency loss to enhance domain collaboration.

Mask Module Set M

M, My,
So (ﬁf Py .y
b Source Target | ot Pt P, Vo, iy
— de
idx— MUX idz— MUX

21hSource Target " ‘ f{ﬁ
| ? ﬂ ? ﬂ Bt

Disciminator D
" P )
iy ! j, i
S = Vanilla Feature Extractor F o
’\ ~th Source Target
Classifier C'
Input Image & Integrated Feature Encoder G = {F', M'} Loss

Fig. 2. An overview of CoDA in the training phase. CoDA consists of three components:
an integrated feature encoder G to extract diverse features, a multi-source domain
discriminator D to ensure the extracted features are domain-invariant, and a common
category classifier C' to make the extracted features discriminative for classification. G
includes a vanilla feature extractor F' and a mask module set M. During training, the
network takes a single image « and its corresponding mask index idx to extract features
shared between the idx-th source domain and the target domain. For a specific layer [,
the output feature fl of G at that layer is obtained by channel-wisely multiplying the
feature f; extracted by F with m:®® selected by the multiplexer (MUX).

3 Problem Setup

Specifically, there are N labeled source domains § = {&1,8s,...,Sy} and one
unlabeled target domain 7. The samples of N source domains are drawn from
N different distributions, and S; = {(mk,yk) l 1'
source domain, where x} is a raw image and yk is the correspondmg category

stands for samples of the i-th

label. For the target domain 7, only unlabeled images {a:k }‘ _, are accessible.
The classification tasks of all domains are the same, and the goal of multi-source
domain adaptation is to build a model that performs well on the target domain
using both labeled source samples and unlabeled target samples.
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4 Collaborative Domain Alignment

While each source domain shares some beneficial information with other domains
(e.g., cone attribute depicted in Fig. 1), it also possesses unique information (e.g.,
bumpy or red) that can be advantageous for the target domain. Integrating all
beneficial information is challenging due to: (1) it is hard to mitigate various
domain shifts while maintaining feature discriminability, and (2) it is unclear
how to identify which information is shared among all domains and which is
only present in partial domains. CoDA addresses these challenges with an inte-
grated feature encoder G, which comprises a vanilla encoder F and source-
specific domain attention masks M. These binary masks enable domain-specific
alignment between the target domain and each source domain, resulting in the
preservation of discriminative features that contain diverse beneficial informa-
tion. Additionally, they facilitate domain collaboration and automatically deter-
mine which information is shared by all domains and which is shared by partial
domains. Besides G, the overall framework also includes a multi-source domain
discriminator D = {D;}}¥| and a common category classifier C, as depicted in
Fig. 2. Next, we introduce the integrated feature encoder G' and the training
scheme using domain-collaborative training.

4.1 Integrated Feature Encoder G

The integrated feature encoder G extracts features shared across all domains
and across partial domains. It includes a vanilla feature extractor F', composed
of convolutional and fully connected layers, and a set of mask modules M =
{Mj,..., M}, where M, is the mask module at layer [, containing N source-

specific domain attention masks M; = {mj,...,m{'}, with m] for the i-th
source domain. The masks are designed similarly across layers, so next we omit
the subscript for brevity to illustrate the design, i.e. {ml, ey mN}.

During training, the inputs to the network consist of an image « and its cor-
responding mask index idz. For an image from the i-th source domain (denoted
as x'), idw is set to i. The source-specific domain attention mask m’ is then
selected by a multiplexer (MUX). The shared feature between the i-th source
domain and the target domain at layer [ is then computed as follows:

fi:Gl(mi;mi):fiQmi. (1)
Here, f' is the feature of x* extracted by the vanilla feature extractor F, and
m® € {0,1} is the selected mask, where K is the number of feature channels or
neurons of f?. The mask m’ is multiplied channel-wisely with the feature map
fi. This process can be repeated across all layers {1,2,..., L} until the final
masked feature fi is obtained, or it can be applied to specific layers.
For a target domain image 7, the mask index idx varies depending on the
desired shared features. If the shared features between the i-th source domain

and the target domain are needed, idz is set to i, and the attention mask m/? is
chosen by the multiplexer (MUX) to calculate the shared feature:

M =aGi(z";m') = fT om'. (2)
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Here, the binary masks are learned by a thresholding function as Piggyback
[19]. Specifically, each mask vector m’ is associated with a learnable real-valued
vector m’. In the forward pass, m’ is obtained by setting a threshold on m’:

i JLifmi(G) > 1
m'(j) = {0, otherwise ’ (3)

where j is the j-th dimension and 7 is a threshold. Since the thresholding func-
tion is non-differentiable, the gradients of the real-valued mask vector m’ are
approximated by the gradients of the thresholded mask vector m?.

Naturally, masks for different source domains often overlap. Since the feature
extractor F' is unified for all domains, overlapping masks reveal feature channels
shared by multiple source domains and the target domain. To quantify this, we
sum the source-specific domain attention masks into m/':

N
m' = Zml (4)

Here, m/(j) indicates how many source domains activate the j-th channel or
node in F. Specifically, m/(j) = N means the feature channels are shared by all
domains (e.g., the cone attribute in Fig. 1), m/(j) = 1 means the channels are
shared by the target domain and one source domain, and 1 < m/(j) < N means
they are shared by the target domain and some source domains. Thus, G' can
preserve features shared by all or some source domains and the target domain,
capturing diverse shared features.

4.2 Domain-collaborative Training

The integrated feature encoder G preserves diverse shared information across
domains. It is trained using a domain-collaborative training strategy with three
losses: a domain-specific loss for extracting shared information between the tar-
get and each source domain, leveraging mask overlaps for collaborative optimiza-
tion; a domain-consistency loss to enhance source domain collaboration; and a
pseudo-labeling loss to improve feature discriminability for the target domain.

Domain-specific Training Loss. The domain-specific training loss aims to
optimize the model for extracting shared features between the target and each
source domain using source-specific domain attention masks. For clarity, consider
the alignment between the i-th source domain and the target domain. Given an
instance @ from either S; or 7, the shared features are computed as fi and AZ"
(Eq.(1) and (2)). These features should be domain-invariant and discriminative

for classification. To ensure domain invariance, an adversarial loss is applied:
£%(Dy, G) = ~Eqs, og [ Di (F1.9')]

—Eg.7 log [1 _ D, ( ALT|i’pT)] . (5)
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Here, p* and p” are the softmax outputs of C for the masked features fi and
f;":‘l extracted by G. Both features and classification results are fed into D;
for category-level domain alignment, as in CDAN [16]. The loss in Eq. (5) is
minimized for D; and maximized for G, training G to generate domain-invariant
features that confuse D;.

To enhance the discriminability of shared features, the classification loss is
computed for the source feature fA}J from G using the cross-entropy between the
classifier C’s predicted probabilities p* and the true label y:

ngls(ca G) = ]E(a:,y)~SiLce (pi’ y) . (6)

The overall domain-specific training loss is formulated as follows:

£'(C.D,G) Zﬁpf (C,D,G)
=1
L (7)
Z [-£i"(Dy, G) + L{*(C, Q)]

z:l
where the domain-specific training loss £°Pf is calculated by averaging the indi-
vidual losses £:7/ (for i € {1,2, ..., N}) across all source-target pairs.

When a feature channel is activated by multiple source-specific domain atten-
tion masks, it indicates the feature channel is shared among the target and
several source domains. Consequently, the model parameters for this feature
channel are updated by gradients from all involved domains, enabling collabo-
rative optimization of the feature encoder F'. Fig.3 shows this: for example, the
fourth node, activated by three source domains and the target domain, is opti-
mized using losses from those domains. This collaborative updating is a kind of
implicit domain collaboration.

»C‘ipf ﬁspf LSPf
l%\ In
\
I < ~ ‘il \ -
\} \
N
v/ A\

Source domain 2
Target domain 7~

Source domain 1
Target domain 7

Fig. 3. An illustration of domain-specific training loss and collaborative optimization.
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Domain-consistency Training Loss. While overlapped domain attention
masks help the domain-specific training loss preserve diverse shared informa-
tion and encourage source domain collaboration, they don’t ensure consistent
feature values for shared features. For example, in Fig.3, a target sample pro-
cessed through the fourth node with different source-specific masks might yield
varying feature values. This variability is problematic, as the final target features
should be consistent at shared positions for accurate classification.

To address this, a domain-consistency training loss is applied to the target
domain’s final layer. This loss ensures that target features extracted with dif-
ferent masks remain consistent at overlapping positions, promoting unanimous
domain collaboration. The domain—consistency training loss is defined as follows:

con ¢ T i j
LG = (Z) | = F) © i omi))| (8)
]

where fLle and fLTU indicate the features of a target sample when extracted
with domain attention masks from the i-th and j-th source domain, and P is
a constant that is calculated by multiplying the number of source pairs by the
number of feature channels to normalize the domain-consistency training loss.

Pseudo-labeling Loss. The domain-specific and domain-consistency training
losses help capture diverse features in the target domain. To enhance feature
discriminability, pseudo-labels are used to guide learning. Pseudo-labels with
confidence above 0.9 are generated from target domain features using K-means
clustering. Confidence is derived by converting distances to classification prob-
abilities, similar to MLAN [31]. These pseudo-labels are then used to compute
the classification loss for the target domain:

‘Cpse(cv G) = E(w,gj)w’]’p[/ce (pT7 .79) ’ (9)

where 7, is the set of target samples with pseudo-labels, and (z, g) represents a
target image and its pseudo label from 7,,.

Overall, by combining the domain-specific training loss, the domain-
consistency loss, and the pseudo-labeling loss in Eq.(7), Eq.(8), and Eq.(9), the
training loss of the whole proposed CoDA method is formulated as follows:

min L% (C,D,G) 4+ \LCM(G) + LP(C, G), (10)
C,G={F,M}

min -LP7(C, D, G), (11)
where A is the weight hyperparameter of the domain-consistency training loss.

4.3 Testing

During training, the features of the target domain are respectively extracted
under different domain masks to determine shared features with each source
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Fig. 4. CoDA in the testing phase. Given a sample 7 from the target domain during
testing, the vanilla feature extractor F' extracts the feature f; at layer [. A soft attention
mask m} is applied to f;, which is obtained by averaging all source-specific domain
attention masks at that layer.

domain. During testing, all shared features should be utilized for a more accurate
classification of the target domain. However, the integrated feature encoder G
has only been trained on partially activated target features and has not been
exposed to all activated feature channels. For instance, during training, G4
only uses fI ®m! (i € {1,2,...,N}) but not fI directly, potentially degrading
accuracy at test time. To address this, a soft-scaling scheme inspired by DropOut
[2,26] is used, where the test mask m” is the average of all source-specific domain
attention masks:

m” = iZml (12)

This scheme is applied on all layers that have domain attention masks. By ensur-
ing that the expectations for the output remain consistent during both training
and testing, the mismatch problem can be alleviated.

5 Experiments

In this section, we evaluated the effectiveness of CoDA by conducting experi-
ments on three commonly used datasets: DomainNet, PACS, and Office-31.

5.1 Setup

Datasets. DomainNet [22] is a large-scale dataset with about 0.6 million images
across 345 categories from 6 domains: Clipart (clp), Infograph (inf), Painting
(pnt), Quickdraw (qdr), Real (rel), and Sketch (skt). PACS [11] contains 9,991
images in 7 categories from 4 domains: Photo (P), Art Painting (A), Cartoon
(C), and Sketch (S). Office-31 [25] includes 4,652 images of 31 object categories
from 3 domains: Amazon (A), Webcam (W), and Dslr (D).

Implementation Details. To ensure a fair comparison, ResNet-18, ResNet-50,
and ResNet-101 [7] are used as the backbone models for the PACS, Office-31,
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and DomainNet datasets, respectively, which is consistent with previous studies
[13,27,29]. In terms of hyperparameters, the weight A of the domain-consistency
training loss in Eq.(10) is set to 0.5 for all three datasets. By default, the mask
module set M = {Mj,..., My} are applied to 4 layers of the vanilla feature
encoder F, i.e. the final layers of conv3 _x, conv4 _x, and conv_x in the ResNet
architecture and the bottleneck layer. Note that the additional computational
overhead of CoDA on the feature extractor involves only a few element-wise fea-
ture multiplication operations (Eq.(1) and (2)) and is therefore negligible. The
associated real-valued weight of each mask vector in Eq.(3) is initialized with
le-2, and the binary threshold 7 is set to 5e-3 following Piggyback [19]. Regard-
ing optimization details, the proposed CoDA is implemented using Pytorch. The
Adam optimizer is used, with a small learning rate of 1le-5 for pre-trained param-
eters and a faster learning rate (10x) for the rest. The batch size is set to 32
for all experiments. For smaller datasets like PACS and Office-31, the model is
trained for 30 epochs, and the training time is less than 1 hour for a specific
transfer task. For the larger DomainNet dataset, the model is trained for 10
epochs, and the training time is approximately 16 hours per task.

Table 1. Classification accuracy (%) on DomainNet dataset

Methods —clp | —inf | - pnt | — qdr | — rel | — skt | Avg
MDAN [32] 52.4 21.3 46.9 8.6 54.9 | 46.5 38.4
M2SDA [22] 58.6 26.0 52.3 6.3 62.7 | 49.5 42.6
MDDA [33] 59.4 23.8 53.2 12.5 61.8 | 48.6 43.2

ML-MSDA [14] | 61.4 |26.2 |51.9 19.1 57.0 |50.3 |44.3
T-SVDNet[21] | 66.1 25.0 |54.3 16.5 65.4 |54.6 |47.0
LtC-MSDA [27] | 63.1 28.7 | 56.1 16.3 66.1 |53.8 |47.4

DCTN [29] 69.6 | 275 |57.3 17.8 72.5 | 55.3 |49.8
DRT|13] 69.7 | 31.0 |59.5 9.9 68.4 | 59.4 |49.7
DRT+ST[13] 71.0 |31.6 |61.0 |12.3 71.4 |60.7 |51.3
PTMDA|[24] 66.0 | 285 |584 13.0 63.0 |54.1 47.2
ADNTI[30] 69.0 | 283 |60.5 16.3 68.7 |63.5 |51.0
DAC-Net [5] 72.5 |27.6 | 578 23.0 66.7 | 59.5 51.2
MLAN |[31] 71.4 293 |59.5 28.4 73.9 | 58.7 | 535

CoDA (ours) |71.3 289 |60.1 29.6 | 73.1 |60.8 54.0

5.2 Comparisons to the State-of-the-art

In this section, we first compare CoDA with existing multi-source domain adap-
tation methods.

Results on DomainNet Dataset. CoDA achieves an average accuracy of
54.0% on the DomainNet dataset, surpassing all other state-of-the-art methods.
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Table 2. Classification accuracy (%) on PACS dataset

Methods —-A|—-C|—>8S | —=P | Avg
MDAN |[32] 83.5 | 82.3 | 72.4 | 929 | 82.8
MDDA [33] 86.7 | 86.2 | 77.6 | 93.9 | 86.1
DCTN [29] 84.7 | 86.7 | 71.8 | 95.6 | 84.7
M3SDA [22] 84.2 | 85.7 | 74.6 | 94.5 | 84.7
T-SVDNet [21] | 90.4 | 90.6 | 85.5 | 98.5 | 91.3
DAC-Net [5] |91.4 | 91.4|85.0 |97.9 | 91.4
CoDA (ours) | 92.4|91.0 | 87.0 | 98.2 | 92.1

Table 3. Classification accuracy (%) on Office-31 dataset

Methods —-D|—=W|—>A|Avg
DCTN [29] 99.3 | 98.2 |64.2 | 87.2
M?3SDA [22] 99.3 | 98.0 |67.2 | 83.2

LtC-MSDA [27] | 99.4 | 97.7 | 68.6 | 88.6
M3SDA-3 [22] | 99.6 | 99.3 | 69.4 |89.5
MFSAN [34] 1 99.5 | 98.5 | 72.7 | 90.2
ADNT [30] 100 99.6 744 913
MLAN |[31] 99.6 | 98.8 | 75.7 91.4
CoDA (ours) | 99.5 |98.9 | 74.4 | 90.9

Although no single approach excels in every transfer task, CoDA performs consis-
tently well across all tasks. Notably, it shows strong performance on ‘qdr’, likely
because it is distinct from other domains and benefits from relaxed alignment
and K-means based pseudo labels.

Compared to other methods, CoDA outperforms all separate domain align-
ment methods, surpassing the best one, DCTN [29], by 4.2%. This is due to
CoDA'’s effective integration of diverse information within a unified model, allow-
ing parameters to be updated with samples from multiple domains, resulting in
more accurate representations. Additionally, CoDA surpasses joint domain align-
ment methods, including the best one, DRT+ST [13], by 2.7%, due to its superior
ability to preserve diverse shared features.

While CoDA only has a slight 0.5% lead over the mutual learning based
method MLAN [31], it is significantly simpler, employing a unified framework
with a single feature extractor, unlike MLAN, which uses multiple feature extrac-
tors. Overall, these results highlight the benefits of collaborative learning among
multiple source domains.

Results on PACS Dataset. In Tab.2, CoDA achieves the highest average
accuracy of 92.1% on the PACS dataset, outperforming existing MDA methods.
It performs best on ‘— A’ and ‘— S’ tasks and second-best on ‘— C’ and ‘— P’.



Collaborative Domain Alignment for Multi-source Domain Adaptation 203

These results highlight the superiority of our approach. CoDA’s clear advantage
on both DomainNet and PACS datasets is due to the distinct stylistic variations
across domains, allowing it to leverage diverse shared information for efficient
collaboration among source domains.

Results on Office-31 Dataset. In Tab. 3, CoDA achieves an average accuracy
of 90.9% on the Office-31 dataset, comparable to the state-of-the-art method
MLAN but slightly behind. This is likely because Office-31 has only three
domains with relatively small gaps, offering less diverse shared information than
other datasets, making CoDA’s advantage less evident.

Table 4. Ablation Study on PACS dataset

Method LoPF|geon ppsel , Al Cl— S|— P|Avg
Baseline v 191.2/88.7(82.9 97.8 190.1
CoDA (w/o L") |V v 91.3 87.7/85.0 97.9 90.5
CoDA (full version)|v" |v |V ]92.4/91.0/87.0/98.2/92.1

5.3 Analysis

Ablation Study. In CoDA, the collaborative training strategy includes three
losses: domain-specific training loss £5Pf, domain-consistent training loss £,
and pseudo-labeling loss £P%¢. The ablation study in Tab. 4 evaluates their effi-
cacy by gradually adding each loss based on LP*¢. For the baseline method
in the first row of Tab.4, £°Pf is removed by setting each mask dimension
mi(i € 1,...,N) to 1 in Eq.(3), causing £°?/ in Eq. (7) to degrade to joint
domain alignment. The baseline model achieved an average accuracy of 90.1%.
The second row introduces £5Pf, achieving a slight improvement of 0.4%, demon-
strating its benefit to the integrated feature encoder. However, the method in
the second row shows a 1.0% drop when transferring to task ‘— C’, indicat-
ing inconsistent cooperation between source domains. The last row presents the
full version of CoDA, adding the domain-consistency training loss £°", which
improves performance by 1.6% over the second row and 2.0% over the first row,
highlighting the benefits of incorporating £™ for better model performance.
Note that £°" must be added only after incorporating £57f since £°°™ depends
on £/ Without £°Pf, £¢°" would be zero and unnecessary. Therefore, although
the improvement from £/ is modest, it is essential because £ relies on it.
To visually understand the influence of the two losses, t-SNE (t-distributed
stochastic neighbor embedding) [18] is used to visualize the feature distributions
of different methods. Fig. 5(a) illustrates the features of the baseline model,
which correspond to the first row of results in Tab.4. In this figure, features from
different domains but belonging to the same category are mixed together, as
F' only utilizes domain-invariant features among all domains. In contrast, Fig.
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Fig. 5. Visualization of features from the ‘horse’ category for the ‘— S (Sketch)’ trans-
ferring task on the PACS dataset using t-SNE. The features before the classifier are
used to compute t-SNE. Different colors stand for different domains.
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Fig. 6. Sensitivity analysis experiments of . Results are reported on PACS dataset.

5(b) shows the features generated by the integrated feature encoder G using
only the implicit domain collaboration loss, corresponding to the second row of
results in Tab.4. These features exhibit diverse intra-class variance due to domain
diversity. Finally, Fig. 5(c) presents the features obtained from the full version
of CoDA, which corresponds to the last row of results in Tab.4. Here, features
from different domains are pieced together with slight separation, while features
from the same domain are grouped together. This demonstrates that features
shared by partial domains are more effectively preserved by G, leading to a
better feature representation with the explicit domain collaboration restriction,
i.e. the domain consistency training loss.

