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ABSTRACT

Improving fairness between privileged and less-privileged sensitive attribute groups
(e.g, race, gender) has attracted lots of attention. To enhance the model performs
uniformly well in different sensitive attributes, we propose a principled Robust
Adversarial Attribute Neighbourhood (RAAN) loss to debias the classification
head and to promote a fairer representation distribution across different sensitive
attribute groups. The key idea of RAAN is to mitigate the differences of biased
representations between different sensitive attribute groups by assigning each
sample an adversarial robust weight, which is defined on the representations of
adversarial attribute neighbors, i.e, the samples from different protected groups. To
provide efficient optimization algorithms, we cast the RAAN into a sum of coupled
compositional functions and propose a stochastic adaptive (Adam-style) and non-
adaptive (SGD-style) algorithm framework SCRAAN with provable theoretical
guarantee. Extensive empirical studies on fairness-related benchmark datasets
verify the effectiveness of the proposed method.

1 INTRODUCTION

With the excellent performance, machine learning methods have penetrated into many fields and
brought impact into our daily lifes, such as the recommendation (Lin et al., 2022} [Zhang} 2021},
sentiment analysis (Kiritchenko & Mohammad, 2018; |Adragna et al., 2020) and facial detection
systems (Buolamwini & Gebrul 2018)). Due to the existing bias and confounding factors in the
training data (Fabbrizzi et al., 2022; (Torralba & Efros,[2011]), model predictions are often correlated
with sensitive attributes, e.g, race, gender, which leads to undesirable outcomes. Hence, fairness
concern has become an increasingly prominent issue. For example, the job recommendation system
recommends lower wage jobs more likely to women than men (Zhang| [2021)). Buolamwini & Gebru
(2018)) proposed an intersectional approach that quantitatively show that three commercial gender
classifiers, proposed by Microsoft, IBM and Face++, have higher error rate for the darker-skinned
populations.

To alleviate the effect of spurious correlations[ﬂ between the sensitive attribute groups and prediction,
many bias mitigation methods have been proposed to learn a debiased representation distribution at
encoder level by taking the advantage of the adversarial learning (Wang et al.l[2019;|Wadsworth et al.|
2018; |[Edwards & Storkey} 2015} [Elazar & Goldberg| [2018)), causal inference (Singh et al.| 2020; Kim
et al., [2019) and invariant risk minimization (Adragna et al.|[2020; |Arjovsky et al.,[2019). Recently, in
order to further improve the performance and reduce computational costs for large-scale data training,
learning a classification head using the representation of pretrained models have been widely used
for different tasks. Taking image classification for example, the downstream tasks are trained by
finetuning the classification head of ImageNet pretrained ResNet (He et al.,[2016) model (Qi et al.,
2020bj |[Kang et al., 2019). However, the pretrained model may introduce the undesiarable bias for
the down steaming tasks. Debiasing the encoder of pretrained models to have fairer representations
by retraining is time-consuming and compuatational expensive. Hence, debiasing the classification
head on biased representations is also of great importance.

In this paper, we raise two research questions: Can we improve the fairness of the classification
head on a biased representation space? Can we further debias the representation space? We
give affirmative answers by proposing a Robust Adversarial Attribute Neighborhood (RAAN) loss.

"misleading heuristics that work for most training examples but do not always hold.
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Figure 1: The influence of different protected group distributions on the classification head. The
colors ({red, blue}) represent the sensitive attributes and shapes ({triangle, circle}) represent the
ground truth class labels. Figures (a), (b) are optimized using vanilla CE loss, while the figure (c) is
optimized using the proposed RAAN loss defined on the adversarial attributes neighborhood. The
yellow and green background denotes the predicted classification space.

Our work is inspired by the RNF method (Du et al., 2021)), which averages the representation of
sample pairs from different protected groups to alleviate the undesirable correlation between fairness
sensitive information and specific class labels. But unlike RNF, RAAN obtains fairness-promoting
adversarial robust weights by exploring the AAN representation structure for each sample to mitigate
the differences of biased sensitive attribute representations. To be more specific, the adversarial robust
weight for each sample is the aggregation of the pairwise robust weights defined on the representation
similarity between the sample and its AAN. Hence, the greater the representation similarity, the more
uniform the distribution of protected groups in the representation space. Therefore, by promoting
higher pairwise weights for larger similarity pairs, RAAN is able to mitigate the discrimination
from the biased senstive attribute representations and promote a fairer classification head. When the
representation is fixed, RAAN is also applicable to debiasing the classification head only.