Sensitivity of Hyper-parameter \. Fig. 6 shows CoDA’s sensitivity to the
hyper-parameter A in Eq. (10), which weights the domain-consistency training
loss. A X value of zero means no domain consistency restriction. Increasing A
from 0 to 0.1 improves target domain performance, demonstrating the loss’s
effectiveness. However, accuracy variation is minimal within the range of 0.1 to
1.0, indicating CoDA’s robustness to changes in A within this interval.

Effect of the Number of Mask Modules. Tab.5 shows the impact of adding
mask modules on model performance. Mask modules, which can be added to
any layer of the vanilla feature extractor F', improve domain cooperation. In



Collaborative Domain Alignment for Multi-source Domain Adaptation 205

Table 5. Effect of the number of mask modules

Number|— A|— C|— P|— S|Avg
90.9 [88.784.4197.7/190.4
91.4191.5/81.7/98.190.7
91.9190.4 |83.8198.3/91.1
92.4 191.087.0/98.2/92.1
92.7190.0 185.4198.2/191.6
91.4 191.486.2(98.091.7

S T e W N =

ResNet architectures [7], they can be installed in up to 6 layers: convl x through
convbh_x and an additional bottleneck layer. Results show that performance
increases with up to 4 mask modules but slightly declines with more. This indi-
cates that while additional mask modules enhance cooperation, their benefits
diminish beyond a certain point, probably because features in lower layers are
often already diverse enough.

6 Conclusion and Future Work

In conclusion, we introduce collaborative domain alignment (CoDA), a method
that integrates features shared across all domains and those shared by sub-
sets of domains. Our results show that preserving diverse shared information
improves the performance of the target domain. CoDA outperforms state-of-
the-art methods on several benchmark datasets, making it a promising solu-
tion for multi-source domain adaptation challenges. Meanwhile, the method has
some limitations, such as involving a relatively large number of hyperparame-
ters, which can make the tuning process more complex. Future work will focus
on simplifying this process to improve usability.
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Abstract. In recent years, MRI super-resolution techniques have achieved great
success, especially multi-contrast methods that extract texture information from
reference images to guide the super-resolution reconstruction. However, current
methods primarily focus on texture similarities at the same scale, neglecting cross-
scale similarities that provide comprehensive information. Moreover, the mis-
alignment between features of different scales impedes effective aggregation of
information flow. To address the limitations, we propose a novel edge-guided and
cross-scale feature fusion network, namely ECFNet. Specifically, we develop a
pipeline consisting of the deformable convolution and the cross-attention trans-
former to align features of different scales. The cross-scale fusion strategy fully
integrates the texture information from different scales, significantly enhancing the
super-resolution. In addition, a novel structure information collaboration module
is developed to guide the super-resolution reconstruction with implicit structure
priors. The structure information enables the network to focus on high-frequency
components of the image, resulting in sharper details. Extensive experiments on the
IXTI and BraTS2020 datasets demonstrate that our method achieves state-of-the-
art performance compared to other multi-contrast MRI super-resolution methods,
and our method is robust in terms of different super-resolution scales. Our code
is available at https://github.com/zhiyuan-yang/Edge-Guided-Cross-Scale-MRI-
Super-resolution.

Keywords: Deep Learning - Multi-contrast Super-resolution - Cross-scale

1 Introduction

Magnetic resonance imaging (MRI) is a non-invasive and radiation-free imaging tech-
nique that plays a unique and essential role in clinical diagnosis. Compared to other
imaging techniques, it can visualize anatomical tissues of different parts of the human
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body. Despite its advantages, the acquisition of high-resolution (HR) MRI images faces
challenges such as limited scanning time and patient motion [1, 2]. Therefore, MRI
super-resolution (SR) has always been an important research topic in the clinical imaging
community.

Traditional SR techniques such as interpolation and dictionary learning often result in
over-smoothed or blurred images [3]. In recent years, deep learning (DL) based methods
[4, 5] have attracted much attention, demonstrating remarkable performance. DL-based
methods can be categorized into two types: single-contrast methods and multi-contrast
methods. Compared to single-contrast methods, multi-contrast SR methods, which lever-
age complementary information from different contrasts, have shown to be more pow-
erful. MRI routinely generates multi-contrast images with different acquisition time:
T1-weighted (T1W) images normally require shorter scanning time than T2-weighted
(T2W) images, so clinicians usually acquire HR T1W images (fully-sampled) and low-
resolution (LR) T2W images (under-sampled). They provide complementary informa-
tion about the anatomical structure, and therefore it is natural to use TIW images as the
reference to acquire SR T2W images.

Reference-based SR techniques have been extensively used for both natural images
and medical images [6, 7]. TTSR [8] proposes to use the hard attention mechanism to
search for the most spatially relevant patch in reference images and integrate it with LR
features to generate HR details. Subsequently, MASA [9] and McMRSR [10] develop
a coarse-to-fine patch matching scheme that significantly reduces the computation cost
and achieves better performance. In addition, WavTrans [11] incorporates the wavelet
transformation into the SR framework to capture both high-frequency local structures
and global information. However, these patch-based matching methods only utilize the
most relevant patch in the reference images, which may overlook the complex relation-
ship between the reference images and the LR images. Moreover, most methods adopt a
straightforward approach to transfer the texture information, using either simple feature
concatenation [9] or multiplication [8]. To overcome this limitation, the attention mecha-
nism and the fully-powered transformer architecture have been introduced to extract the
correlation between the LR features and the reference images. MINet [12] uses a channel-
spatial attention module to fuse the features of different stages, while DCAMSR [13]
proposes a dual cross-attention transformer to capture the complementary information
between multi-contrast images.

Although these recent multi-contrast methods [8—13] have achieved desirable results,
there are still some challenges: First, reference-based methods exclusively consider tex-
ture transfer from the reference modality, while neglecting the intrinsic anatomical struc-
ture. This neglect may lead to superficial and inconsistent SR results. In medical image
analysis, it is essential to preserve the anatomical structure in the images for accurate
diagnosis. Traditional methods have established the significance of incorporating struc-
ture information as a valuable prior constraint [ 14—17], which allows more attention to be
allocated to the image details. Second, current methods only utilize texture similarities
of the same scale. Earlier studies [18] have suggested that texture similarities in MRI are
not only at the same scale but also across scales. Leveraging features at varying scales
to aggregate the information flow can enhance the SR performance. However, simply
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fusing multi-scale features may introduce more redundant noise due to the misalignment
between features of different scales.

To overcome these challenges, we propose ECFNet which adopts several customized
modules for SR of biomedical imaging data, depicted in Fig. 1. In particular, we adopt
a coarse-to-fine feature fusion strategy to generate texture information. In addition, we
add a structure branch containing high-frequency components to assist the model in gen-
erating sharper details. The proposed method effectively learns the previously neglected
features of different granularities through a multi-scale feature fusion strategy and incor-
porates the structure information, leading to accurate SR of details. The contributions
of this paper are summarized as follows: 1) We introduce the cross-scale feature fusion
module (CFFM) that effectively aligns and fuses features of different scales, enhancing
the aggregation of information flow. 2) The texture transfer module (TTM) is proposed
to adaptively remap the distribution of reference texture with LR features so that the
network can better utilize the reference information. 3) We introduce the structure infor-
mation collaboration module (SICM), which facilitates interaction between features and
structure information. The SICM enables the network to allocate more attention to the
details while preserving the anatomical structure. Extensive experiments on two pub-
lic datasets, the IXI [19] and BraTS2020 [20] datasets, demonstrate that our method
achieves state-of-the-art performance.
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Fig. 1. The overall architecture of our proposed ECFNet.
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2 Methodology

2.1 Overall Architecture

Given the LR image I;g (i.e. the T2W images) and the corresponding reference image
(Ref) Iger (i.e. the TIW images), the ECFNet can accurately restore /1 g to the SR image
Isg. As shown in Fig. 1, the framework mainly consists of three parts: the preprocessing,
the multi-stage encoder, and the multi-stage decoder. In the preprocessing stage, I g is
first interpolated to the same size as Ig.y, and the Sobel operator is used to extract the edge
map / z%d The multi-stage encoder contains four layers, where each layer consists of a

down-sample convolutional layer and residual blocks. After passing Iy gy and Iger into

the encoder, features with different scales are obtained, denoted as F; and F ,f of where

k =1,2,3,4. The CFFM aligns and fuses the features extracted from Ig.s and Ir gy
to generate the coarse-to-fine texture 7. In the multi-stage decoder, the texture is first
aggregated with the features using the TTM. After that, the SICM facilitates interaction
between the features and structure information, refining the details according to the
structure information. Finally, we obtain the SR image Isg and the SR structure map
137! using a simple convolutional layer.

(a) Cross-scale Feature Fusion Module(CFFM)
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Fig. 2. The components of ECFNet: (a) Cross-scale Feature Fusion Module (CFFM); (b) Texture
Transfer Module (TTM); (c¢) Structure Information Collaboration Module (SICM).

2.2 Cross-Scale Feature Fusion Module

In CFFM shown in Fig. 2 (a), LR features F}, are aligned and then fused with Ref features

F ,fef to incorporate the information from reference images. Since cross-scale similarities
of features are widespread, utilizing the aggregated information from different scales can
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improve the SR results. The key issue is that misalignment of position and channel may
appear across different layers, which hinders the comprehensive integration of multi-
scale information. Therefore, we propose to adaptively align the up-sampled LR features
F lilil with HR features F.

First, deformable convolution [21] is used to introduce learnable offsets to the spa-
tial sampling locations, augmenting the alignment of the receptive field in the down-
sampled features with HR features. The offset is learned by convolutional layers from

concatenated features:
offset = Convx3(Concat(Fy, Fi,)). (1)

The deformable convolution then uses the offset to get the aligned features:

ligned
FeS o0 =Y wpn) - F& (i + pu + Apa). )
PneER

FZ_lﬁned, w(-) and Ap,, are the weight and the

offset respectively. The aligned LR features F’ Z_lﬁ"w are subsequently concatenated with

the HR features Fy. To alleviate the channel misalignment among features of different
scales, we introduce a channel alignment (CA) module. The global max pooling layer
and global average pooling layer are used to extract the channel information from the
concatenated features F¢”"““ respectively, and the outcome is denoted as P, € RCEx1x1
and P, € RE*1*1 A multi-layer perceptron (MLP) consisting of two fully connected
layers with a reduction rate of 16 is then used to get the channel alignment coefficient
¢. The output is obtained by:

where p; denotes a pixel in aligned features

F{used — ¢ . F]goncat + F]goncat. (3)

After aggregating the features at different scales, a dual cross-attention transformer
[13] is used to generate reference texture by utilizing the complementary information
from F,fef . Linear projection functions are used to compute the query, value, and key of
the features, and the spatial and channel attention are then obtained by

T

T, = soﬁmax(% < V). )
T

T. = sofmax(2 K o v, 5)

Nz
Finally, the spatial and channel attention are concatenated and reduced to half channel

with depth-wise convolution. The obtained features are then processed by the residual
blocks to generate textures Tk.

2.3 Multi-stage Decoder

At each stage of the decoder, the extracted texture is first integrated with the features
using TTM, where the distribution of the texture is remapped with the features. The
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details are then refined according to the structure information using the SICM so that
more attention is allocated to them.

Since the distribution of the extracted texture may be inconsistent with LR features,
simple concatenation may lead to suboptimal results. Inspired by the work of [9], we
design a texture transfer module (TTM) as shown in Fig. 2 (b) to remap the distribution of
the texture with LR features. The instance normalization is used to extract the structure
of texture and discard its style:

T —
T, « K~ HTe (6)
o Ty
After that, the affine transformation is used to update the features:
Ty <~ X @B +y. @)

Two separate convolutional blocks are used to learn the affine transformation param-
eters B and y so that the features can adapt the style to the texture while maintaining the
structure. Then the transferred texture is concatenated with the features and fused by a
residual block. Compared to simple multiplication or concatenation, the TTM takes char-
acteristics of both features and texture into consideration. The adaptive fusion process
can enhance the incorporation of reference information.

MRI has a large plain background and small important target areas. These areas
contain rich tissue information that is important for accurate diagnosis. The edge map
corresponds to the high-frequency components in the images, therefore incorporating
the edge information can guide the network to allocate more attention to the details
during the SR reconstruction. Since the edge map has zero values in most areas, an
asymmetric convolutional group consisting of 1 x 3 and 3 x 1 convolutions is used to
extract geometric structure both vertically and horizontally, and 1 x 1 convolution is
adopted to refine the features:

X,fdge = Convix1(Concat[Convix1(Xi), Convix3(Xp)]). (8)

The channel alignment (CA) module is adopted to remap the distribution of structure
information with the features. Next, to improve the stability of the network training, we
use the residual connection to get the fused features:

Xi_1 = Conv(ReLU(Conv(X;""8"!))) + X;. ©)

The SICM makes the network easier to preserve the anatomical information for
accurate SR and leads to sharper details.

2.4 Loss Function

The L loss is used for the reconstruction and structure loss. The total loss function is

N
1
L= N ZLI Usr, Iur) + Li(SUur), "), (10)

n=1

where S (-) represents the Sobel operator.
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3 Experiments

Datasets and Baselines. The IXI [19] and BraTS2020 [20] datasets are used to evalu-
ate our proposed method. The IXI dataset contains registered T2W and proton density
weighted (PDW) 3D MRI volumes of 578 subjects, and we use the PDW MRI as the
reference modality. We adopt the same preprocessing procedure of [22], where 3D vol-
umes are clipped into the size of 240 x 240 x 96. 500 subjects are randomly selected
as the training set and another 70 subjects as the testing set. For each subject, 10 slices
are selected. 2-fold and 4-fold down-sampled T2W LR images are created using the k-
space truncation. The BraTS2020 dataset contains 369 subjects for the training dataset
and 125 subjects for the validation dataset. Each subject has 4 modalities with size of
240x240x 155, and we use T1 W images as reference images. 300 subjects are randomly
chosen for training and another 100 subjects for testing. We compare our methods with
four multi-contrast methods (MINet [12], DCAMSR [13], TTSR [8], WavTrans [11])
and a single-contrast method (SwinlIR [23]). Peak signal-to-noise ratio (PSNR) and struc-
ture similarity index measure (SSIM) are used to evaluate the performance of different
methods.

Table 1. Quantitative results on two datasets with different scales. Red numbers indicate the best
result, and blue numbers indicate the second-best result.

Dataset IX1 BraTS2020

Scale 2X 4X 2X 4X
Metric PSNR | SSIM [ PSNR [ SSIM | PSNR | SSIM | PSNR [ SSIM
TTSR 38.487 0981 30.400 0.920 | 39.597 0.990 32.671 0.961
SwinIR | 37.002  0.977 29250 0.908 | 39.418 0.991 31.758 0.956
MINet 39.925  0.984 34.093 0.942 | 40315 0992 33.602 0.965
DCAMSR | 40.324  0.986 35908 0.967 | 40.175 0991 33.806 0.967
WavTrans | 39.719  0.981 33443 0963 | 39.857 0995 33406 0.971
Ours 41.823 0987 37213  0.970 | 41218 0.995 34985 0.972

Implementation Details. We train all the models on NVIDIA GeForce RTX 3090 GPUs.
Our model is trained using the Adam optimizer with a learning rate of 2e-4 for 50 epochs.
The batch size is set as 10. The parameters of the Adam optimizer, « and S, are setto 0.9
and 0.999 respectively. All the compared models are trained using their default parameter
settings.

Quantitative Results. Table 1 summarizes the PSNR and SSIM scores on two public
datasets in 2-fold and 4-fold SR. Compared with other methods, our method achieves the
best results in all cases, which proves the effectiveness of our method. In the challenging
4-fold SR situation, our method can still achieve a desirable result. We give the multi-
feature fusion strategy credit for it. It aggregates information flow from different scales
so that even in the LR situation, the network is still able to extract effective texture
information. Besides, the alignment procedure can effectively reduce the redundant
noise when fusing different scale features.
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Table 2. Ablation study on the IXI dataset with 4-fold SR.

Variant Modules Metrics

CFFM TT™™ SICM PSNR SSIM
33.478 0.941
35.437 0.968
35.312 0.965
37.213 0.970

w/o multi-scale feature alignment

w/o texture transfer

L X
XA

X
v
w/o structure branch Vv
N

full version

Qualitative Results. Figure 3 shows the SR results and the corresponding error maps on
two datasets with different SR rates. In the error maps, prominent features indicate poor
detail reconstruction. It can be observed that our method is superior compared to other
methods in both datasets, which proves the robustness of our method. Furthermore,
our method generates sharper texture details compared to other methods because we
incorporate the structure information, allowing the network to focus on the details during
the reconstruction process. In the SR process, the features are adaptively adjusted in the
informative regions guided by the structure information, resulting in more details.

Ablation Study. We conduct ablation studies on the IXI dataset for 4-fold SR to evaluate
the effectiveness of different modules within our framework, and the results are shown
in Table 2. Three variant networks are used: 1) w/o multi-scale feature alignment, where
the cross-scale alignment part in the CFFM is not used. 2) w/o texture transfer, which
is our model without the TTM. 3) w/o structure branch, which is our model without
the edge map extraction and the edge branch. The results indicate that the variant w/o
multi-scale feature alignment performs worst, which proves that our alignment module
effectively integrates features from different scales. The degradation of variant w/o struct
branch is consistent with our conclusion that structure information can enhance the SR
reconstruction and lead to sharper details. Furthermore, the improvement from the variant
w/o TTM to the full version also proves the effectiveness of the texture transfer module.
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Fig. 3. Qualitative results and error maps of different methods on two datasets. The first/third
row are the SR results, and the second/fourth row are the corresponding error maps. The brighter
color suggests more errors.

4 Conclusion

In this study, we propose an edge-guided and cross-scale feature fusion network for
multi-contrast MRI super-resolution. Specifically, we design a novel pipeline to utilize
cross-scale similarities in MRI that can provide comprehensive information. In addition,
we incorporate the structure information to guide the network towards generating sharper
textures. Extensive experiments demonstrate that the proposed method achieves state-
of-the-art performance, especially in the challenging four-fold SR. Our work provides
a possible direction for further research in processing multi-contrast MRI, which has
great potential uses in many medical applications. In the future, we would like to explore
multi-contrast MRI super-resolution at arbitrary scales.
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Abstract. Computed tomography angiography (CTA) scans provide
doctors with an accurate visualization of the vascular system that helps
them make diagnostic decisions. To help doctors make a quick diag-
nosis, the resolution of CTA images needs to be improved. With the
advancement of deep learning technology, many neural network mod-
els have been proposed to improve image quality. Most current image
super-resolution (SR) methods still have problems, such as texture loss
and boundary-blurring, and there are few methods for CTA images. In
this paper, we propose the Separation Feature Residual Diffusion Model
(Dual-ResShift) for generating high-resolution (HR) CTA images with
only 15 sampling steps. In the model, we propose a feature-separated
SFUNet and a new feature extraction algorithm, GBVS-Enhanced based
on Graph-based visual saliency (GBVS), to enhance the extraction of
high-frequency features. In addition, we design a loss function named
LEage to guide the diffusion model to optimize the image. Our method
was verified on the clinical CTA dataset and AVT dataset. The PSNR
reached 26.4165, SSIM reached 0.7440, and LPIPS reached 0.0484 on the
clinical CTA dataset. The PSNR reached 28.6791, SSIM reached 0.7805,
and LPIPS reached 0.0365 on the AVT dataset. Experiments show that
Dual-ResShift can outperform existing methods. Our code and model
are put on https://github.com/prefectmoon/Dual-ResShift-code.

Keywords: Super resolution - Computed tomography angiography -
Residual diffusion

1 Introduction

Computed tomography angiography (CTA) is a crucial radiological technique
in visualizing and diagnosing cerebrovascular diseases [17]. Despite the benefits
of noninvasiveness and 3D imaging presentation, CTA’s resolution remains rela-
tively low, and the complexity of the edges of blood vessel pixels increases during
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super-resolution (SR) processing. The challenge of attaining sub-millimeter-level
ultra-high-resolution (HR) images in CTA scans is increasingly prominent [31].
Therefore, improving the clarity of CTA images becomes essential to enhance
diagnostic accuracy. Image SR involves restoring HR images from low-resolution
(LR) counterparts, serving as a critical image processing technique in computer
vision [35]. Leveraging this method effectively improves image quality, assisting
physicians in enhancing diagnostic accuracy when utilizing CTA images.

Traditional SR methods often suffer from the loss of texture information,
yielding SR images that lack realism. In contrast, deep learning-based SR meth-
ods excel in extracting the nonlinear relationship between HR and LR, resulting
in superior high-frequency information preservation. Many SR methods based
on deep learning have achieved remarkable results [5,7,8]. Early approaches typ-
ically acquired LR images under known degradation processes, lacking general-
ization and potentially yielding unsatisfactory results in practical applications;
there can be many visual artifacts. Based on unknown degradation, works such as
BSRGAN [42], Real-ESRGAN [34], and SwinIR [18] generate SR, better simulat-
ing real-world scenarios. Recently, diffusion models have been introduced to SR
tasks, showcasing outstanding generative capabilities and attracting extensive
attention. Applying the diffusion model to image SR has also yielded promising
results, indicating significant potential in SR tasks.

Although the existing method of SR based on the diffusion model has made
a series of achievements, it has three main shortcomings: Firstly, Many meth-
ods ignore the texture information of LR images and do not retain valid struc-
ture information in the reconstruction process. Many unpleasant visual artifacts
appear in the generated images, such as joint misalignment or texture distor-
tion. Secondly, these methods mainly rely on real-world natural image datasets,
such as set5 [2], DIV8K [11], Flickr2K [1], etc., and may not achieve satisfactory
results when applied to CTA images. The generation of SR images based on
the diffusion model generally requires many sampling steps (50 to more than
1000 steps) to obtain high-quality images after a long inference, it is computa-
tionally expensive, and not suitable for real-time applications. In addition, the
diffusion model has not been applied to blind SR of CTA images. Therefore, we
construct Dual-ResShift based on the ResShift [41] designed for SR to address
these challenges. Our main contributions are as follows:

1. We design a dual-input SFUNet for separating features to help the model
obtain a more comprehensive feature mapping.

2. Based on the characteristics of CTA images and the Graph-based visual
saliency (GBVS) algorithm, we present a GBVS-Enhanced algorithm to pro-
cess high-frequency information in LR images, which provides more texture
information for the model.

3. We propose a new loss function named £ g44¢, which helps optimize the model
and makes the generated image more consistent with the target image on edge
information.
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Our experimental results show that Dual-ResShift can generate high-quality
clear images from blindly degraded LR, exceeding the performance of most cur-
rent models.

2 Related Work

2.1 Image Super-resolution

The earliest model to achieve SR using deep neural networks is SRCNN[7], which
utilizes a three-layer convolutional network to fit nonlinear mappings and obtain
HR images. Subsequent methods such as ESPCN [27], EDSR [19], RCAN [44],
SRGAN [15], etc., effectively improve the resolution of the image. [3] to improve
the resolution of medical images by using multiple improved residual networks is
presented. [9] proposed a 3D deep dense connection neural network to improve
the quality of brain MRI scanning. [21] presented a problem of using deep resid-
ual networks to improve the lack of correlation between feature information in
CT images.

Early works involved training LR images obtained through bicubic downsam-
pling or K-space truncation. These methods lack generalization, which greatly
underestimates the complexity of real noise, and the effect will be reduced in
practical application scenarios. Some studies utilize blind SR methods to pro-
vide effective degradation pipelines, where the image is randomly degraded from
the Angle of noise and fuzzy kernel, such as BSRGAN [42] and Real-ESRGAN
[34]. [45] realized blind MRI overscoring based on CycleGAN [46] architecture,
which reduced image distortion. [30] proposed a parallel alternate iterative opti-
mization degradation strategy and enhanced spatial feature transform residuals
to implement the blind SR method for CMRI images. [26] have improved the
regression process and ESRGAN’s loss function to reconstruct MRI images and
have good generalization.

2.2 Diffusion Model for Image Super-resolution

DDPM [13] exceeds GAN [10] in many generation tasks by continuously adding
Gaussian noise destruction training data in a forward process and then revers-
ing noise recovery data in a reverse process. Subsequently, proposed models
such as score-based generative model [29], DDIM [28], guide diffusion [6], LDM
[23]etc., have been further developed based on DDPM, reducing sampling steps
and improving the generation quality of diffusion models. Due to the excellent
generative performance of diffusion models, some studies have also been explor-
ing SR reconstruction based on diffusion models. For example, SRDiff [16], SR3
[25], DiffIR [40], StabeSR [32], and ResShift [41]. However, the application of dif-
fusion models in medical imaging is limited. [39] by integrating the self-attention
mechanism into DDPM, a new deep learning SR, framework for brain MRI images
based on DDPM is proposed. InverseSR [33] has achieved SR for MRI images
based on their sparsity. At the same time, DisC-Diff [20] combined T1 and T2
modalities of MRI images for multi-contrast SR reconstruction.
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The diffusion model can produce a stable optimization process and has shown
excellent performance in SR reconstruction work, but blind SR CTA image
reconstruction based on the diffusion model has not been realized. Due to the
complex texture of CTA images, edge blurring may lead to unsatisfactory results,
and feature complexity in CTA slices poses challenges for diffusion model learn-
ing of images.

3 Methodology

3.1 Overall Architecture

The diffusion component proposed in Dual-ResShift builds upon ResShift [41],
establishing a Markov chain by manipulating residuals between HR and LR
images. Compared to other contemporary diffusion models, it requires only 15
sampling steps and boasts highly flexible noise control mechanisms. This allows
for precise adjustment of residual and noise levels during transitions. As depicted
in Fig. 1, here is a Markov chain between HR and LR obtained by shifting
residuals. HR z( adds Gaussian noise in 15 steps to get x15 in the forward
diffusion process. The reverse process denoises x15 with LR and GBVS-Enhanced
as conditions to get the SR image.

Residual

Fig. 1. Residual diffusion of Dual-ResShift.

Forward Process Given HR and LR image pairs, let the residual between
HR and LR be represented as ey, where eqg = yg — xo. The direction of forward
process optimization is to gradually adjust the residual ey through a Markov
chain of length T to transform z( into yo. In the implementation process, an
offset sequence 7, is introduced, which monotonically increases with time ¢
and satisfies 71 — 0, np — 1. We denote k as a hyper-parameter controlling the
noise variance, the noise level in z; is proportional to 7;, and & is the scale factor.
I is the identity matrix. In addition, the marginal distribution at any timestep
t is analytical, so the forward process is distributed as follows Eq. 1:

q(xt|x0,y0) = N(xt;xo + u + eo, /‘5277:&—7),75 = ]-7 27 VA (1)
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Reverse Process The reverse process aims to generate a new SR image
from xp. This is accomplished by constructing the reverse distribution
po(Ti—1|x, Yo, vo), conditioned on its associates LR image and the feature map
of CTA image obtained by GBVS-Enhanced algorithm. This reverse process can
be expressed as follows Eq. 2:

¢
p($0|yoyvo)=/ (z7]y0, vo) H (zt—1|zt, Yo, vo)dz1.r

p(@7|yo, vo) = N(z7|yo, vo, k1)

po(Tt—1|Tt, Yo, vo) = N(ﬂé‘t—l;ue(ﬂ?t,yo,vo,t)vZ(%,yo,vo’t)) (2)
0

where pg(z—1|x¢, Yo, vo) represents the reverse kernel from x; to z;—; with a
learnable parameter §. We show the overall structure of Dual-ResShift in Fig. 2.
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Fig. 2. The overall structure of Dual-ResShift.

3.2 Separated Features Unet

It isn’t easy to obtain the inverse process distribution, so we incorporate the
SFUNet for separating features and GBVS-Enhanced as a second input to sup-
plement the texture information. As shown in Fig. 3, SFUNet derived the distri-
bution of the inverse process by learning CTA images with separated features,
combined with the proposed Lrotar = Larse + Lsk + Lars—ssiv + LEdge joint
loss function to optimize the model, and guided the model to generate new HR
images conditionally.
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Fig. 3. The structure of SFUNet.

The SFUNet has three encoders that extract three features separately. We
introduce a deformable feature separation(DSF) block, which includes a convo-
lutional layer, a deformable convolutional layer, and a sigmoid linear unit (SiL.U)
activation function. The offset introduced by the deformable convolution [4] in
the receptive field can better fit the irregular edges of blood vessels and bones
in the image. The input HR with added noise as z;, LR as y, and the feature
map obtained by GBVS-Enhanced as v are sent into three identical encoders to
extract features, yielding Fy,, Fy, and F,, respectively. The DSF block processes
these three features to yield common features Cy,, Cy, and C,,, alongside distinct
features D,,, Dy, and D,. The derived common features C,,, Cy, and C, are
weighted and combined using the CBAM [38] block to produce the composite
feature Cyy. Concurrently, the independent features D,,, Dy, and D, are sep-
arately weighted and inputted into the CBAM module to derive Dx,, Dy, and
D,, signifying the independent features of the three inputs. The convolutional
layer and SiLU activation function are used to integrate the common features
and three different features and output a set of weights [f)xt, [)y, D,, C’] Finally,
the weights are sent to the decoder for upsampling. The model outputs include
the common feature of HR, the distinct feature, and the predicted SR.

3.3 GBVS-Enhanced

Through some experiments, we have found that current SR methods exhibit
issues with unclear textures in CTA data. Some methods generate informa-
tion that does not exist in the HR images, which can be highly dangerous for
medical diagnosis. To solve this problem, we adopt a dual-input approach to
provide more information to the network. The network’s inputs consist of the
anxious HR image, the LR image obtained using Real-ESRGAN blind SR, and
the GBVS-Enhanced extracted from the LR image. The GBVS-Enhanced algo-
rithm is described as follows [12]: First, the R, G, B, and L = maxz(R,G, B)
channels of the LR image are processed using a Gaussian pyramid to obtain
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four pyramids: R, G,B, and L. Then, color features are extracted by computing
L = max(R,G,B), CBY = (B —min(R,G))/L, and CRG = (R—G)/L. CBY
and C'RG represent the differences in the blue-yellow and red-green components
of the color features, respectively. Next, by applying the Gabor filter to L feature
mapping to extract directional features, the feature response M of L image in
different directions is obtained. Finally, for the feature map M, a weighted edge
with weight w is introduced between any two nodes (i,7) and (p,q) as (4,75) to
(p, q) edge. The formula is expressed as follows Eq. 3:

w((,5), (p,q)) = A(E, )P, ) - F(i —p,j —q)

AG )l 0) = log =2

)
=)+ -7
) 3)

Where o is the parameter, M (¢, j) and M(p, q) are the eigenvalues of (i, 5),(p, q).
A Markov chain with a normalized weight w is defined on M. A is obtained by
the stable state of the Markov chain on M, and then A is multiplied by the fully
connected graph F' to obtain the final salient graph. To enhance the contrast
between blood vessels and surrounding tissues in the CTA image, we fuse the
LR color values (obtained by (R+ G + B)/3) and the LR edge feature map with
the GBVS feature map as our second input. As shown in Fig. 4, the GBVS-
Enhanced feature map highlights the most important information in the image,
making it more prominent, and adding color value and edge feature map makes
the texture information more abundant.

F(i—p,j —q) = exp(—(

a) HR b) LR c) GBVS d) GBVS-Enhanced

Fig. 4. Comparison of HR image, LR image, GBVS algorithm, and the proposed
GBVS-Enhanced algorithm.

3.4 Loss Function

The loss function can guide the CTA image generated by the model to be closer
to HR. In order to effectively learn features from the image and help the model
converge, we use the joint loss function in Dual-ResShift. In addition, we denote
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the target as X = xg, the output of the model as Y = fy(x¢, y0,v0,t). The
formula is expressed as Eq.4.

Lrotal = Lyvse + Lsr + Lyvs—ssiv + LEdge (4)

MSE Loss The diffusion model predicts xg. To help the model converge, we
use the Ly;sp loss function. It is expressed as Eq.5:

1 — 9
=— E XY
LysE - | | (5)

i=1

Separated Features Loss In SFUNet, for the features of the model to min-
imize the differences between shared features and maximize the differences
between independent features, we calculate the L2 distance between shared and
independent features and take their ratio as the optimization Eq. 6:

1Ca, = Cyll2 + [|Ca, = Coll2 +[|Cy — Cull

Lsp = (6)
1Dz, = Dyll2 + ||Da, = Dylla + Dy = Dolf2

MS-SSIM Loss To make the overall structure information of the SR CTA
image more complete and ensure that the image is not only close to the original
image at the pixel level but also consistent in structure, we introduce Eq. 7
calculation of similarity on multiple scales [37].

EMS—SSIZM =1- [l H Cj X Y >< SJ(X Y)] (7)
M

The original scale of the image is 1, and the maximum scale is M, and j C [1, M],
lm, ¢, and s; are represented by brightness, contrast, and structural similarity.

Edge Loss The blood vessel edges in CTA images are complex. We designed
an Lpqge to improve the edge freshness in CTA images. First, we convert both
the model’s output and ground truth images into grayscale. Then, we calculate
the difference between the maximum and minimum filters and extract the edge
information. The difference between the model’s output and ground truth images
is then measured by calculating the L1 loss between these edge images. We
denote the edge from X as Fx, the edge from Y as Ey, and the complete
formula is expressed in Eq. 8. We show four samples of extracted edge features
in Fig. 5.

1 n
»CE’dge = ﬁ Z |EX1 - EYZ‘ (8)
=1
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o

o

b) The edge from model’s output

Fig. 5. The examples of the edge images.

4 Experiments

4.1 Datasets

We ran experiments on two datasets of CTA. The data set was derived from CTA
images and related electronic medical records of 200 patients with intracranial
aneurysms provided by Xingiao Hospital of Chongqing Army Military Medical
University and Banan Hospital Affiliated with Chongqing Medical University.
We used 147 sets as a training set, 10 sets as a validation set, and 20 sets as a
test set. The other data set from the publicly available Aortic Vessel Tree (AVT)
[22], of which we used 22 sets as the training set, 3 sets as the validation set,
and 8 sets as the test set.

4.2 Experimental Settings

The Dual-ResShift, implemented based on PyTorch, follows the UNet architec-
ture and settings described in guide diffusion [6]. It incorporates 2 BigGAN resid-
ual blocks and utilizes 4 attention heads with attention mechanisms employed
at resolutions of 8x8, 16x16, and 32x32. During training, the batch size is set
to 64, Adam optimizer is used with a learning rate of 5e-5, and the training is
carried out for 100k iterations on an NVIDIA RTX H800 80G GPU. Regarding
the hyperparameters, T is set to 15, k to 2.0, and p to 0.3.

In the training data, we cut 30 256%256 slices of CTA images of the training
set and verification set from the Z-axis direction. In the test data set, we clipped
10 256*256 slices of CTA images from the Z-axis direction (due to the small
number of images in the AVT dataset, we used 30 256%256 for our test set),
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and the RealESRGAN [34] was also used to obtain the LR images for the test
set degradation model. However, to better simulate the LR situation in reality,
we delete the second-order operation based on RealESRGAN degradation, set
the probability of randomly sampled isotropic Gaussian kernel and anisotropic
Gaussian kernel to [0.6,0.4], and set the kernel width of isotropic Gaussian ker-
nel from [0.2,0.8]. Anisotropic Gaussian kernels’ width along the x and y axes
is randomly sampled from [0.2,0.8]. For the added Gaussian noise, we randomly
select from the levels [1,15] and Poisson noise from [0.05,0.3]; the ratio of Gaus-
sian noise and Poisson noise are [0.5,0.5]. The downsampling of images from
256*256 to 64*64 is implemented randomly from ”area,” ”bilinear,” and ”bicu-
bic.” Finally, the image quality is compressed using JPEG, and the quality factor
is determined in [70,95]. The second inputs in the training and testing processes
are implemented using the GBVS-Enhanced algorithm.

4.3 Comparison with State-of-the-Arts

We compare the performance of Dual-ResShift with five common single image SR
methods on 64 -; 256 SR tasks: BSRGAN [42], RealESRGAN [34], SwinIR [18],
LDM-15 [24], and ResShift [41]. The LDM experiment is 15 steps, respectively,
and the diffusion step of ResShfit is 15. The evaluation metrics used are PSNR
[14], SSIM [36], and LPIPS [43]. The experimental results are shown in the
Table 1.

Table 1. Quantitative results of different methods on the clinical dataset and AVT
dataset. The best results are highlighted in bold.

Dataset Clinical Datasets AVT Datasets

Methods& Metris |PSNRT [SSIM7T [LPIPS||PSNRT |SSIMT [LPIPS]|
BSRGAN [42] 21.1595 10.5555 |0.0876 |27.3558 |0.7352 0.0556
RealESRGAN [34] [24.8320 |0.7214 0.0543 |18.8666 |0.4403 |0.1307
SwinIR [18] 22.0735 10.6299 |0.1590 28.1379 |0.7797 0.0838
LDM-15 [24] 12.8242 |0.2107 |0.2745 (17.7781 |0.1778 |0.1680
ResShift [41] 16.9386 |0.4448 |0.1586 [23.3432 |0.6704 |0.0793
Dual-ResShift(Ours)|26.4165/0.7440 0.0484 |28.6791/0.7805/0.0365

As seen from Table 1, Dual-ResShift is superior to other SR methods in
all indicators of 64 —> 256 tasks. Specifically, Dual-ResShift exceeded Base-
line(ResShift [41]) by 9.48(db) on PSNR, SSIM increased by 0.2992, and LPIPS
decreased by 0.15 on the clinical dataset. On the other hand, Dual-ResShift
exceeded Baseline(ResShift [41]) by 5.34(db) on PSNR, SSIM increased by
0.1101, and LPIPS decreased by 0.43 on the AVT dataset.

From Fig. 6 and Fig. 7(for ease of presentation, we enlarge the 64 x 64 LR
image to 256 * 256 by bicubic.), it can be seen that the image reconstructed
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by our proposed Dual-ResShift method has a richer texture and clearer edges.
BSRGAN, RealESRGAN, SwinIR, and ResShift can restore basic image infor-
mation, but the texture still has shortcomings. Some places are too smooth.
LDM-15 fails to produce correct images, possibly due to the model’s insufficient
ability to handle noise in the dataset.
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Fig. 6. Qualitative comparisons of different methods on the clinical dataset.
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Fig. 7. Qualitative comparisons of different methods on the AVT dataset.

4.4 Ablation Study

The loss function guides the model to converge better. In order to generate
higher-quality images, we evaluated the impact of the loss function in the model
on the model performance. We also removed the GBVS-Enhanced algorithm as
a second input to the model in the experiment to evaluate the effectiveness of
the GBVS-Enhanced algorithm: 1) w/o Ly - implementing our model with-
out Lysg; 2) w/oLgr - implement our model without lsp; 3) w/o Lys—ssim
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- implement our model without £ass—ssram loss function; 4) w/o Lggge - imple-
ment our model without £ gqge loss function; 5) w/o GBV'S — Enhanced - imple-
ment our model without GBVS-Enhanced algorithm. The experimental results
in the clinical data set are shown in Table 2.

Table 2. Ablation study on the clinical dataset on 64 —> 256 task.

Type PSNRT [SSIMT [LPIPS|
w/oLysE 25.2357 |0.6924 |0.0538
w/oLsr 25.9016 |0.7158 |0.0463
w/oLys—ssIm 25.2770 |0.6818 |0.0508
w/o LEdge 25.5308 10.6978 0.0492
w/oGBV S — Enhanced|25.5107 |0.7101 |0.0491
Dual-ResShift(Ours) 26.4165/0.74400.0484

As can be seen from Table 2, Ly is slightly inferior to w/o Lgp in the
LPIPS index by 0.021 higher by 0.5149 in PSNR and 0.0282 in SSIM. There-
fore, w/o LsF is helpful to the optimization of PSNR and SSIM. In other cases,
Lrotar’s performance results better. Overall, Lr1,:,; has some advantages, prov-
ing the importance of using the joint loss function in the model.

In addition, to verify the effectiveness of our proposed GBVS-Enhanced algo-
rithm, we replaced the second input of SFUNet with the LR input. In addition,
the GVBS-Ehanced algorithm is excluded without changing the structure of
the model. Experiments show that, without the GBVS-Enhanced algorithm, All
indexes of the model decline, so our GBVS-Enhanced algorithm helps implement
SR tasks in CTA images.

5 Conclusion

We propose Dual-ResShift, a diffusion model for blind SR of CTA images. To
overcome the disadvantages of previous SR methods in recovering texture and
edge information, we introduce a GBVS-Enhanced algorithm to provide more
information. In addition, we propose a feature-separated SFUnet to extract
richer features and design a novel Lgq4e loss function to guide model optimiza-
tion. Our experiments demonstrate the potential of the diffusion model for CTA
SR reconstruction. In the later more in-depth research work, we will further
optimize the model, consider the 3D characteristics of CTA images, enhance
the impact of context on image reconstruction, and improve the quality of SR
images.
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Abstract. With advancement in technology, several changes can be
observed in various technological equipments. With advancement in hear-
ing aids technology, hearing disabled individuals are benefited abun-
dantly. In this study, we aim to improve hearing aid technology, by
proposing an advanced solution to one of the major problem of wind
noise disturbance. In particular, we design a three-stage multi-block U-
Net model to suppress the degradation with high quality reproduction of
sound. We analyzed time-frequency domain-based audio representation
analysis, and trained model on realistic noise for better user experience
in hearing aids. The properties of wind noise, affecting the signal quality
have been discussed deeply in addition to effect of wind noise for hearing
aids users. Fully-convoluted two different blocks of U-Net were used in
order to generate the proposed model, which outperforms existing mod-
els when evaluated with different performance metrics. The importance
of deep learning methodologies in combination with hearing aids chips,
and importance of realistic data for training an balanced model is also
demonstrated in this study.