We use a toy example of binary classification to express the advantages of RAAN over standard
cross-entropy (CE) training on biased the sensitive attribute group distributions in Figure[T} Figure|T]
(a) represents a uniform/fair distribution across different sensitive attributes while a biased distribution
that the red attribute samples are more aggregated in the top left area than the blue attribute is depicted
in Figure E] (b), (c). Then with the vanilla CE training, Figure E] (a) ends up with a fair classifier
determined by the ground truth task labels (shapes) while a biased classification head determined by
sensitive attributes (colors) is generated in Figure E] (b). Instead, our RAAN method generates a fair
classifier in Figure E] (c), the same as a classifier learned from the Figure[I] (a) generated from a fair
distribution. To this end, the main contributions of our work are summarized below:

* We propose a robust loss RAAN to debias the classification head by assigning adversarial
robust weights defined on the top of biased representation space. When the representation is
parameterized by trainable encoders such as convolutional layers in ResNets, RAAN is able
to further debiase the representation distribution.

* We propose an efficient StochastiC algorithm framework for RAAN (SCRAAN), which
includes the SGD-style and Adam-style updates with theoretical guarantee.

* Empirical studies on fairness-related datasets verify the supreme performance of the pro-
posed SCRAAN on two fairness, Equalized Odd difference (AEO), Demographic Parity
difference (ADP) and worst group accuracy.

2 RELATED WORK

Bias Mitigation To address the social bias towards certain demographic groups in deep neural
network (DNN) models (Lin et al.}2022;|Zhang| 2021} Kiritchenko & Mohammad), 2018}, |Adragna
et al.|[2020; Buolamwini & Gebru,, |2018)), many efficient methods have been proposed to reduce the
model discrimination (Wang et al.,[2019; Wadsworth et al., 2018}; |[Edwards & Storkeyl 2015} |Kim!
et al., 2019} [Elazar & Goldberg), 2018; |Singh et al.,|2020; Zunino et al.| [2021} Rieger et al.,[2020; Liu
& Avci), 2019; Kusner et al.,2017; Kilbertus et al.,2017; (Cheng et al., 2021} Kang et al.||2019). Most
methods in the above literature mainly focus on improving the fairness of representation. The authors
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of (Wang et al.,[2019; |Wadsworth et al.| [2018; [Edwards & Storkeyl, 2015} [Elazar & Goldberg, [2018)
took the advantage of the adversarial training to reduce the group discrimination information. Rieger
et al.| (2020); [Zunino et al.|(2021) made use of the model explainability to remove subset features
that incurs bias, while |Singh et al.| (2020); Kim et al.| (2019) concentrated on the causal fairness
features to get rid of undesirable bias correlation in the training. [Bechavod & Ligett (2017) used the
surrogate functions of fairness metric as the regularizer to penalizing unfairness. However, directly
working on a biased representation to improves classification-head remains rare. Recently, the RNF
method (Du et al.| [2021)) averages the representation of sample pairs from different protected groups
in the biased representation space to remove the bias in the classification head. In this paper, we
propose a principled RAAN objective that is able to debiasing both the representation distribution
and classification head.

Robust Loss Several robust loss has been proposed to improve the model robustness for different
tasks. The general cross entropy (GCE) loss was proposed to solve the noisy label problem which
emphasizes more on the clean samples (Zhang & Sabuncul, 2018)). For the data imbalanced problem,
distributionally robust learning (DRO) (Qi et al.| [2020b; |Li et al.| 2020} |Sagawa et al.,[2019) and class
balance loss (Cui et al., 2019;|Cao et al.,[2019) use instance-level and class-level robust information
from losses to pay more attention on underrepresented groups, respectively. Recently, Sagawa et al.
(2019) shows that group DRO is able to prevent the models learning the specific spurious correlations.
The above robust objective are defined on the loss space with the assistance of label information.
Exploiting useful information from feature representation to further benefit the specific task training
remains under-explored.

Invariant Risk Minimization (IRM) IRM (Arjovsky et al.,[2019) is a novel paradigm to enhance
model generalization in domain adaptation by learning the invariant feature representations of samples
across different "domains" or "environments". By optimizing a practical version of IRM in the toxicity
classification use case study,|Adragna et al.|(2020) shows the strength of IRM over ERM in improving
the fairness of classifiers that are trained on biased data and tested on unbiased data. To elicit an
invariant feature representation, IRM is casted into a constrained (bi-level) optimization problem
where the classifier w,. is constrained on a optimal uncertainty set. Instead, the RAAN objective
constrains the adversarial robust weights p for each sample in pairwise representation similarity space
penalized by KL divergence as we show in section [3.2] When the embedding z is parameterized
by trainable features wy, RAAN generates a more uniform representation space across different
sensitive groups.