Keywords: Hearing Aids - Wind Noise Reduction - U-Net -
End-to-End Denoising - Speech Enhancement

1 Introduction

After the invention in 19*" century, audio recording technologies and devices
have been upgrading continuously, and so is hearing aids technology. With
advancement in technology, hearing aids users have been benefited abundantly
by improved quality of speech, availability of different features, and functions in
hearing aids. According to recently released reports of World Health Organiza-
tion (WHO), 1.5 billion people (nearly 20 % of humans) have hearing loss, among
whom 439 million have disabling hearing loss [1]. These 1.5 billion numbers can
grow upto 2.5 billion people by the end of year 2050 as stated by reports [2].
While more than 400 million people worldwide could benefit from hearing aid use
alone, only 17 % get to use these devices. An hearing disabled, individual faces
many issues in communication, in particular, malfunctioning of hearing aids. One
of such commonly faced issue by hearing aids users, is Traveling Speech Degra-
dation (TSD), which refers to low speech quality received by hearing aids due
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to noise in scene of hearing aid user. Due to such unwanted noise interruption,
the quality of speech degrades abundantly, resulting into difficulty for hearing to
the subject. Such noise is mainly due to high velocity of wind (i.e., wind noise),
and a low frequency vehicle as well as background noise. The objective of this
paper is to capture the pattern of audio waveform and decrease the background
noise by employing advanced deep learning methods. Many such methods have
also been explored in this field, however, they fail to capture properties of speech
signal, resulting into miscasting of original speech wave.

Hearing aids users experience a variety of unwanted sounds from multiple
sources, among which one of the main problem being encountered is wind noise
while traveling or outstation. The quality of speech also degrades, due to hiss and
clicks, resulting into low quality of speech along with wind noise. Both hiss and
clicks can disrupt the clarity of the sound, making it difficult for users to focus
on important sounds, such as speech. Other factors, such as listening fatigue,
background noise, and distort speech sounds also make it harder to understand
conversation. When this unwanted sounds mix with wind noise, the quality of
speech is at its poorest version of interpretation. Moreover, it also helps us to
suppress the impulsive events. Denoising of speech signals have been previously
attempted using other methods, such as wavelets [3], spectral subtraction [4],
linear prediction [5], and Wiener filtering [6], which were successful only for
stationary noises, and resulted not giving better performance on non-stationary
noise. Wind noise, is non-stationary because of its characteristics, such as ampli-
tude and frequency, that changes over time. Wind speed and direction can vary,
leading to fluctuations in the intensity and spectral properties of the noise it
produces, and thereby resulting into speech signal degradation in hearing aids.

2 Related Work

In [7], the researchers employ a wind noise attenuation algorithm (WNAA) to
capture properties of speech signal properties in order to decrease Signal-to-Noise
Ratio (SNR) level of speech signal. They claim the wind noise to be bounded
between low-mid frequency range, i.e., in regions < 3 kHz. This claim may be
an important clue for conducting further research on similar topic. They also
illustrated and classified the effects on background noise due to direction of
microphones. Study reported in [8] provides literature about directional and
unidirectional microphones in behind-the-ear (BTE) hearing aids. In [9], the
authors present one of the most interesting works on real-time wind noise can-
cellation and reduction using speech processing techniques. They employ Fast
Fourier Transform (FFT)-based system, resulting into reduction of wind noise
with just 32 ms of speech / audio frame. Also their system is known that the
tolerable group delay function for mild hearing loss should be below about 5
ms. Study reported in [9] employ system that prevents spatial information for
binaural hearing aids (BHA), by cancelling low delay wind noise. They employ
Short-Time Fourier Transform (STFT)-based technique and estimated Percep-
tual Evaluation of Speech Quality (PESQ) scores for their model. Their success
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motivated us to employ a similar system based on spectrogram denoising. By
advancement in technology, much progress have been made in field of Machine
Learning (ML), and Deep Learning (DL). Motivated by this progress, we employ
a system based on advanced deep learning model, namely, U-Net, which is a
convolutional-based neural network, originally proposed for image segmentation
task [10].

Inspired by denoising of historic recordings [11], this study employ a system
similar to them, however, the novelty lies in the structure of U-Net blocks. Study
reported in [11] employed particular type of blocks (I-Blocks), which resulted
in low restoration of high frequency bins while denoising. We employ multiple
blocks, namely, J-Block and K-Block, in order to restore this high frequency bins
while reducing effect of wind noise in speech signal. We also perform various
types of analysis based on the proposed model, that validates the capability and
usability of model. We employed an end-to-end system that takes noisy audio
file as input, and gives output of clean denoised audio file. For robust model, we
employed 6 types of different wind noise at various SNR levels. The proposed
system provides the following novelty:

— Deep understanding of wind noise effect on hearing aids.
— U-Net multiblock system.
— STFT-based analysis for wind noise reduction.

The rest of the paper is organized as follows : Section 3 provides information and
properties of wind noise in hearing aids. Section 4 gives details of proposed U-Net
model, and methodology employed. Dataset and performance metrics detailed
information are proposed in Section 5. Experimental results, their discussion,
and different SNR related noise experiments are discussed in detail in Section
6. Section 7 summarizes and concludes the paper along with potential future
research directions.

3 Wind Noise

This Section describes wind noise, its characteristics, and its relationship with
hearing aids. Hearing aids users face a variety of acoustic environments in day-
to-day life. Classification of these environments for hearing aids have also been
attempted in the literature. This classification task for hearing aids is also known
as Acoustic Scene Classification (ASC) [12], which is one of the primitive and
basic task for speech enhancement in hearing aids. This study focus on pri-
mary and one of the most challenging task of speech enhancement in hearing
aids. Wind noise in this study refers to air pressure creating blockage at micro-
phones in hearing aids resulting into undesired sound at the output as hearing
aids. While traveling on an vehicle (specially 2 - wheeler, i.e., bike), in deserts
(where velocity of wind is much higher), infront of air conditioner (where air
directly strikes hearing aids), and while running, are most common unavoidable
circumstances, where wind noise in hearing aids increases abundantly and hence,
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reducing speech quality of speakers. In such scenario, hearing aids user face unac-
ceptable circumstances when the adjacent speakers’ voice is affected abundantly
due to high power wind noise. This results in malfunctioning of hearing aids and
may cause severe fatal accidents to the users and thus, degrade quality of life.
For such observations, a bunch of hearing aids users were examined in presence
of wind noise, resulting into increase in hearing deficiency at that moment [7].
According to reports conducted by ORCA-US, 42 % users reported negative
feedback with hearing aids in presence of wind noise [13]. Motivated by this,
we propose use of an alternate model into hearing aids as an solution to this
problem. While physical movement of hearing aids user, there exists two types
of wind, i.e., true wind and head wind, whose vector sum results in apparent
wind as mentioned in Eq. (1). In particular,

Waperrent = Wirue + Whead- (1)

For example, if a hearing aids user is running at speed of 2 m/s opposite to 2
m/s wind, apparent wind could be calculated as 4 m/s, however, if the runner
and wind are in the same direction with the same velocity, apparent velocity
becomes 0 m/s.

3.1 Wind Noise Creation

Low velocity of air flowing around an object, result into parallel moving (also
referred to as laminar flow), and air with higher velocity cannot go around object
laminar. This phenomena results in changing of direction of airflow or returning
of air into the same direction as proposition generating spatial pressure difference
between layers. Such partial pressure difference are referred to as turbulence,
resulting into pressure variation on hearing aid microphones due to velocity
variations caused by irregular airflow as shown in Fig. 1 (a). The disturbance in
hearing aids output due to this partial difference is known as "wind noise" [14].
Sometimes pressure exerted by wind noise moves the diaphragm to microphone
amplifier, resulting into noise distortion. Red rays on Fig. 1 (b), refers to airflow
directions, which creates loud wind noise as compared to blue region resulting
into quiet wind noise w.r.t. microphone position. U-Net architecture is particu-
larly suitable for tasks like audio denoising due to its unique characteristics that
facilitate efficient feature extraction and reconstruction [15].

3.2 Characteristics of Wind Noise

Studies in the literature proved that due to high force of wind noise, wind noise
has high levels as 116 dB for some BTE hearing aids at low wind speed of 11
m/s, due to high force on hearing aids microphone by wind. Characteristics
of the wind noise can be obtained by two major factors, namely, wind speed
and wind direction. Also wind noise level is known to be proportional to square
of wind speed [16,17]. In real life measurements, as wind speed increases, the
noise level can be increased much more than theoretical analysis. As discussed in
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TURBULENT FLOW Microphone

() (b)

Fig.1. (a) Turbulance created by wind [7], and (b) hearing aids noise effect w.r.t.
microphone.

sub-Section 3.1, when wind noise faces directly to hearing aids microphone (red
direction), the noise level is recorded to be more as compared to the wind passing
through side portions (blue direction). Opposite direction (sky blue) rays state
almost negligible impact of wind noise on hearing aids. Wind noise possesses
many spectral characteristics as defined below :

— Low frequency energy concentration (below 300 Hz).

— Increase in spread of noise energy at high frequencies.

— Unique turbulence creation at each measurement point, resulting into rapid
decrease in correlation between two points [18].

— Dual microphone hearing aids result in difference in turbulence creation at
individual location.

Many mechanical changes and approaches have been explored in order to reduce
wind noise effect on hearing aids, among which placing an cover over hearing aids
microphone to laminate wind flow seems to have immense potential [8]. Many
other approaches have also been explored on the same problem [7,19-23].

3.3 Noise Degradation

Noise comes with various degradation in SNR levels, for this study, we choose
various SNR levels including severe noisy conditions to make model more robust
to different noisy environments, variable wind speed, and speech scene and thus,
increase the practical suitability of our work. In moving vehicle or any other mov-
ing condition, the velocity never remains constant, and so doesn’t wind speed.
For such robust analysis, we selected 6 different noise conditions at different SNR
levels (varying from -10 to 10 dB) in order to make model robust as much as
possible.
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3.4 Spectrographic Analysis

We feed STFT spectrogram as an input to U-Net model. Fig. 2 (a) represents
clean audio spectrogram (STFT), and (b) shows noisy spectrogram of wind noise
signal, which we aim to denoise. Fig. 2 (c), (d), (e), (f), and (g) represents
noisy spectogram, spectrogram obtained from spectral gatting, deepfilternet3,
Nsnet2 denoiser, two-stage U-Net, and multistage-mutiblock U-Net of audio
file. It can be observed that the spectrogram as shown in Fig. 2 (g), has more
clear harmonics (black box, and white box) as compared to other obtained spec-
trograms. It can be also observed that in process of obtaining clean spectrogram
from highly noisy spectrogram, we are able to predict the spectrogram, which
resembles almost like clean spectrogram). However, high frequency region hav-
ing low resolution and blunt harmonics can be observed within the highlighted
area in Fig. 2 (g), indicating minor loss of a few properties while gaining the
clean audio signal from noisy audio signal. Significant difference can be observed
between noisy spectrogram and predicted spectrogram in other approaches (red
boxes), indicating the better working of proposed model. However, training of
model can be done on higher number of epoch and different variety of noise, in
order to obtain a spectrogram nearly similar to clean spectrogram. After denois-
ing, we employed standard and openly available speech enhancement model,
namely, Resemble Enhancement Model (REM)!. The audio files obtained were
also less audible in other models due to loss of important data points, however,
they were more efficient than the original noisy audio file as we can observe their
spectrographic difference in Fig. 2.

Fig. 2. (a), (b), (c), (d), (e), (f), and (g) represents clean spectogram, noisy spectogram,
spectrogram obtained from spectral gatting, deepfilternet3, Nsnet2 denoiser, two stage
unet, and multistage-mutiblock unet of audio file, respectively.

! resemble-ai {Last Accessed Date : 29" July, 2024}
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4 Proposed Approach

This Section describes the model (spectrogram-based fully-convoluted) employed
in this study in order to minimize the impact of wind noise on the speech signal.
Much progress have been made in the field of image restoration and denoising in
recent days, among whom study reported in [24] demostrates a multistage image
restoration architecture of U-Net. To that effect, we employ a supervised atten-
tion module (SAM)-based three-stage multiblock U-Net architecture for wind
noise reduction, as shown in Fig. 4. Two phase approach has also been moti-
vated by an recent study [11], which also employes almost similar architecture
for historical recordings restoration. In the first phase of two phase method con-
sists of U-Net sub-networks. However, on the first stage, the inputs and training
objective differs. The aim of this stage is to identify and localize the residual
noise emerging after denoising an speech signal. The second stage works as an
main classifier, which also ensures smooth denoising, and refines the noisy speech
using extracted features from first stage. This will decrease the impact of wind
noise over speech signal. We decided to explore Short-Time Fourier Transform
(STFT) spectrogram as input to U-Net module. STFT is useful when analyz-
ing non-stationary signal having different spectral content over time. It involves
segmenting an audio signal into small time intervals and performing Fourier
transform (FT) on those segments. Unlike the standard FT, which provides a
global frequency view (because of infinite support of Fourier integral), the STFT
captures local frequency content that varies with time. Each FT in the STFT pro-
vides simultaneous time and frequency information. It highlights how different
frequencies contribute to the signal over short time windows. This is particularly
useful for non-stationary signals, such as, speech and music, where frequency con-
tent changes dynamically. Inorder to capture dynamic change in speech signal,
and local frequency components, we extracted STFT spectrograms from 44.1
kHz audio signal, thereafter reading real and imaginary part of signal as real-
valued signal. Frame size and frame length were chosen as 2048 samples, and 512
samples, respectively. In the initial layers, we enhance the network’s frequency
information by including frequency-positional embedding [11] as 10 additional
channels in the input data.In each phase, the 712-channel input coming off of
the previous process is passed through a shallow feature extractor, comprised
of a convolutional layer followed by the Exponential Linear Unit (ELU) [25] as
shown in Fig. 4. F}, 1 extracted at the first layer is then fed directly into U-Net
sub-network; whereas for the second phase, we concatenate input features (Fj;, 2)
with the ones from a set of other features produced by an additive component in
the attention mask for each position. Only optimal features emerges from second
stage of neural network, due to SAM module. The U-Net output features Fout,1
are used to create the estimated residual noise signal N via a 3x3 convolutional
layer. The first stage output Y1 is estimated as Y1 = X + N, where X is the
input spectrumgram. The attention-guided features Fgap; presented in Fig. 4
are determined by the attention masks M produced from Y1 through a 1x1
convolution, and a sigmoid function. Lastly, we take the features output from
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the second U-Net (F,, 2) then apply a 3x3 conv layer to generate the denoised
output, Y2.
To supervise the model, we minimize the mean absolute error of both outputs
at each stage. The reconstruction loss function is defined as:
1K
L= ?Z(|Yk1—Yk| +|Yk2 - YE]). (2)
k=1
Consider a case where clean spectrogram is represented by Y, and the total
number of STFT bins is K. The Adam optimizer [30] with 8; = 0.5, 82 = 0.9,
and a starting learning rate of 1 x 10 decaying by a factor of 10 for every
100,000 steps was used during training. It is worth noting that normalization
strategies were not used since batch normalization and weight normalization did
not produce any improvements in our experiments.

4.1 TU-Net Subnetworks

In computer vision and audio processing, the most common use of the U-Net
architecture is documented [26], [27]. We employed U-Net sub-networks that are
designed following a symmetrical encoder-decoder design, featuring four down-
samplers and upsamplers as shown in Fig. 3 (a) for this study. Each scale contains
an intermediate block referred to as either J-Block 3 (b), I-Block 3 (c) or K-Block
3 (d) as shown in Fig. 3, which consists of DenseNet two-layer block with resid-
ual connection. Concatenating skip connections are used to connect the outputs
of the encoder J-Blocks to their respective decoder J-Blocks. Additionally, an
I-Block is placed after the fourth downsampler. K-Block is similar to J-Block,
however, the number of DenseNet block with residual connection increases to
4. The downsampling layers employ strided convolutions with a stride of 2x2
and a kernel size of 4x4 as well as the same number of filters as the next I-
Block, which consists of three DenseNet blocks, as illustrated in Fig. 3 (c). In
the decoder, the upsampling layers make use of transposed convolutions hav-
ing identical hyperparameters to their corresponding downsampling layers. Our
experiments showed that while checkerboard artifacts are a common side effect
of transposed convolutions, they started to disappear as training progressed.

4.2 Resemble Enhancement Model

The Resemble Enhancement Model (REM)! is the ultimate in sound enhance-
ment technology. REM is based on sophisticated machine learning algorithms,
which allows it to do more than just analyse sound. It enhances speech intelligi-
bility, and maintains the original tonality of music and voice. Being a seasoned
sound designer, it naturally modifies his techniques to fit various settings and
sound kinds. REM works excellent for enhancing speaker volume in a confer-
ence context. Its true allure is in its capacity to isolate and accentuate specific
audio components while preserving a clean, distortion-free sound quality efficient
fine-tuning algorithms that guarantee minimum latency and maximum effect are
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Fig. 3. SAM module embeded with UNet architecture, and blocks After [11].
responsible for this quick performance. The enhancer is a latent conditional flow
matching (CFM) model. It consists of an Implicit Rank-Minimizing Autoencoder
(IRMAE), and a CFM model that predicts the latents. This first stage involves
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an autoencoder that compresses the clean Mel spectrogram (M) clean into a
compact latent representation (Z) clean , which is then decoded and vocoded
back into a waveform. The model consists of an encoder, decoder, and vocoder.
As we have used pre-trained model, it works as follows. After completing
the training of the first stage, in second stage the latent CFM model is trained.
The CFM model is conditioned on a blended Mel, M blend = aM denoised
+ (1 - a)Mnoisy , derived from the noisy STFT-spectrogram M noisy and a
denoised STFT-spectrogram M denoised Here, « is the parameter that adjusts
the strength of the denoiser. During training, « is set to follow a uniform dis-
tribution U(0,1). During inference, value of « can be controlled by the user. To
predict the latent representation of the clean speech, we have used the loaded
pre-trained enhancer model and which is already trained jointly with the latent
CFM model. REM does not discriminate between sources and audio formats.
REM effortlessly transitions between clear speech recordings, energetic musical
performances, and tranquil surround sound to provide an improved listening
experience on all media platforms and playback devices. Using this three-stage
U-Net, we are able to obtain enhanced speech in less than 2 seconds, which in
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5 Experimental Setup

5.1 Dataset Used

The CHiME-1 (Computational Hearing in Multisource Environments) dataset is
the first installment in a series designed to facilitate the development and evalu-
ation of robust speech recognition systems in challenging acoustic environments.



244 A. J. Shah et al.

Recorded in a typical domestic setting, the dataset features binaural recordings
of utterances from the GRID corpus, a collection of simple, fixed grammar sen-
tences, spoken by multiple speakers. The CHiIME-1 dataset includes both clean
and noisy versions of the recordings, allowing us to do controlled experimentation
in noise robustness. Additionally, it provides detailed transcriptions of the speech
content and separate recordings of the background noises, enabling researchers
to test and improve noise suppression and speech enhancement algorithms. This
dataset has been widely used for benchmarking and advancing techniques in the
field of far-field speech recognition, particularly in scenarios involving multiple,
and dynamic noise sources. Six types of different wind noise were collected from
freesound?.

5.2 Performance Metrics Used

Mean Absolute Error (MAE) : It measures the average magnitude of errors
between predicted and actual values without considering their direction. It is
calculated as the average of the absolute differences between predictions and
actual observations, providing a straightforward interpretation of the prediction
accuracy.

Coherence : In the context of topic modeling, coherence measures the degree
of semantic similarity between high-scoring words in a topic. A higher coherence
score indicates that the words within a topic are more related to each other,
suggesting better quality of the topic model.

A Mean Squared Deviation (A MSD) : It is a variation of Mean Squared
Deviation (MSD), often used to assess the variability of a set of values. It mea-
sures the squared differences between predicted and actual values, providing a
sense of how predictions deviate from actual outcomes. Delta MSD specifically
emphasizes the changes or differences between these deviations over time or
across different conditions.

Short-Time Objective Intelligibility (STOI) : STOI is an objective metric
for evaluating speech intelligibility. It compares short-time segments of the clean
and degraded speech signals to estimate how intelligible the speech is to human
listeners. STOI is widely used in speech enhancement and hearing aid algorithms
to assess and improve the clarity of speech signals.

6 Experimental Results

We trained model for 200 epochs, and 2000 steps per epoch. At the end of
training, we were able to obtain training loss of 3 % and validation loss of around

6 %.

2 freesound.org {Last Accessed Date : 29" July, 2024}.
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Table 1. Comparison of proposed approach with existing works

NoiseModel Coherence A MSD |STOI MAE

-5dB |Spectral-Gatting [28] 0.88227  |5.3702 |0.77388/1559.27
DeepFilterNet [29] 0.8538 1.0882 |0.9128 |728.71
Nsnet2-denoiser [30] 0.343 1.6175 |0.1715 |56299977.16
Two-Stage Unet [11] 0.8972 4.9898 0.82  |3854.66
Multiblock-Unet 0.9091 4.4575 0.821663578.19
(Without REM) |
Multistage-MultiBlock-Unet|0.9642 2.4395 10.9189 1037.99
(Proposed) ‘

0dB |Spectral-Gatting [28] 0.89179 5.5726 ]0.8473 ‘1559.21
DeepFilterNet [29] 0.97794  0.6378 0.9416 ‘454.64
Nsnet2-denoiser [30] 0.36411  |1.2707 0.1328 ‘4190851().01
Two-Stage Unet [11] 0.95397  2.5139 0.8776 ‘2108.84
Multiblock-Unet 0.95741  2.2291 0.8799 1946.9
(Without REM) |
Multistage-MultiBlock-Unet/0.983 2.2743 10.9516 726.57
(Proposed)

5dB [Spectral-Gatting [28] 0.89889  |5.5219 0.8658 |1559.27
DeepFilterNet [29] 0.9826 0.5256 |0.9571 (382.57
Nsnet2-denoiser [30] 0.36342  |0.8017 |0.1627 |35356174.96
Two-Stage Unet [11] 0.97894  10.8662 0.9071 |1217.19
Multiblock-Unet 0.97863  0.78482 0.9094 1103.75
(Without REM) |
Multistage-MultiBlock-Unet|0.98713 [2.3324 |0.9611 665.61
(Proposed) ‘

10dB |Spectral-Gatting [28] 0.90091  |5.3941 0.914 ‘1559.27
DeepFilterNet [29] 0.98662  0.248 0.977 237.07
Nsnet2-denoiser [30] 0.3661 0.5275 0.1313 ‘26015898.19
Two-Stage Unet [11] 0.98689  0.3694 0.9614 ‘613.36
Multiblock-Unet 0.98722  10.3004 0.9633 572.68
(Without REM) |
Multistage-MultiBlock-Unet|0.9903 2.6847 10.9817 641.1

(Proposed)

6.1

Comparison With Existing Works

This sub-Section compared results with few existing works. However, we were
not able to compare the work with more existing works, as not all the studies
released their trained model. Due to lack of time, and insufficiency of resources,
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we were not able to retrain existing models, and hence, decided to compare them
with open source released models available. Table 1 denotes the obtained results
on various existing studies, compared with proposed methodology. Observations
based on Table 1 denotes that, after completing process of multi stage U-Net on
a noisy audio, the words are clear enough for a subject to be interpreted and have
high coherence than the other existing models as observed. Coherence denotes
that how much words within topic are related to each other. On the other hand,
low coherence on existing models is due to less denoising of model, or removal
of important speech properties while denoising. Alternatively, DeepFilterNet,
being an advance speech denoising / enhancement model, outperforms proposed
method in various aspects. At the point, controversy arises that is the proposed
model an optimal model ? Resulting into an positive aspect, we also calculate
Mean Opinion Score (MOS) for DeepFilterNet, resulting into proving superiority
of proposed methodology. MOS being an evaluation metrics to validate model
on real-life situation, by asking an subject to rate the denoised speech between 1
(Bad) to 5 (Good). Table 2 denotes the ratings of 108 users after hearing speech
from various speech models. In Table 1, proposed model did not performed well
on other metrics as compared to DeepFilterNet, as DeepFilterNet is denoising
more as compared to proposed method, however, it also degrades the speech
quality while denoising and user is not able to get better experience due to
degraded quality of sound, which can be observed and concluded from results
shown in Table 2.

Table 2. MOS obtained on 108 participants (78 Male + 30 Female)

Model MOS
Spectral Gatting [28]3.67
Nsnet2-denoiser [30] |2.33
Two-Stage Unet [11] |3.89
DeepFilterNet [29] |4.21
Proposed 4.52

7 Summary and Conclusions

In this work, we presented significance of multi-stage U-Net formed from var-
ious types of blocks to denoise hearing aids speech with additive white noise.
We propose end-to-end methodology for identifying the pattern of wind noise
in the speech signal. This study investigated three-stage, namely, UNet, formed
by three different types of blocks, namely, I-Block, J-Block, and K-Block. The
primary goal of this study is to restore and enhance the quality of speech, which
has been degraded due to presence of various types of wind noise at various SNR
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levels. The features extracted (i.e., STFT-based spectrograms) by signal process-
ing concepts were then fed into the U-Net model for the process of mapping an
noisy spectrogram to clean spectrogram. For this study, we made a variety of
observations based on models capability, such as, evaluations based on coher-
ence, A MSD, STOI, MAE, and MOS. In comparison to existing widely used
and open source denoising models, we achieved significantly better results for
the task selected. We also discussed the difference and improvement between
proposed and existing methodology. The proposed system have been explored
for only six type of noise, which we aim to extend the work to various differ-
ent types of noise, to analyze effect of different types of noise on model, as a
future task. Future works also involve more detailed mathematics on proposed
methodology, and exploring variety of blocks for proposed approach.
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Abstract. Age-related macular degeneration (AMD) progressively dam-
ages the macula, the central area of the retina crucial for sharp vision.
While early and intermediate stages may be asymptomatic, advanced
AMD can lead to significant vision loss, affecting tasks such as reading
and facial recognition. The proposed framework employs a cascading app-
roach with two integrated stages for AMD diagnosis, encompassing data
preprocessing, model training, and cascaded prediction with augmenta-
tion and tuning. Utilizing Vision Transformers (ViT), renowned for their
ability to handle intricate image features via self-attention mechanisms,
the framework integrates three distinct ViT classifiers (M1, Mz, and
M3). Each classifier specializes in differentiating AMD conditions based
on patient data and image characteristics. The cascade model iteratively
refines predictions across these stages, ensuring robust diagnostic accuracy
tailored to diverse AMD conditions. Interpretability is enhanced using
SHAP, LIME, and GradCAM techniques, providing insights into model
decision-making and validating automated diagnoses within retinal imag-
ing for AMD. The proposed cascaded approach achieves an accuracy of
93.18%, recall of 94.44%, and specificity of 91.18%.

Keywords: Age-related Macular Degeneration (AMD) - eXplainable
Artificial Intelligence (XAI) - Vision Transformer (ViT) - SHapley
Additive exPlanations (SHAP) - Local Interpretable Model-agnostic
Explanations (LIME) - Gradient-weighted Class Activation Mapping
(GradCAM)

1 Introduction

Age-related macular degeneration (AMD) progressively damages the macula, the
vital central area of the retina responsible for sharp vision. Although early and
intermediate stages of AMD may go unnoticed, advanced AMD can result in
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severe vision impairment, impacting activities like reading and recognizing faces
[2,10,23]. AMD is a leading cause of vision loss worldwide among those aged
55 and older, accounting for 6% to 9% of global cases of legal blindness across
all income levels. Projections suggest a significant rise in affected individuals
globally, from 196 million in 2020 to 288 million by 2040 [3,4,8]. In the United
States, approximately 20 million people were living with AMD in 2019, with
about 1.5 million of them experiencing advanced AMD.

AMD comes in two forms: dry and wet, each with its stages. Dry AMD pro-
gresses through early, intermediate, and late stages, the latter termed geographic
atrophy (or advanced non-neovascular AMD). Conversely, wet AMD, also known
as exudative or neovascular AMD, mainly occurs in the late stage, is character-
ized by inactive and active grades, and is further classified as classic, occult,
or mixed. Both wet AMD and late-stage dry AMD are advanced forms of the
disease [7]. Although dry AMD is more widespread, wet AMD, despite being less
common, accounts for 90% of AMD-related blindness [21].

Several studies such as [12,26] have worked on the AMD diagnosis using state-
of-the-art approaches such as Vision Transformers (ViTs). ViTs have revolution-
ized computer vision, particularly in medical imaging diagnosis. Their advanced
architecture especially in the attention mechanism and superior performance
have enabled precise detection and diagnosis of retinal diseases like AMD, glau-
coma, choroidal neovascularization (CNV), and diabetic macular edema (DME)
[5,22].

ViT excels across various imaging modalities, including retinal fundus images,
optical coherence tomography (OCT), and Spectral Domain Optical Coherence
Tomography (SD-OCT). Utilizing transformer-based architecture, ViT captures
intricate patterns in retinal images, significantly enhancing diagnostic accuracy.
As a result, ViT has become indispensable in medical imaging [19].

The current study suggests a computer-aided diagnosis (CAD) system that is
capable of accurately distinguishing between normal retinas (non-AMD), inter-
mediate dry AMD, GA, and wet AMD grades using fundus images, while effec-
tively addressing the variability in fundus image dimensions. It employs the
state-of-the-art ViT for diagnosis and eXplainable AT (XAI) for interpretability.
Medical doctors subsequently validate the XAI results. The diagnostic process
occurs in two cascading phases. In the first phase, the system diagnoses whether
the patient has Geographic Atrophy (GA)/Intermediate or Normal/Wet. The
second phase conducts further diagnosis based on the output from the first phase.
Overall, there are three ViT classifiers involved in the process.

2 Related Studies

Recent studies have tackled the problem of AMD diagnosis. For instance, Gho-
lami et al. [9] investigated federated learning (FL) for diagnosing AMD using
deep learning (DL) models. They aimed to enhance diagnostic accuracy while
preserving data privacy. Centralized models, particularly with the ViT encoder,
demonstrated exceptional performance, with accuracy rates of 98.18%+0.55 and
99.11% + 0.39 on Dataset 2 and 3 test sets, respectively.
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In addition, Xu et al. [26] introduced DeepDrAMD, an Artificial Intelligence
(AI) model for automated AMD detection and subtype classification, achiev-
ing high Area Under the Curves (AUCs) of 98.76% and 96.47% in different
test cohorts. Furthermore, Yao et al. [27] presented the FunSwin, a method for
grading diabetic retinopathy and estimating macular edema risk, outperforming
existing studies with an accuracy of 98.66% and an F1 score of 98.96% for binary
classification of macular edema.

Additionally, Kihara et al. [13] developed a DL model utilizing a ViT archi-
tecture to detect nonexudative macular neovascularization (neMNV) from OCT
B-scans. Using Swept-Source Optical Coherence Tomography Angiography (SS-
OCTA) imaging, B-scans were annotated to distinguish between Drusen and
neMNV-associated double-layer sign (DLS). The ViT model’s performance was
compared to human graders, demonstrating 82% sensitivity, 90% specificity, and
strong agreement with senior human graders (k = 0.83, P < 0.001).

Moreover, Akcca et al. [5] introduced 3 algorithms, ViT, Tokens-To-Token
Vision Transformer (T2T-ViT), and Mobile ViT, aimed at detecting CNV,
drusen, DME, and normal features within OCT images. ViT, T2T-ViT, and
Mobile-ViT achieved predictive accuracies of 95.14%, 96.07%, and 99.17%,
respectively. Particularly noteworthy is the superior performance of Mobile-ViT,
which exhibited a higher classification accuracy compared to the other models.

Besides, Jiang et al. [12] introduced a CAD method using a ViT to ana-
lyze OCT images, achieving an exceptional classification accuracy of 99.69% in
distinguishing AMD, DME, and normal eyes. After model pruning, recognition
time was reduced to an impressive 0.010 seconds without compromising accuracy.
Compared to traditional CNN models like VGG16, ResNet50, DenseNet121, and
EfficientNet, the pruned ViT demonstrated superior recognition capabilities.

Despite the impressive performance in these studies, many did not use state-
of-the-art (SOTA) approaches like ViTs, and some did not incorporate explain-
ability into their models. Therefore, in this study, we aim to address the chal-
lenges of employing ViTs and interpreting the model using explainable AL

3 Materials

This study endeavors to address the classification challenge of discerning AMD
grades by categorizing colored fundus images of patients into normal or exhibit-
ing intermediate AMD, GA, or wet AMD grades. The approach is implemented
on a localized dataset.

For this study, we utilized a dataset comprising 864 human subjects obtained
through the Comparisons of AMD Treatments Trials (CATT) [1], sponsored
by the University of Pennsylvania. Subjects, aged 50 and above, were enrolled
over two years across 43 clinical centers in the United States. They underwent
intravitreal injections of either ranibizumab or bevacizumab according to one of
three dosing regimens.
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Treatment administration began at the participants’ initial visit under the
CATT program. Participants in fixed monthly dosing groups received treatment
at each visit, while those in variable dosing groups received treatment based on
the presence of exudation. Evaluations occurred at every visit, with participants
demonstrating lesion activity receiving treatment.

All imaging and clinical data underwent de-identification by the CATT Study
Group before transmission to the University of Louisville (UofL). As the dataset
was previously collected and appropriately de-identified by a third party, the
study received an exemption from the local institutional review board (IRB)
process at UofL. Data collection procedures adhered strictly to relevant guide-
lines and regulations, with informed consent obtained from all participants or
their legal guardians.

The dataset comprised 216 normal, 216 intermediate AMD, 216 GA AMD,
and 216 Wet AMD cases, all collected from this cohort. Samples from the dataset
are presented in Figure 1.

Intermediate

Fig. 1. Samples from the utilized AMD dataset for the four categories.

4 Methodology

The proposed framework (Figure 2) utilizes a cascading approach consisting of
two integrated stages for AMD diagnosis. The study encompasses three major
stages: data preprocessing, model training, and cascaded prediction with and with-
out data augmentation. The framework employs ViT models renowned for their
ability to handle complex image features through self-attention mechanisms. The
two integrated stages include three distinct ViT classifiers (M7, My, and M3),
each specializing in differentiating between AMD conditions based on patient data
and image characteristics. The first phase determines whether the patient has
GA /Intermediate or Normal /Wet conditions, and the second phase splits the diag-
nosis based on the outcome of the first phase. The framework’s interpretability is
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enhanced using SHAP, LIME, and GradCAM techniques, which provide insights
into model decision-making processes and aid in validating automated diagnoses
within the context of retinal imaging for AMD.
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Fig. 2. The proposed framework for AMD diagnosis, tuning, and explainability.

4.1 Preprocessing

The dataset undergoes preprocessing before the classification phase, which
includes resizing, normalization, and augmentation. The images are resized to
224 x 224 pixels and normalized with a mean of u = [0.485,0.456,0.406] and
a standard deviation of o = [0.229,0.224,0.225]. Two scenarios were utilized
to study the effect of data augmentation. In the first scenario, we conducted
standard preprocessing without augmentation. This involved resizing images,
converting them to tensors, and applying normalization. In contrast, the second
scenario incorporated data augmentation during model training. Augmentation
techniques included random horizontal flipping, random rotation (up to 10°),
and color jittering (e.g., brightness, contrast, saturation, and hue adjustments).

4.2 Classification Architecture and Tuning

The diagnostic process described employs a sophisticated approach using ViT,
specialized deep learning models originally designed for image classification
tasks. Unlike traditional convolutional neural networks (CNNs), ViTs process
images by dividing them into patches and employing self-attention mechanisms
to capture global dependencies across these patches [17]. This method allows
ViTs to effectively model spatial relationships within medical images, making
them highly suitable for tasks where understanding global context is crucial,
such as medical diagnostics [20].

In this specific diagnostic setup, the process unfolds in two cascading phases
facilitated by three distinct ViT classifiers as presented in Figure 3. A cascade



A Cascading Approach with ViTs for AMD Diagnosis and Explainability 255

model is an advanced ensemble learning approach where multiple models are
employed sequentially to refine predictions. This method utilizes the strengths of
various models to improve the overall accuracy and reliability of predictions [28].
Sequential execution involves a series of models, each making a prediction and
moving to the next model if a predefined confidence level is achieved, continuing
this process until a final decision is made or the cascade ends [14].

The first phase, handled by M, takes as input various features extracted
from patient data. It operates as the initial classifier, categorizing patients into
one of two broad groups: those exhibiting signs of GA or Intermediate conditions,
and those showing signs of Normal or Wet conditions.

Following the initial classification in Phase 1, the diagnostic pathway diverges
based on the M ’s output. For patients categorized as having GA or Intermediate
conditions, My is activated in the second phase. My specializes in providing
detailed and specific diagnoses tailored to these conditions, utilizing its capability
to analyze finer details and patterns within medical images that indicate GA or
Intermediate stages.

Conversely, for patients identified in Phase 1 as having Normal or Wet con-
ditions, M3 is engaged in Phase 2. M3 is designed to offer detailed diagnoses
specific to Normal or Wet conditions, focusing on identifying key markers such as
fluid accumulations or vascular irregularities that characterize these conditions.

The decision logic depends on the current model’s confidence level; if the
prediction is uncertain or below the threshold, the next model in the sequence is
used to refine or improve the prediction. Throughout the cascade, performance
metrics such as accuracy, precision, recall, F1 score, and confusion matrix ele-
ments are gathered [15]. These metrics are used to evaluate the cascade model’s
effectiveness, with the final prediction being an aggregate of these metrics, ensur-
ing a thorough assessment of the model’s performance.

Additionally, We developed a systematic approach to train and optimize
using Gaussian process-based Bayesian optimization. The architecture hyperpa-
rameters are dimensionality (dim), depth of transformer encoder layers (D),
number of attention heads (H), MLP dimension (dimysrp), dropout rates
(@common and @emp), and learning rate (y). dim determines the dimensionality
of the embedding space, allowing for a more complex representation of the input
data while balancing the risk of overfitting. D specifies the number of layers in
the model, with greater depth enabling the modeling of more complex functions
at the cost of increased computational demands and potential overfitting.

Moreover, H represents the number of attention heads in the multi-head
attention mechanism, enabling the model to focus on different parts of the input
for a more nuanced representation. dim s, p sets the dimensionality of the hidden
layer in the multi-layer perceptron, to model more complex interactions while
managing model size and computation. qcommon indicates the dropout rate for
the model, a regularization technique to prevent overfitting by randomly setting
a fraction of the input units to zero during training. Similarly, a..,,, defines the
dropout rate applied to the embedding layer, also aiding in overfitting prevention.

Bayesian optimization differs from grid search or random search as it consid-
ers all historical evaluations [6]. This approach can be mathematically defined
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as presented in Equation 1. The objective function is defined in the domain of
X; f: X—>R

ze argmaxf( ). (1)
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Fig. 3. Visualization of the utilized ViT architectures and the two cascaded phases
using the three models (i.e., M1, M, and M3).
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4.3 Architecture Explainability and Interpretability

In the context of AMD, the interpretability and explainability of machine learn-
ing models are crucial for ensuring reliable and understandable predictions. Sev-
eral techniques can be employed to achieve this, including SHAP (SHapley Addi-
tive exPlanations), LIME (Local Interpretable Model-agnostic Explanations),
and GradCAM (Gradient-weighted Class Activation Mapping).

SHAP values provide a unified measure of feature importance by attributing
the prediction of a model to its features based on cooperative game theory. The
SHAP value ¢; for a feature i is calculated as in Equation 2 where N is the
set of all features, S is a subset of N not containing feature 4, and f(S) is the
prediction of the model with features in subset S.

o= > BHE S ps o) - sis) @)

SCN\{i}

LIME explains individual predictions by locally approximating the model
with an interpretable one. The key idea is to perturb the input data and observe
the changes in the predictions. The explanation model g is trained to minimize
the following objective as presented in Equation 3 where £ is the loss function



A Cascading Approach with ViTs for AMD Diagnosis and Explainability 257

(e.g., mean squared error), f is the original model, 7, is the locality measure
around instance x, and (g) is the complexity of the explanation model g.

{(z) = arg ggg L(f,g,m)+Qg) (3)

GradCAM is used to generate visual explanations for CNN-based models by
highlighting the regions of the input image that are important for the prediction.
The importance of each pixel is determined by the gradients of the target class
score to the feature maps of a convolutional layer. The GradCAM heatmap
L. aa.canm for class ¢ is computed as in Equation 4 where AF is the activation
map of the k-th feature, and af, is the weight for the k-th feature map, calculated
as in Equation 5 where y¢ is the score for class ¢, and Z is the number of pixels
in the feature map.

Lérad-CAM = ReLU (Z aiAk> (4)

k
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In the diagnosis and treatment of AMD, these interpretability methods can
help clinicians understand how machine learning models make decisions based on
retinal images. For instance: (1) SHAP values can identify which features (e.g.,
drusen area, retinal thickness) are most influential in predicting AMD progres-
sion, (2) LIME can provide local explanations for individual patient predictions,
helping clinicians understand specific model outputs, and (3) GradCAM can
visualize the regions in retinal images that the model focuses on, assisting in
the validation of automated diagnoses. These methods enhance trust and trans-
parency in Al-assisted medical diagnostics, contributing to more reliable and
explainable healthcare solutions.

5 Experiments and Discussion

Hardware and Software Setup: For this study, experiments were conducted
on a local machine with an NVIDIA Quadro M4000 GPU (8GB) and 128GB
CPU memory. Model development, training, validation, and testing were done
using Python 3.9 [24] and PyTorch [16]. Performance metrics, including accu-
racy, sensitivity, and specificity, were calculated with SciKit-Learn [18]. Visu-
alization of results, such as performance metrics, confusion matrices, feature
extraction outcomes, and activation maps, was performed using MatPlotLib
[11] and SeaBorn [25]. Hyperparameter tuning was managed with Optuna, and
eXplainable AT was achieved using SHAP, LIME, and GradCAM.

We evaluated batch sizes of 16, 32, and 64 to optimize computational effi-
ciency and training stability. Images were resized to 224x224 pixels with a patch
size of 16 to capture spatial information. Overfitting was prevented using early
stopping and dynamically adjusted learning rates with the Adam optimizer [29],
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based on Optuna’s recommendations. Through 200 trials, we identified optimal
hyperparameters that maximized accuracy and precision.

Hyperparameter Tuning: The hyperparameter tuning experiments for
ViT were executed for each batch size, with each execution involving 200 iter-
ations. The chosen tuning method was the Bayesian Optimization algorithm.
As mentioned in the methodology, we aimed to tune the dimensionality (dim),
depth of transformer encoder layers (D), number of attention heads (H), MLP
dimension (dimpsr,p), dropout rates (Qeommon and aems), and learning rate (7).
The ranges of them are shown in Table 1.

Table 1. The utilized search space for the different hyperparameters in the current
study.

Hyperparameter Range |Step
Dimensionality (dim) 32 t0 128 | 16
Depth of transformer encoder layers (D) 2to 8 1
Number of attention heads (H) 2to8 1
MLP dimension (dimarrp) 32 to 128 | 16
Dropout rates (Gcommon and Qemp) 0.1 to 0.5 |0.05
Learning rate (vy) 1075 to 1073/ log
Batch size (BS) 16, 32 and 64| -

The hyperparameter tuning for ViT models without data augmentation
reveals distinct configurations that lead to optimal model performance across
various batch sizes. For M7 with a batch size of 16, the best trial was achieved
with dim of 128, D of 3, H at 2, dimarp of 112, acommon Of 0.2, ctemp of 0.1,
and v of approximately 0.000172. Increasing the batch size to 32, the model’s
optimal hyperparameters shifted to a dim of 64, D of 6, H at 7, dimpsp of 80,
higher acommon Of 0.4, @emp of 0.5, and ~ of roughly 0.000737. At a batch size
of 64, the best-performing trial for M; presented dim of 112, D of 8, H at 4,
dimpyrp of 96, Acommon Of 0.3, aemp of 0.15, and v of about 0.000274.

For My with a batch size of 16, the trials that stood out featured dimensions
ranging from 32 to 112, Ds from 3 to 8, H from 4 to 7, and dimpsrps from 96
to 128. The Qcommons varied from 0.2 to 0.5, with ae.mps between 0.15 to 0.25,
and s spanning from approximately 9.3E-05 to 0.000423. My with a batch size
of 32 reached its peak with a dimension of 64, D of 6, H of 4, an dimp;p of
96, common Of 0.45, Qemp of 0.2, and ~y of about 0.000630. Lastly, for M3 with
a batch size of 16, the best trial showcased a dim of 48, D of 7, H at 3, an
dimprrp of 80, Acommon Of 0.45, ey of 0.15, and v of approximately 0.000726.

5.1 Results and Discussion

We present final testing metrics for three models across batch sizes: 16, 32, and
64 without data augmentation. For batch size 16, M; achieved 86.36% accu-
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racy and perfect sensitivity. My had 95.45% accuracy and 94.74% sensitivity.
M3 had 84.09% accuracy and 96.30% sensitivity. Increasing the batch size to
32 saw M1’s accuracy drop to 48.86%, though sensitivity remained perfect. Mo
achieved 84.09% accuracy, and M3 achieved 77.27% accuracy with 79.17% sen-
sitivity. At batch size 64, M; had 85.23% accuracy and 95.12% sensitivity, My
had 75.00% accuracy and 95.65% sensitivity, and M3 had 79.55% accuracy and
72.73% sensitivity. Conclusion: A batch size of 16 is optimal, offering the highest
accuracy, sensitivity, and lowest test loss, making it ideal for model development.

Hyperparameter tuning for ViT models with data augmentation showed
batch size 16 yielding the best performance, with accuracies from 0.8895 to
0.9535. Models, especially M; and M3, adapted well to various hyperparame-
ters, including dimensions from 80 to 112, dropout rates of 0.1-0.2, and different
depths and attention head structures. This highlights batch size 16’s effectiveness
in training dynamics and optimizing precision and sensitivity.

Batch size 32 balanced computational efficiency and model performance,
achieving accuracies from 0.8837 to 0.9535 across various experiments. This
size supported efficient gradient computations and enhanced convergence rates.
Effective configurations included dimensions of 32 to 112, dropout rates of 0.2-
0.45, and tailored depth and attention head structures. Notably, My performed
well, underscoring batch size 32’s role in optimizing training dynamics and model
efficacy.

Batch size 64 offered computational benefits but showed variable perfor-
mance, with accuracies from 0.6628 to 0.907. Models needed careful hyperpa-
rameter adjustments, such as dropout rates of 0.25-0.45 and dimensions from 80
to 128, to avoid overfitting or underfitting. Effective outcomes were seen in M
and Mg, suggesting batch size 64’s potential in specific contexts with tailored
adjustments, but further refinement is needed for consistently high performance.

Evaluating three models across batch sizes revealed Mj excelled at batch
size 16 with 95.45% accuracy, perfect sensitivity, and low test loss. My and M3
showed higher test losses and slightly lower accuracies. At batch size 32, My
excelled with 95.45% accuracy and perfect sensitivity. M3 improved with fewer
false negatives. At batch size 64, M3 achieved the highest accuracy (97.73%)
and perfect sensitivity. These results suggest M performs well across all sizes,
while M3 and M3 benefit from larger sizes.

In a cascade method, starting with models with high sensitivity is crucial to
avoid missing positives early on. M; with batch size 16 has perfect sensitivity
and high accuracy (95.45%), making it suitable for the first stage. My with
batch size 32 also has perfect sensitivity and accuracy, capturing all positives for
further analysis. M3 with batch size 64 has the highest accuracy (97.73%) and
perfect sensitivity, ideal for final stages to confirm true positives with minimal
false positives. Testing all three sizes will help determine the best configuration.

We evaluated a cascading ensemble of M7, My, and M3 on a test dataset.
The ensemble achieved 87.50% overall accuracy, with 93.48% recall for Normal
or Wet conditions, showing proficiency in correctly classifying these instances.
Sensitivity for GA or Intermediate conditions was 80.95%, indicating occasional
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classification challenges. The confusion matrix showed the ensemble correctly
identified many instances but also had some misclassifications.

Based on cascade method results with batch sizes 16, 32, and 64 with data
augmentation, accuracy marginally improved with larger sizes (0.9205 for 16,
0.9318 for 32 and 64). Sensitivity varied between conditions and sizes. Batch
size 32 had the highest sensitivity for Normal conditions (97.44%) but lower
for Wet conditions (89.80%). Batch size 64 balanced high sensitivity for Wet
conditions (94.44%) and respectable sensitivity for Normal conditions (91.18%).
Batch size 16 had the lowest sensitivity. While batch size 32 excelled in Normal
sensitivity, batch size 64 offered balanced performance, making it the best choice
for overall sensitivity balance.

Table 2 summarizes the results for different configurations. Figure 4 shows
hyperparameter optimization using Bayesian methods, which effectively utilized
past results to identify optimal parameter combinations, leading to improved
outcomes.
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Fig. 4. Visual example of the tuning approach using Bayesian optimization for M,
with batch size of 16.

5.2 Explainability and Interpretability

As presented in Figure 5, we generated SHAP heat maps for random samples.
These heat maps illustrate the importance of each pixel in the model’s prediction
process. In our heat maps, blue pixels indicate features that decrease the model’s
prediction (i.e., negative impact), while red pixels indicate features that increase
the model’s prediction (i.e., positive impact). White pixels denote features that
have no impact on the model’s prediction. By overlaying these heat maps onto
images, we can visualize which parts of the image are most influential for the
model’s prediction. For instance, observing red areas mear the optic disc might
suggest their significance in the diagnostic process.

Using LIME, we can utilize a deeper understanding of how our model inter-
prets these regions. LIME generates local explanations by highlighting which
regions within the fundus image contribute most significantly to the model’s
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predictions. The highlighted yellow outlines emphasize specific regions of inter-
est, potentially crucial for medical diagnosis or research purposes.

Table 2. Summarization of the obtained results for the different configurations. Bold
results are for the cascaded suggested approach. Blue results are the best reported
metrics.

Model Loss | ACC (%) | REC (%) | SPEC (%)  Hyperparameters
M,y 0.3081 86.36 100 87.72 dim: 128, D: 3, H: 2, dimprpp: 112, Qeommon: 0.2,
Qemp: 0.1, : 0.00017, BS: 16
Ms 0.1609 | 95.45 94.74 94.74 dim: 32, D: 6, H: 4, dimaipp: 96, Geommon: 0.5,
Qemp: 0.15, v: 0.00034, BS: 16
Ms 0.3089 85.23 95.12 85.77 dim: 48, D: 7, H: 3, dimarrp: 80, Qcommon: 0.45,
Qemp: 0.15, v: 0.00072, BS: 16
M 0.7705 48.86 100 100 dim: 64, D: 6, H: 7, dimarrp: 80, Qcommon: 0.4,
Qemp: 0.5, v: 0.00073, BS: 32
Mo 0.3944 84.09 100 85.11 dim: 64, D: 6, H: 4, dimarpp: 96, Qecommon: 0.45,
Qemp: 0.2, v: 0.00062, BS: 32
Ms 0.5292 T7.27 79.17 79.17 dim: 128, D: 8, H: 4, dimuyp: 48, Qcommon: 0.3,
Qemp: 0.2, : 0.00060, BS: 32
My 0.4771 85.23 95.12 85.77 dim: 128, D: 6, H: 8, dimnrrp: 112, dcommon: 0.15,
Qemp: 0.3, v: 0.00016, BS: 64
Mo 0.4834 75.00 95.65 79.90 dim: 64, D: 2, H: 5, dimarpp: 48, Qcommon: 0.4,
Qemp: 0.25, 7 0.00092 aemsp: 0.4, v: 0.0008, BS: 64
M;3 0.4001 79.55 72.73 78.05 dim: 128, D: 2, H: 8, dimumrp: 112, dcommon: 0.2,
Qemsp: 0.3, : 0.00067, BS: 64
My 0.0786 95.45 100 91.00 dim: 112, D: 2, H: 7, dimunrnp: 32, Qcommon: 0.15,
Qemp: 0.15, 4: 0.00012, BS: 16, With DA
Mo 0.3002 93.18 95.83 90.00 dim: 80, D: 3, H: 7, dimpmrp: 128, Qcommon: 0.25,
Qemsp: 0.4, : 0.00065, BS: 16, With DA
M3 0.3255 93.18 84.21 88.00 dim: 80, D: 5, H: 2, dimarp: 48, common: 0.3,
Qemp: 0.1, v: 0.00012, BS: 16, With DA
Cascaded - 92.05 93.33 90.70 BS: 16, With DA
My 0.1632 94.32 92.68 91.00 dim: 32, D: 2, H: 6, dimarLp: 32, Qcommon: 0.2,
Qemsp: 0.1, : 0.00095, BS: 32, With DA
Mo 0.1681 95.45 100 91.00 dim: 112, D: 6, H: 5, dimuyrp: 64, Qcommon: 0.45,
Qemsp: 0.35, : 0.00099, BS: 32, With DA
Ms 0.3131 93.18 94.44 92.00 dim: 80, D: 4, H: 5, dimarLp: 112, Qeommon: 0.1,
Qemp: 0.15, v: 0.00031, BS: 32, With DA
Cascaded - 93.18 89.80 97.44 BS: 32, With DA
My 0.1996 93.18 91.11 91.00 dim: 80, D: 3, H: 7, dimarrp: 128, Qcommon: 0.25,
Qemp: 0.4, 1 0.00065, BS: 64, With DA
Mo 0.0842 95.45 94.12 96.00 dim: 80, D: 2, H: 2, dimarp: 48, common: 0.3,
Qemp: 0.25, v: 0.00021, BS: 64, With DA
Ms 0.1167 97.73 100 94.00 dim: 80, D: 7, H: 3, dimarp: 112, Qcommon: 0.25,
Qemp: 0.15, v: 0.0002, BS: 64, With DA
Cascaded 93.18 94.44 91.18 BS: 64, With DA

ACC: Accuracy, REC: Recall, and SPEC: Specificity.

Grad-CAM generated heatmaps that highlight regions crucial for the ViT’s
decision-making process. In our visualization, warmer colors such as red and yel-
low indicate areas where the model assigns higher importance. Conversely, cooler
colors, particularly blue, signify regions where the model assigns less importance.
These blue areas suggest that certain parts of the fundus images are deemed less
critical by the ViT in its classification or diagnostic process.
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Fig. 5. Explainability and interpretability for AMD diagnosis. SHAP heat maps show
pixel importance (blue: negative, red: positive, white: neutral). LIME highlights signif-
icant regions (yellow outlines) in fundus images. Grad-CAM heatmaps reveal key areas
for ViT’s decisions (red/yellow: high importance, blue: low importance).

5.3 Ablation Studies

First Ablation Study: Remowval of the Cascaded Approach: In the first ablation
study, the cascaded approach was removed, and all four classes were simultane-
ously applied to the ViT. The results demonstrate performance metrics with a
higher test loss of 0.5744 and a lower Accuracy of 80.68% compared to the cas-
caded method. This indicates that applying all classes together was ineffective,
despite having sensitivities for each class as follows: 1.0, 0.636, 0.913, and 0.65.
Specificity values for each class are: 0.862, 0.955, 0.969, and 0.956.

Second Ablation Study: Removal of the Tuning Process: In the second abla-
tion study, the ViT model underwent a random experiment without tuning. The
results indicate a significant decrease in performance compared to the tuned
model, with a higher test loss of 0.7509 and a lower Accuracy of 69.32%. This
highlights the critical Tole of tuning in optimizing ViT models for specific tasks,
as untuned models may struggle with accurate classification.

5.4 Comparison with Related Studies

Our study evaluated a cascading ensemble of models M7, My, and M3, achiev-
ing an overall accuracy of 93.18%. Sensitivity for class A was 94.44% and for
class B was 91.18%, indicating robust performance in correctly identifying both
classes. Compared to Gholami et al. [9], who achieved accuracy rates of 98.18%
and 99.11% with centralized ViT models, our accuracy is slightly lower. Similarly,
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Xu et al. [26] achieved AUC values of 98.76% and 96.47% with DeepDrAMD,
while our sensitivity metrics are comparable, suggesting strong but slightly lower
performance. Yao et al. [27] reported an accuracy of 98.66% and an F1 score of
98.96% for macular edema, indicating that our model’s accuracy of 93.18% shows
potential but requires improvement to reach such a high performance.

Moreover, Kihara et al. [13] reported sensitivities of 82% and specificities
of 90% for neMNV detection, which are lower than our sensitivities, though
focused on different conditions. Akcca et al. [5] achieved higher accuracies with
different ViT models, notably 99.17% with Mobile-ViT, highlighting areas where
our ensemble approach could benefit from different transformer architectures.
Finally, Jiang et al. [12] achieved an impressive 99.69% accuracy with a pruned
ViT, far surpassing our 93.18%, underscoring the exceptional performance of
optimized ViT models. Querall, while our cascading ensemble shows promising
results, there is room for improvement, particularly by exploring different trans-
former architectures and optimizing model configurations to match state-of-the-
art performance.

6 Limitations

The study faced limitations that impacted outcomes and model generalizabil-
ity. The dataset used consisted of OCT fundus images from a small collection.
Data scarcity was particularly problematic for rare conditions like age-related
macular degeneration, further hindering model performance. To address this,
data augmentation techniques were used, aiming to enhance performance but
risking overfitting and increased computing demands. Balancing augmentation
and computing resources was crucial to optimize model performance. A larger,
diverse dataset could have better represented retinal diseases, improving model
robustness and generalizability.

7 Conclusions and Future Directions

AMD causes vision loss in older adults and requires timely diagnosis. With an
aging population, advanced diagnostic tools are essential. AI, through automated
image analysis, can improve AMD detection, enhancing early intervention and
personalized treatment. Our cascading ensemble of models (M7, My, and M3)
achieved 87.50% overall accuracy, with high sensitivity (93.48%) for Normal or
Wet conditions and lower sensitivity (80.95%) for GA or Intermediate conditions.
Data augmentation and varying batch sizes showed impacts on performance:
batch size 16 achieved 92.05% accuracy without augmentation, while batches
32 and 64 marginally improved to 93.18%. Batch size 32 had the highest sen-
sitivity for Normal conditions (97.44%) but lower for Wet conditions (89.80%).
Batch size 64 offered balanced sensitivity, with 94.44% for Wet and 91.18%
for Normal conditions. Thus, batch size 64 was optimal for balanced sensitiv-
ity across conditions. Future research should focus on improving sensitivity for
GA and Intermediate conditions, possibly by developing specialized models or
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incorporating additional features. Advanced data augmentation techniques, such
as using GANs to generate high-quality synthetic data, should be explored to
mitigate overfitting and improve performance, especially for rare conditions.
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Abstract. The rapid advancement of emerging technologies is reshap-
ing brain tumor diagnosis and treatment planning, with a focus on pre-
cise segmentation techniques for early intervention. Manual segmenta-
tion methods face challenges due to inherent noise and intensity vari-
ations in medical imaging data. To mitigate these challenges, we pro-
pose DCRUNet++ for brain tumor segmentation. The proposed model
integrates Depthwise convolutional residual module blocks to enhance
information flow and gradient propagation across network layers, thereby
improving feature representation. The DCRUNet++ architecture incor-
porates nested up-convolution operations, facilitating the propagation of
semantic information from lower to higher levels of abstraction. To fur-
ther optimize model training, we introduce a custom loss function that
assigns higher weights to feature maps 4 and 8, prioritizing significant
representations during the optimization process. Deep supervision, utiliz-
ing 8 intermediate feature maps, ensures robust training and facilitates
convergence by emphasizing critical representations. Extensive experi-
mentation with FLAIR MRI images validates the efficacy of the pro-
posed DCRUNet++ model. Achieving a Dice coefficient of 0.9467 and a
mean Intersection over Union of 0.9155, our model outperforms previous
methodologies, underscoring its effectiveness in brain tumor segmenta-
tion and treatment planning.

Keywords: Brain tumor segmentation - DCRUNet++ - FLAIR
MRI - UNet++

1 Introduction

Morphological changes in brain tissue segmentation are essential for evaluating
the progression of neurological disorders. Brain and CNS tumors have the high-
est mortality rates among these disorders. Accurate brain tumor segmentation
using neuroimaging is crucial for improving diagnosis, treatment, monitoring,
and research. Brain tumors’ variability in location, shape, and size makes seg-
mentation challenging. Medical imaging modalities like CT, MRI, and PET are
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used for identification, with MRI preferred for its superior tissue resolution. The
quality of brain cancer treatment largely depends on the physician’s expertise
due to the complex nature of brain tumors [17]. MRI is critical in glioma diag-
nosis, utilizing several protocols, including T1lc and commonly used sequences
like T1-weighted, T2-weighted, and FLAIR [22]. These modalities offer unique
tissue contrast for comprehensive tumor assessment and segmentation, essential
for delineating tumor boundaries, assessing heterogeneity, and planning targeted
therapies. Advanced machine learning (ML) and deep learning (DL) algorithms
are increasingly used in CAD systems to enhance segmentation accuracy and
diagnostic precision [9].

Recently, ML models have been widely used for object prediction and classi-
fication in healthcare, particularly for forecasting pandemics and disorders [1,6].
Research focuses on applying ML to characterize brain tumor images. Tradi-
tional ML approaches use manually selected features, while state-of-the-art DL
models use multiple layers and functions to automatically extract features from
raw data, enhancing classification, segmentation, and image analysis. DL models,
especially CNNs, have shown superior performance in detecting and segmenting
brain tumors. Both ML and DL techniques are increasingly adopted to improve
diagnostic accuracy and efficiency in medical imaging [14,27,32].

In this paper, we employed a novel approach utilizing FLAIR MRI images for
segmentation by incorporating a Multi-Scale Residual Module into a UNet+-+
architecture. FLAIR imaging is gaining significance in the segmentation of malig-
nant tumors due to the trend of resecting FLAIR-positive areas. FLAIR effec-
tively delineates the tumor boundaries, aiding in accurate surgical planning and
identifying positive tumor regions. The segmentation model is evaluated on an
independent dataset, and its performance is compared against various existing
segmentation models using different statistical parameters.

The main contributions of the methodologies presented and extensively dis-
cussed in this study are outlined as follows:

1. We proposed a Depthwise Convolutional Residual Module (DCRM) , which
enhances the propagation of gradients and optimizes the flow of information
across the network layers.

2. Designed a DCRUNet++ model incorporating DCRM blocks, drawing inspi-
ration from the UNet# architecture, featuring nested up-convolution opera-
tions. This enhancement facilitates enhanced semantic information transmis-
sion from lower to higher levels.

3. Developed a custom loss function that assigns higher weights to maps 4 and 8§,
ensuring the model focuses more on significant feature maps during training,
leading to improved accuracy and performance.

4. Integrated Deep Supervision (DS) through the use of 8 intermediate feature
maps. This approach, along with the custom loss function, ensures robust
training and better convergence by emphasizing crucial intermediate repre-
sentations.

5. Conducted extensive experiments and validations using FLAIR MRI images,
demonstrating the effectiveness of the proposed model in accurately segment-
ing brain tumors.
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The methodology of the proposed approach is elucidated in Section 2, followed by
experimental analysis in Section 3, which illustrates the results obtained from
the proposed model. Finally, Section 4 encapsulates the research findings and
delineates avenues for future work.

1.1 Related Work

This chapter provides an in-depth examination of the methodologies employed
for diagnosing brain tumors using advanced technological approaches. Tradi-
tional context-based machine learning methods often fall short in tasks such as
semantic segmentation, where deep learning algorithms have demonstrated supe-
rior performance[8]. Among medical imaging techniques, image segmentation is
extensively utilized for the automated identification and delineation of tissues
and pathologies.

In image classification tasks, benchmark models such as AlexNet [16],
VGGNet [26], and GoogleNet [29] have achieved notable success. However,
deeper networks face degradation issues, which can be mitigated by using skip
connections [15]. Skip connections allow models to reach greater depth by trans-
ferring information from initial to deeper layers without adding parameters,
as shown in ResNets [11]. DenseNets [12] enhance this by concatenating fea-
ture maps from earlier layers with those from deeper layers, promoting fea-
ture reusability while using fewer parameters. This results in deeper represen-
tations and faster convergence. Advancements in skip connections have signif-
icantly improved performance in UNet-derived models like UNet2+ [33] and
UNet3+ [13]. UNet, a successful neural network for healthcare image segmen-
tation, utilizes skip connections to concatenate the encoder’s feature map with
the decoder’s upsampled feature map, enhancing segmentation accuracy. Despite
their success, UNet2+ and similar models may lack comprehensive information
from full-scale investigations, affecting their precision in learning organ loca-
tions and boundaries. Using ResNets and DenseNets as backbones for the UNet
encoder further enhances organ and lesion segmentation accuracy.

DS mitigates the vanishing gradient problem and accelerates convergence in
deep neural networks [19]. Inception-v4 [28] incorporates auxiliary supervision
classifiers in intermediate layers, enhancing training and reducing overfitting.
Wang et al. [31] discuss the integration of DS to boost performance, widely
applied in UNet-like segmentation networks. Li et al. [20] expanded UNet to
eight layers, introducing an auxiliary pathway for mid-layer semantic supervi-
sion, improving left ventricle segmentation. Farheen et al. [7] developed Mul-
tiResUNet, incorporating DS in the decoder branch, reducing false negatives in
tumor detection. Liu et al. [21] applied 3D DS in DSSE-V-Net, enhancing fea-
ture discrimination for brain tumor segmentation and quickening convergence.
UNet3+ [13] leverages DS for hierarchical learning, improving organ and tissue
segmentation at various scales. UNet2-+ [33] uses DS for model pruning, speeding
up inference with minimal performance loss.

Buda et al. [3] used deep learning-based segmentation to link genomic sub-
types of low-grade gliomas (LGG) with tumor imaging features, achieving a high
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Dice coefficient of 82%. Naser et al. [24] demonstrated UNet models for brain
tumor segmentation, highlighting the need for large annotated datasets and sig-
nificant computational resources. Walsh et al. [30] introduced a lightweight UNet
for MRI tumor segmentation on the BITE dataset, achieving an IoU of 89%, suit-
able for real-time use but potentially less accurate for complex tumor structures.

Cinar et al. [5] proposed using DenseNet 121 as a backbone for a UNet
architecture targeting the segmentation of FLAIR MRI images. Isaza et al. [2]
investigated transfer learning for brain tumor segmentation, comparing various
data augmentation methods on the ResNet50 network. This method achieved
an impressive F1 detection score of 92.34% but may face challenges in adapting
to diverse MRI imaging modalities or capturing fine-grained tumor boundaries
due to inherent feature representation limitations of ResNet50. Ruba et al. [25]
employed FCN for tumor localization and UNet for sub-region segmentation.
While this approach offers flexibility in handling spatial dependencies, it may
struggle with capturing contextual information across different regions of inter-
est, potentially leading to segmentation errors. Kumar et al. [17] introduced
residual models within a UNet architecture for brain tissue segmentation, show-
ing improved performance using the FLAIR modality. However, the inclusion of
residual models adds additional hyperparameters and complexity, necessitating
careful tuning and optimization to achieve optimal results. Metlek et al. [23]
proposed ResUNet+, leveraging convolution for regions of interest detected in
different modalities. Despite its potential for multi-modal image segmentation,
ResUNet+ faces increased computational complexity and training time, limiting
its scalability to large-scale datasets.

2 Methodology

2.1 Overview

The proposed methodology introduces an innovative architecture, termed
DCRUNet++, for brain tumor segmentation using FLAIR MRI images, as
shown in Fig. 1. This approach leverages a U Net# inspired structure, enhanced
with advanced features to improve segmentation accuracy and detail. The archi-
tecture incorporates additional nested up-convolution operations to provide more
semantic and detailed information from lower to higher levels. A DCRM is pro-
posed, as shown in Fig. 1(a), which includes internal skip connections integrated
into the network and connected with dense skip connections to facilitate bet-
ter information flow and feature maps. Additionally, DS is utilized for faster
convergence and proper selection of intermediate feature maps, ensuring guided
learning at multiple levels. A custom loss function prioritizes the 4th and 8th
feature maps by assigning higher weights to these maps, with the sum of losses
from all 8 maps used to adjust the model weights. This combination of archi-
tectural enhancements, DS, and a tailored loss function promotes balanced and
effective training, resulting in a robust solution for accurate and detailed brain
tumor segmentation using FLAIR MRI images.
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2.2 Proposed Architecture

UNet++ serves as the backbone of the proposed DCRUNet+-+ model for brain
tumor segmentation. The UNet++ architecture comprises a series of feature
maps that represent progressively deeper network layers, capturing increasingly
refined representations of the input data.

DCRUNet++ enhances this architecture by replacing standard convolutional
layers with novel DCRMs across all encoder, decoder, and intermediate nodes.
These DCRMs perform convolutions, batch normalization, and swish activations,
integrated with skip connections to facilitate gradient flow and improve learning
efficiency. Feature maps are extracted at different depths, with DCRM®° to
DCRM?®* representing the initial row of refined representations, and deeper
layers like DCRM'° to DCRM'3, DCRM?° to DCRM??, and DCRM?° to
DCRM?3! providing progressively abstract and high-level features, culminating
in DORM*?, the deepest feature map, illustrated in Fig. 1(b).
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Fig.1. (a) DepthWise Convolutional Residual Module Blocks (b) Overall Architec-
ture of the Proposed DCRUNet++ Model (c) Squeeze-and-Excitation Block within
DCRUNet++ Model

Dense skip connections aggregate features across all layers, while standard
skip connections directly link corresponding encoder and decoder layers to retain
high-resolution details. The model employs learnable upsampling using Conv2D
transpose layers, which increase spatial dimensions during training. Squeeze-
and-Excitation (SE) blocks, as shown in Fig. 1(c), depicted as yellow boxes,
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recalibrate channel-wise feature responses, enhancing feature representation.The
decoder’s final output, DCRM?%*, is achieved by selecting the optimal channel
from eight feature maps. This process integrates dense skip interconnections
from DCRM®° to DCRM?3, full-scale skip intraconnections from DCRM*°,
DCRM?3', DCRM?2, and the Conv2D transpose of DCRM?"'3. The restruc-
tured skip connections enhance the similarity between encoder and decoder fea-
tures, aiding the optimizer during training and boosting the model’s learning
capability.

Full-scale skip connections bridge deep and shallow layers in the intermediate
and decoder sub-networks, ensuring efficient gradient flow and feature reuse. DS
is implemented by applying multiple loss functions (£) at various intermediate
layers, compelling the network to produce useful features at multiple scales and
depths. The final output, a segmentation map of the brain tumor, is generated by
integrating dense skip interconnections and full-scale skip intraconnections from
various layers, resulting in comprehensive feature utilization. This architecture
efficiently combines residual learning, dense connectivity, learnable upsampling,
SE blocks, and DS to achieve high-performance brain tumor segmentation.

2.2.1 Depthwise Convolutional Residual Module The architectural design
of the proposed residual module blocks, depicted in the Fig 1 (a), processes the
input X; through two parallel branches and subsequently merges their results.
In the left branch, the input initially undergoes a depthwise convolution with
a 3x3 kernel, performing convolutions independently on each input channel. This
layer is computationally efficient and excels at capturing spatial characteristics.
Next, a pointwise convolution (1x1) merges features across a wide range of chan-
nels, significantly enhancing the depthwise convolution’s output by integrating
information across the complete feature map, leading to a more comprehensive
representation. We then introduce batch normalization as a regularization tech-
nique to prevent overfitting. We utilize the Swish activation function, denoted
as:
Swish(z) =z - o(x) (1)

This activation function combines linear and non-linear characteristics through
the multiplication of the input variable x with its sigmoid activation, resulting
in a continuous and non-monotonic change. Our experiments demonstrated that
Swish enhances model performance compared to conventional activation func-
tions such as ReLU. Furthermore, we incorporate a dropout layer with a 50%
rate, which randomly deactivates half of the neurons during each training cycle.
This layer helps alleviate overfitting by encouraging the network to learn more
reliable features. The output then goes through an additional 3x3 convolution
layer to further refine the feature representation, followed by another round of
batch normalization and Swish activation.

In the right branch, the input undergoes a standard 3x3 convolution layer,
primarily focusing on acquiring spatial features, followed by batch normalization.
The outputs from both branches, Fj(z) and Fy(x), are then merged through
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element-wise addition. This approach effectively mitigates the vanishing gradi-
ent issue. We introduce a batch normalization layer for the combined result to
standardize the activations. Finally, a Swish activation function is applied to
produce the final output, X;,;.

2.2.2 Deep Supervision DS is integrated into the proposed model architec-
ture, allowing it to operate in two distinct modes: (1) accurate mode, where the
outputs of the model’s branches are summed to compute the loss, and (2) fast
mode, which selects the branch with the optimal result and prunes the model to
enhance its speed. As shown in Fig. 2, the loss function is applied to the outputs
of the 8 branches in the proposed DCRUNet++ architecture. Specifically, the
implementation proceeds as follows: first, the dense skip interconnections and
full-scale skip intraconnections generate the first layer feature maps DCRM®’
with j € [1,2,3] and DCRM®* at multiple semantic levels.

GT USX2  2-scale factor upsampling
USX4  4-scale factor upsampling
USX8  8-scale factor upsampling
{ USX16  16-scale factor upsampling LDe

- GT

Fig. 2. The visual flowchart of DS in the proposed DCRUNet++ model demonstrates
that DS serves two functions: (a) model pruning and (b) improvement of learning
for hierarchical representations. Adding a loss function to each branch, followed by a
1 x 1 convolution operation, produces the loss £¢, where i € [1,4]. L1, is utilized to
supervise model pruning, while Lp. is used to enhance feature learning in the model.
It is noteworthy that these two DS forms, (a) and (b), employ distinct implementation
approaches.

The feature maps are processed through a 1 x 1 convolution followed by a
ReLU activation function, producing the output results. By comparing these
results with the ground truth (GT), the loss Ly, is computed to supervise the
model for pruning. Additionally, the decoder branches DCRM"®, DCRM??,
DCRM>!, and DCRM*? are also processed by a 1x1 convolution and ReLU acti-
vation function, achieving their respective final results. Comparing these results
with the appropriately down-scaled GT, the loss Lp, is calculated, facilitating
DS for model training. This DS approach enhances the learning of hierarchical
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representations from full-scale feature maps, ensuring robust feature extraction
and effective gradient flow throughout the network.

2.3 Loss Function

In the proposed brain tumor segmentation methodology, we employ an integrated
loss function framework that synergistically combines Binary Cross Entropy
(BCE) loss and Dice loss. This approach aims to optimize both segmentation
accuracy and spatial overlap, which are essential for the precise delineation of
brain tumor regions in MRI scans.

The loss function £(M;, T') for each intermediate feature map M; incorporates
both BCE loss and Dice loss to exploit their complementary strengths, thereby
enhancing the performance of the deep learning model.

The combined loss £L(M;,T) is formulated as:

L(M;,T) = BCE + « - Dice (2)

where « is a hyperparameter that adjusts the contribution of the Dice loss to
the overall loss. In our implementation, « is set to 0.001, assigning a minor
weight to the Dice loss while predominantly relying on the BCE loss for training
stability. The feature maps M7, My, M3, and M, are derived from the initial lay-
ers, denoted as DCRM®', DCRM®2, DCRM®3, and DCRM?®*, respectively.
The subsequent feature maps M5, Mg, M7, and Mg are obtained from later lay-
ers, specifically DCRM*°, DCRM?3', DCRM??2, and DCRM"3, respectively
as shown in Fig. 2.

Let {M;}?_, represent the intermediate feature maps produced by the net-
work, and L(M;,T) denote the loss function computed between the intermediate
feature map M, and the ground truth target T'. The weights assigned to the losses
from these intermediate stages are as follows:

— The 4th and 8th feature maps (M4 and Mg) are assigned a weight of 0.2 each.
— The remaining six feature maps (M7, Ma, M3, M5, Mg, and M7) are assigned
a weight of 0.1 each.

The final loss Lgna is computed as the weighted sum of the individual losses
from each of these intermediate feature maps. Mathematically, this is expressed
as:

8
Lona = Y _wi - L(M;,T) (3)
=1

where the weights w; are defined as:

(4)

02 ifi=4o0ri=238
w; =
0.1 otherwise

Consequently, these losses receive greater emphasis in the overall loss compu-
tation. Such an approach facilitates iterative refinement of model predictions
across various stages, fostering improved convergence and performance through
effective utilization of intermediate supervision signals.
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3 Experiment

3.1 Dataset

We leveraged the TCGA-LGG dataset from Kaggle, originally sourced from
The Cancer Imaging Archive (TCIA). This comprehensive dataset includes 3929
images derived from 110 participants, classified into 1373 images labeled as class
'1’ (Tumor) and 2556 images labeled as class '0’ (Normal). For training our
proposed model, we designated 2750 images for training, 589 images for testing,
and 590 images for validation. Each image in the dataset is a 2D representation
with precisely defined FLAIR abnormality masks, each measuring 256 x 256
pixels. Representative samples of the dataset are displayed in Fig. 3.

a) (b)

Fig. 3. Few samples of dataset. (a) Original Image (b) Original Mask

3.2 Implementation Details

We employ a variety of libraries and frameworks for image segmentation and pro-
cessing, including segmentation-models-pytorch and OpenCV. To enhance the
diversity of our dataset, we use Augmentor, while SciPy’s morphology module
is applied for morphological operations. Additionally, image transformations are
conducted using torchvision’s transforms module. Our computational tasks are
executed on Google Colab Pro+, which features a GPU A100 accelerator. This
setup offers exceptional performance, driven by an NVIDIA A100 GPU with
6,912 CUDA cores and 40 GB of high-bandwidth memory, alongside an Intel
Xeon processor and SSD-based storage.
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Dataset Split In the proposed DCRUNet++ model, the dataset undergoes a
stratified split into training (70%), testing (10%), and validation (20%) subsets.
Initially, 10% of the data is allocated to the testing set, which is then evenly
divided into distinct testing and validation subsets. This method ensures a bal-
anced distribution of data across all three subsets, enhancing the robustness of
model evaluation.

Table 1. Hyperparamters used for training the model.

Input image size 256x256x3
Number of epochs 100
Batch size 2
Patience 6
Learning rate 3 x 107*

Optimizer Adam

3.3 Results

To rigorously evaluate the effectiveness of the proposed DCRUNet++ model
for brain tumor segmentation, we performed a series of experiments on the
TCGA-LGG dataset, comprising a The hyperparameters, critical for the model’s
training and inference processes, were meticulously configured according to the
detailed specifications outlined in Table 1, including the learning rate, batch
size, number of epochs, optimizer settings, data augmentation techniques, loss
functions, and regularization methods. The performance metrics obtained from
our evaluations are as follows: Mean IoU of 0.9155, Dice Coefficient of 0.9467,
Mean Accuracy of 0.9991, and Loss of 0.0708. These results were visualized
through respective plots, demonstrating the model’s performance across various
evaluation metrics. comprehensive collection of lower-grade glioma images.

The accuracy plot for the proposed DCRUNet++ model for brain tumor
segmentation is shown in Fig. 4(a). The Dice Coefficient, with a value close to 1,
confirms the model’s proficiency in accurate segmentation, maintaining a high
level of overlap while minimizing false positives and negatives. The near-perfect
Mean Accuracy suggests the model’s predictions are highly consistent with the
ground truth across all pixels, underscoring its robustness and generalization
capability, as shown in Fig. 4(b). The low loss value indicates minimal discrep-
ancy between predicted outputs and actual labels during training, suggesting
optimal parameter tuning, as shown in Fig. 4(c). The high Mean IoU indicates
substantial overlap between predicted segmentation and ground truth, reflecting
precise boundary delineation capabilities, as shown in Fig. 4(d). Several seg-
mented images are shown in Fig. 5. The leftmost images are the original images,
the middle ones are the original masks, and the rightmost are the segmented
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images by our proposed DCRUNet++ model. As we can clearly see in Fig. 5,
the segmented images by the proposed DCRUNet++ model closely match the
original masks in most cases, showing exact boundaries as the original tumor.

The superior performance of the DCRUNet++ model can be attributed to
several key architectural and methodological innovations: novel RMs enhance
gradient flow and mitigate the vanishing gradient problem, enabling the training
of deeper networks for robust feature learning; Dense Skip Connections aggre-
gate features from all preceding layers, ensuring effective utilization of multi-scale
information throughout the network; Learnable Upsampling with Conv2D Trans-
pose Layers optimizes spatial dimension increases, preserving important details
and enhancing segmentation quality; SE Blocks recalibrate channel-wise feature
responses, improving the model’s focus on tumor regions and boosting accuracy;
DS, incorporating multiple loss functions at various intermediate layers, compels
the network to produce valuable features at multiple scales and depths, enhanc-
ing overall learning and performance; Comprehensive Data Augmentation and
Regularization, including extensive data augmentation techniques and regular-
ization methods like dropout and weight decay, increase training data diversity
and prevent overfitting, ensuring robust performance on test data. Collectively,
these results validate the DCRUNet++ model’s efficacy and robustness, under-
scoring its potential for clinical application in aiding the diagnosis and treatment
planning for glioma patients.

3.4 Comparative Analysis

In recent studies, various approaches have been employed to tackle brain tumor
segmentation using MRI images. Buda et al. [3] utilized the FLAIR dataset
from Kaggle LGG and reported an average Dice coefficient of 0.82, indicating a
reasonably good performance. Similarly, Naser et al. [24] achieved a Dice coef-
ficient of 0.84 in their segmentation task. Building on these efforts, Kumar et
al. [17] further advanced the field by addressing the challenge of differing inten-
sities and merging boundaries between brain tissues and tumor regions. Their
model, trained on the same dataset, attained impressive segmentation results,
boasting a Dice coefficient of 0.9056 and mean IoU of 0.8293. To the best of
our knowledge, these are the only three papers that have been published on the
Kaggle LGG dataset. In our research, we aimed to surpass these benchmarks by
developing a novel DCRUNet++ model for brain tumor segmentation using the
FLAIR image dataset. The proposed DCRUNet++ model integrates advanced
architectural features such as RMs, dense skip connections, learnable upsampling
with Conv2D transpose layers, and SE blocks, which collectively enhance feature
extraction, gradient flow, and spatial resolution retention. These innovations con-
tribute to the model’s superior performance. The proposed DCRUNet++ model
achieved a Dice coefficient of 0.9467 and an IoU of 0.9155, significantly outper-
forming previous studies and demonstrating competitive performance, as shown
in Table 2. This substantial improvement underscores the efficacy of our model
in accurately segmenting brain tumors, providing a robust tool for clinical appli-
cations in MRI-based diagnostics.
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Table 2. Comparison of the Proposed DCRUNet+-+ Model with Existing Models

Author Modalities Dataset ToU Dice Coefficient Accuracy
Buda et al. [3] FLAIR TCGA LGG NA 0.82 NA
Naser et al. [24] FLAIR TCGA LGG NA 0.84 0.9200
Chakroborty et al. [4] FLAIR TCGA LGG 0.8765 0.9056 0.9984
Kumar et al. [17] FLAIR TCGA LGG 0.8293 0.9056 0.9956
Kunjumon et al. [18] FLAIR TCGA LGG 0.8300 0.9230 0.9980
Kamal et al. [10] FLAIR TCGA LGG 0.8900 NA 0.9600

Proposed DCRUNet+-+ FLAIR TCGA LGGO0.9155 0.9467 0.9991

4 Conclusion and Future scope

In this research, the DCRUNet++ model was developed for brain tumor seg-
mentation using MRI images from the TCGA-LGG dataset, featuring advanced
architectural enhancements like RMs, dense skip connections, learnable upsam-
pling with Conv2D transpose layers, and SE blocks, achieving a Dice coefficient
of 0.9467 and an IoU of 0.9155, which significantly outperform previous models
and demonstrate its robustness and efficacy for clinical applications. The high
accuracy and low loss observed during testing underscore the model’s effective-
ness in accurately segmenting brain tumors. Our approach demonstrates sub-
stantial improvements over existing methods by addressing challenges such as
differing intensities and merging boundaries between brain tissues and tumor
regions. However, the model’s increased computational complexity due to cus-
tom loss functions, dense skip connections, and residual modules, coupled with its
sensitivity to hyperparameter tuning and lack of external validation on indepen-
dent datasets, limits its practical implementation in resource-constrained envi-
ronments and raises concerns about its generalizability and reliability across
diverse clinical settings, with future work focusing on refinement, exploration of
additional datasets, and integration into clinical workflows.
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Abstract. Driver drowsiness is identified as a critical factor in road
accidents, necessitating robust detection systems to enhance road safety.
This study proposes a driver drowsiness detection system, DrowzEE-
G-Mamba, that combines Electroencephalography (EEG) with State
Space Models (SSMs). EEG data, known for its sensitivity to alert-
ness, is used to model driver state transitions between alert and drowsy.
Compared to traditional methods, DrowzEE-G-Mamba achieves signifi-
cantly improved detection rates and reduced false positives. Notably, it
achieves a peak accuracy of 83.24% on the SEED-VIG dataset, surpassing
existing techniques. The system maintains high accuracy across varying
complexities, making it suitable for real-time applications with limited
resources. This robustness is attributed to the combination of channel-
split, channel-concatenation, and channel-shuffle operations within the
architecture, optimizing information flow from EEG data. Additionally,
the integration of convolutional layers and SSMs facilitates comprehen-
sive analysis, capturing both local features and long-range dependencies
in the EEG signals. These findings suggest the potential of DrowzEE-G-
Mamba for enhancing road safety through accurate drowsiness detection.
It also paves the way for developing powerful SSM-based Al algorithms
in Brain-Computer Interface applications.

Keywords: Cognitive State Monitoring - Driver Fatigue - EEG -
Mamba - Safety - State Space Model

1 Introduction

Driver drowsiness detection is crucial for road safety, as fatigue and sleepiness are
major causes of car crashes, often leading to severe injuries or fatalities. Unlike
intoxication, drowsiness develops gradually and can be unnoticed by drivers.
Effective detection systems can prevent accidents by alerting drivers to take
corrective actions, such as resting. With the rise of advanced driver-assistance
systems (ADAS) [28] and autonomous vehicles, integrating robust drowsiness
detection is essential for enhancing transportation safety and reliability. These
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systems not only protect individual drivers but also contribute to public safety
by reducing drowsiness-induced accidents.

EEG is a valuable tool for real-time detection and analysis of cognitive states,
capturing the brain’s electrical activity [34]. EEG measures voltage fluctuations
from neuronal ionic currents, offering insights into mental states like attention,
alertness, fatigue, and cognitive load [29]. Its high temporal resolution is ideal
for monitoring rapid changes in brain activity, making it perfect for transient
cognitive state monitoring. By analyzing frequency bands (delta, theta, alpha,
beta, and gamma) and spatial distribution, researchers can infer neural mecha-
nisms behind various cognitive processes [26]. This capability is crucial in brain-
computer interfaces (BCIs), neurofeedback, and cognitive neuroscience research.
EEG’s non-invasive nature and relatively low cost enhance its practicality for
cognitive state detection, advancing both clinical and real-world applications.

Due to the complex, non-linear nature of EEG data, standard deep learning
models struggle with accurate analysis. This study explores Mamba [14], a state-
of-the-art state-space model (SSM), for effective driver drowsiness detection
using EEG signals. Mamba excels at capturing the intricate patterns and non-
linearities within EEG data. It extracts relevant features and integrates them
with a hidden state space, reflecting the underlying brain activity. This allows
Mamba to effectively manage noise and uncertainties inherent in EEG data,
leading to more accurate drowsiness detection. Additionally, Mamba’s efficient
feature extraction and adaptive learning capabilities make it ideal for real-time
monitoring and prediction, surpassing traditional EEG-based methods. Build-
ing upon the advantages of structured SSMs [14], Mamba offers computational
efficiency and excels at capturing long-range dependencies within data. Notably,
Mamba addresses limitations of previous models by incorporating time-varying
parameters and employing a novel hardware-aware algorithm for efficient train-
ing and inference [44]. This versatility has been demonstrated in various visual
tasks, including ImageNet classification [44], remote sensing image classifica-
tion [5], image dehazing [43], point cloud analysis [21], and medical image seg-
mentation [31], showcasing Mamba’s potential beyond driver drowsiness detec-
tion and opening new avenues for research in computational neuroscience.

This paper introduces a driver drowsiness detection system using EEG data
and the Mamba state-space model. Mamba’s ability to handle complex brain
activity dynamics makes it ideal for analyzing drowsiness-related EEG changes.
The system leverages Mamba’s robustness and adaptability to noise and non-
linearity in EEG signals. This Mamba-based approach aims to surpass existing
methods by providing a more precise and responsive solution, potentially reduc-
ing fatigue-related accidents. Additionally, Mamba’s advanced feature extraction
capabilities offer broader applications in computational neuroscience and BClIs,
as demonstrated by its effectiveness in distinguishing cognitive loads. Integrating
Mamba into EEG research holds promise for unlocking new discoveries in brain
function. The key contributions of this work are as follows:

— This research introduces DrowzEE-G-Mamba, a novel deep learning model
leveraging the Mamba state-space model for real-time driver drowsiness detec-
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tion using EEG data. DrowzEE-G-Mamba surpasses existing methods by
achieving a peak accuracy of 83.24% on the SEED-VIG dataset.

— DrowzEE-G-Mamba demonstrates exceptional robustness, maintaining high
accuracy across varying model complexities. Notably, it achieves a remark-
able 83.24% accuracy even with a minimal 10.1k parameters. This efficiency
translates to faster training, lower memory footprint, and easier deployment
on resource-constrained devices.

— DrowzEE-G-Mamba exhibits a smaller confidence interval compared to other
methods, indicating greater consistency in performance. This, coupled with
its adaptability across various computational settings, suggests its potential
for diverse practical applications beyond driver drowsiness detection, opening
doors for real-time brain activity monitoring in other domains.

This paper presents a methodical exploration of EEG-based fatigue detection
and its potential for enhancing road safety technologies. In Section 2, a review
of recent literature on driver drowsiness and vigilance is conducted. Section 3
details the methodology employed in this research. The empirical findings of the
study are presented in Section 4. Finally, the discussion in Section 5 extends
beyond the results, exploring the broader implications and future directions for
this research.

2 Related Work

Early research in EEG-based fatigue detection identified biomarkers such as
variations in theta and alpha EEG frequency bands [15]. Deep learning has fur-
ther transformed EEG analysis, with Convolutional Neural Networks (CNNs)
and Recurrent Neural Networks (RNNs) adeptly handling spatial and tempo-
ral data [32]. Hybrid models combining CNNs with RNNs or other techniques
enhance feature extraction [3], offering superior accuracy and computational
efficiency for real-time applications [38]. These models manage large, complex
datasets without extensive feature engineering, outperforming traditional meth-
ods [37]. However, variability in EEG signals across individuals affects model
generalization [17].

Driver drowsiness detection utilizes physiological (EEG, ECG, EOG) [18],
vehicle behavior (steering, lane departure, pedal use) [9], and behavioral (facial
expressions, head position, eye closure) [4] signals to assess driver state. Physi-
ological methods are accurate but intrusive, while vehicle-based and behavioral
methods offer non-intrusive detection but may be less accurate. Recent advance-
ments integrate multiple detection methods (physiological, behavioral, vehicle-
based) for improved drowsiness detection accuracy and reliability. Real-world
EEG systems face challenges: discomfort from traditional setups, artifact vulner-
ability, and inter-individual variability requiring personalized models [11]. Future
systems should prioritize comfort (dry electrodes, wireless headsets), robust arti-
fact removal, and real-time processing with efficient algorithms. CNNs effectively
extract features from EEG signals [2], and Transformers excel at handling time-
series data and capturing long-range dependencies in EEG for tasks like mental
state classification and seizure detection [33,36].
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State space models (SSMs) offer a powerful tool in neuroscience to decipher
complex neural dynamics and behaviors. These models describe systems evolving
over time, inferring hidden states and underlying processes from observed neural
data [31]. This allows researchers to gain insights into neural activity, dynamics,
and behavior. SSMs are particularly useful for decoding neural activity to infer
hidden cognitive states, illustrating how neural populations interact and evolve,
and linking neural activity with behavior. A prominent application lies in brain-
machine interfaces (BMIs). For example, Wu et al. [39] used a Kalman filter
(an SSM) for real-time motor cortex decoding. Churchland et al. [6] analyzed
motor cortex dynamics with SSMs. Mante et al. [24] studied decision-making
in the prefrontal cortex using SSMs. Despite these advantages, such as flexi-
bility for diverse data types, hidden state inference, and prior knowledge inte-
gration, challenges remain. These include computational intensity, high-quality
data requirements, and difficulty interpreting the biological relevance of inferred
hidden states. Future research may focus on improving computational methods,
integrating multimodal data, and enhancing model interpretability.

While initially limited by computational demands, SSMs have evolved. The
Structured State Space Sequence Model (S4) [13] addresses this with efficient
kernel computations. Additionally, SSMs are now integrated into various deep
learning architectures [35]. However, constant sequence transformation restricts
context-based reasoning in standard models. Recent advancements like Mamba
(Selective SSM) introduce time-varying parameters for more efficient training
and inference [12]. This paves the way for applying SSMs to computer vision
tasks, similar to Transformers in NLP. Studies like ViS4mer [16] and S4ND [27]
utilize SSM blocks for modeling visual data across dimensions. VMamba [22] and
Vim [44] address direction-sensitivity and global context modeling, respectively.
SSMs are a powerful framework in neuroscience, providing deep insights into
neural dynamics and behavior. They decode neural activity, model population
dynamics, and study cognitive processes. As computational techniques and data
quality improve, SSMs are likely to play an even more critical role in advancing
our understanding of the brain.

3 Methodology

This section examines the foundational concepts underlying DrowzEE-G-
Mamba, a deep learning model designed for driver drowsiness detection using
EEG data. These concepts, such as State Space Models (SSMs) and their dis-
cretization process, are essential for capturing the complex relationships within
EEG signals. DrowzEE-G-Mamba'’s overall architecture is then discussed which
is adapted from MedMamba [40]. 2D-Selective-Scan mechanism, adapted from
VMamba [22], is highlighted as crucial for extracting informative features from
the EEG data. Finally, the detailed modeling process of the SS-Conv-SSM block,
the fundamental building block of DrowzEE-G-Mamba, is examined to under-
stand how features indicative of drowsiness are efficiently extracted from EEG
signals.
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3.1 Preliminaries

Recent SSM-based models, such as Structured State Space Sequence Models (S4)
and Mamba, utilize a classical continuous system to map a 1D input function or
sequence, denoted as z(t) € R, through intermediate implicit states h(t) € RY,
to an output y(t) € R. This process can be represented by a linear Ordinary
Differential Equation (ODE) [12,22]:

h'(t) = Ah(t) + Bx(t) )
y(t) = Cht)

Here, A € RV*Y represents the state matrix, while B € RV*! and C € RV*!
denote the projection parameters.

The S4 Model and Mamba leverage discretization to make continuous systems
compatible with deep learning architectures. This process introduces a timescale
parameter, denoted by A, which transforms the continuous system matrices
A and B into their discrete counterparts, denoted by A and B. A common
discretization rule employed for this purpose is the zero-order hold (ZOH).

A =exp(AA)

_ 2
B = (AA) !(exp(AA) -1)- AB @
After applying discretization with a step size A, Equation 1 transforms into

a linear recurrence form (Equation 3) as follows:

W' (t) = Ah(t) + Ba(t) 3)
y(t) = Ch(t)
This equation represents the state update (k') based on the previous state (h)
and the current input (z). Additionally, the output (y) is obtained by multiplying
the current state with an output matrix (C).
Finally, the SSM model employs a global convolution to efficiently capture
long-range dependencies within the input sequence:

K = (CB,CAB,...,CA" 'B)

_ (4)
y=xxK

This convolution utilizes a structured kernel (K), which incorporates the dis-

cretized state transition matrices (A, B) and the output matrix (C). The length

of the input sequence x is denoted by L.

3.2 DrowzEE-G-Mamba Architecture

DrowzEE-G-Mamba is a deep learning model proposed for driver drowsiness
detection. It takes inspiration from the architectural design and concepts of Med-
Mamba and VMamba. It utilizes a patch embedding layer to convert raw EEG
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data into a format suitable for subsequent processing. The model’s core consists
of stacked SS-Conv-SSM blocks, to capture complex spatio-temporal features
within EEG signals indicative of drowsiness. Patch merging layers downsample
the extracted features, facilitating efficient processing and classification. Finally,
a feature classifier accurately identifies drowsiness states based on the learned
feature representations.
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Fig. 1. Architecture of DrowzEE-G-Mamba: BN, LN, linear, PWConv, and DWConv
represent batch normalization, layer normalization, linear layer, point-wise convolution,
and depth-wise convolution, respectively.

Figure 1 illustrates the DrowzEE-G-Mamba model architecture, which pro-
cesses EEG data in a series of multiple stacked stages. The model begins by
transforming the raw EEG data (dimensions H x W x 1) into a format suit-
able for subsequent processing through a patch embedding layer. The data then
undergoes a series of processing stages, each consisting of multiple SS-Conv-SSM
blocks followed by patch merging operations. These stages progressively reduce
the spatial dimensions of the feature maps while increasing the channel dimen-
sions. The final output of this processing pipeline is fed into a classifier, which
predicts the driver’s drowsiness state.

The core of DrowzEE-G-Mamba lies in its stacked SS-Conv-SSM blocks
(detailed structure in Figure 1 bottom section). These blocks are specifically
designed to capture the intricate spatio-temporal features within EEG signals
that are crucial for drowsiness detection. Each block consists of two branches:
Conv-Branch and SSM-Branch. Conv-Branch focuses on extracting local fea-
tures through standard operations like batch normalization (BN), convolutions
(Conv), pointwise convolutions (PWConv), and ReLU activations. SSM-Branch
leverages linear layers, depth-wise convolutions (DWConv), SiLU activations,
and structured state space 2D (SS2D) components to capture long-range depen-
dencies and global context within the EEG data. Finally, element-wise addition
and concatenation operations combine the features from both branches.
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A key aspect is the inclusion of a shuffle operation at the end of the block.
This helps mitigate potential information loss caused by the initial channel
split within the SS-Conv-SSM architecture. This dual-branch design empow-
ers DrowzEE-G-Mamba to efficiently learn complex patterns from EEG data,
making it well-suited for driver drowsiness detection and other cognitive state
analysis tasks. Inspired by ViTs, DrowzEE-G-Mamba employs a patch embed-
ding layer as the first processing step. This layer transforms the raw EEG data,
denoted as z € RT*W X1 into non-overlapping patches of size 4 x 4. The patch
embedding layer achieves this transformation by mapping the single channel
dimension to a higher dimensionality (C') without flattening the EEG data into
a one-dimensional sequence. This approach preserves the two-dimensional (2D)
structure of the EEG data, which is crucial for capturing spatial relationships
within the signals. As a result, the patch embedding layer generates a feature
map with dimensions % X % x C.

Following the patch embedding, DrowzEE-G-Mamba leverages stacked SS-
Conv-SSM blocks in Stage 1 to process the feature map. These blocks are
designed to extract informative features from the EEG data. Crucially, they
capture both local details and long-range dependencies within the signals. Impor-
tantly, the dimensions of the feature map remain unchanged in this stage, allow-
ing the model to focus on extracting rich features without altering the spatial
resolution. To create hierarchical representations of the EEG data, patch merging
layers are employed after Stage 1. These layers perform down-sampling, progres-
sively reducing the spatial resolution (denoted by H and W) of the feature maps.
In contrast, the channel dimension (denoted by C) typically doubles after each
patch merging layer. Stages 2, 3, and 4 repeat this process, resulting in progres-
sively lower spatial resolutions (e.g., % X TMg x 4C for Stage 2) and increased
channel dimensions. This down-sampling allows the model to learn complex pat-
terns across different scales of the EEG data while maintaining computational
efficiency. At the end of the network, a classifier with an adaptive global pooling
layer and a linear layer determines the category of the input.

3.3 2D Selective Scan

The 2D-selective-scan (SS2D) proposed by VMamba, is a core element of Med-
Mamba. SS2D adapts the selective scan space state sequence model (S6) designed
for natural language processing to address the “direction-sensitive” problem in
S6. To bridge the gap between 1-D array scanning and 2-D plane traversing,
SS2D introduces a Cross-Scan Module (CSM). CSM uses a four-way scanning
strategy, scanning from four corners across the feature map to the opposite loca-
tions, ensuring each pixel integrates information from all directions, achieving a
global receptive field without increasing computational complexity.

By incorporating CSM, SS2D maintains the linear complexity of S6 while
capturing long-range dependencies, essential for accurate medical image classifi-
cation. SS2D comprises three components: a scan expanding operation (CSM),
an S6 block, and a scan merging operation. The scan expanding operation unfolds
the input image along four directions (top-left to bottom-right, bottom-right to
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top-left, top-right to bottom-left, and bottom-left to top-right) into sequences.
The S6 block processes these sequences to extract features, ensuring thorough
scanning from various directions. Finally, the four directional features are merged
through scan merging to reconstruct the 2D feature map, resulting in an output
of the same size as the input. The S6 block, derived from Mamba, introduces
a selective mechanism based on S4 by adjusting SSM parameters according to
input. This enables the model to distinguish and retain relevant information
while filtering out irrelevant details. The detailed pseudo-code for the S6 block
can be found in the MedMamba [40].

3.4 SS-Conv-SSM Block

A hybrid basic block named SS-Conv-SSM, utilized in this work was introduced
in MedMamba [40]. This block integrates convolutional layers for extracting
local features with SSM’s ability to capture long-range dependencies. A grouped
convolution, introduced in AlexNet [19], uses multiple kernels per layer to pro-
mote learning various high and low level features was also incorporated into the
SS-Conv-SSM. SS-Conv-SSM is a lightweight dual-branch block (Figure 1). It
partitions the feature map into two groups using channel-split, then extracts
global and local information from each group through the Conv-Branch and
SSM-Branch, respectively. Finally, channel-concatenation restores the channel
dimension size, and channel-shuffle ensures information is not lost between chan-
nels due to grouped convolution operations [41]. Following the settings of classic
CNNs and ViTs, the activation functions in the Conv-Branch and SSM-Branch
are set to ReLU [1] and SiLU [10], respectively.

The modeling process of SS-Conv-SSM for feature maps is formalized. Given
a module input z € RT*W*C and a module output y € RE*W*C f is used to
represent the channel-split, and then there is

fes
= RHXWXC‘,EZ':172 c RH><W>< 5

Next, the f~! and g are used to represent channel-concatenation and channel-
shuffle respectively. To match the convolution operation, a permute operation is
utilized to rearrange the or