Stochastic Optimization Recently, several stochastic optimization technique has been leveraged to
design efficient stochastic algorithms with provable theoretical convergence for the robust surrogate
objectives, such as F-measure (Zhang et al.l 2018b)), average precision (AP) (Qi et al., [2021)), and
area under curves (AUC) (Liu et al., 2019} 2018} |Yuan et al., [2021)). In this paper, we cast the
fairness promoting RAAN loss as a two-level stochastic coupled compositional function with a
general formulation of E¢[f (Ecg(w; ¢, £))], where &, ¢ are independent and ¢ has a finite support. By
exploring the advanced stochastic compositional optimization technique (Wang et al., 2017} Qi et al.
2020a)), a stochastic algorithm SCRANN with both SGD-style and Adam-style updates is proposed
to solve the RAAN with provable convergence.

3 ROBUST ADVERSARIAL ATTRIBUTE NEIGHBOURHOOD (RAAN) Loss

3.1 NOTATIONS

We first introduce some notations in this subsection. The collected data is denoted by D = {d}}_; =
{(xi,yi,a;)}7—q, where x; € X is the feature, y; € ) is the label, a; € A is the corresponding
attribute (e.g., race, gender), and n is the number of samples. Then we can divide the data into
different subsets based on labels and attributes. For any label ¢ € ) and attribute a € A, we
denote D = {(xi, i, ai)|a; = aAy; = ¢}, and D¢ = {(x;,¥;, a;)|y; = ¢ }_;. Then we have

De = U{Dg}lﬁl. Given a deep neural network, the model weights w can be decomposed into
two parts, the Feature presentation parameters w; and the Classification head parameters w., i.e,
w = [wy, w.]. For example, w; and w, are mapped into the convolutions layers and fully connected
layers in ResNets, respectively. Let z;(wy) = F(wy,x;)/||F(wy,%;)|| denotes the embedding
representations of the sample d;. H(w., F'(wy,x;)) represents the output of the classification head.
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The key idea of RAAN is to assigns an fairness-promoting adversarial robust weight for each sample
by exploring the AAN representation structure to improve the fairness accross different sensitive
attributes. We denote adversarial robust weight as p?AN vV d; ~ D. pNis an aggregation of
the pairwise weights between the sample d; = (x;,y; = ¢, a; = a) and its Adversarial Attribute
Neighbours (AAN), i.e, the samples from the same class but with different attributes, PS¢ = D°\D¢.
The AAN of sample d; is represented as P; = PS. For example, we consider a binary attributes

{male, female} and a sample belonging to the male protected group, then its AAN is the collection
of the female attribute samples with the same class label y; = c¢. Next, we denote the pairwise robust
weights between the sample d; and d; € P; in the representation space as p;; AAN - And we abuse the

= [pAAN, ... pAAN L] ¢

notations by using p2* Dii € RIP:l to represents the pairwise robust weights

vector defined in P;, the AAN of d;.

3.2 RAAN OBIJECTIVE

To explore the AAN representation structure and obtain the pairwise robust weights, we define the
following robust constrained objective for Vd; ~ D,

AN =N " pBANO(w x5, 95, a5) (1)
jEP

AAN,, _ AAN
s.t. AALrlean‘P ‘ Z i Tzj(wy) — TKL(

1 )

where A is a simplex that lezl pi; = 1. The robust loss (1) is a weighted average combination of
the AAN loss. The robust constraint (2) is defined in the pairwise representation similarity between
the sample ¢ and its AAN penalized by the KL divergence regularizer, which has been extensively
studied in distributionally robust learning objective (DRO) to improve the robustness of the model in
the loss space (Q1 et al.,|2020b)). Here, we adopt the DRO with KL divergence to the representation
space to generate a uniform distribution across different sensitive attributes.

Controlled by the hyperparameter 7, the close form solution of p#AN in ( . ) guarantees that the larger

the pairwise similarity z; (wf)zj (w ) is, the higher the p}*™ will be. When 7 = 0, the close form
solution of (2] .1s 1 for the pair with the largest similarity and 0 on others. When 7 > 0, due to the
strong convex1ty in terms of p2N, the close form solution of (2)) for each pair weight between d;
andd; € P; is:

(ZiT(Wf)Zj (wy) )

exp =
pf}AN S exp( 2] (Wyr)z(wy) ) ' 3)
keP; ’

Hence the larger the 7 is, the more uniform of p2*N will be. And it is apparent to see that the robust

objective generates equal weights for every pair such that pAAN ‘7) I for every d; € P; when 7

approaches to the infinity in Eqn (3). When we have a fair representation, the embeddings of different
protected groups are uniform distributed in the representation space. The vanilla average loss training
is good enough to have a fair classification head, which equals to RAAN with 7 goes to infinity.
When we have biased representations, we use a smaller 7 to emphasize on the similar representations
that shared invariant feature from two different protected groups to reduce the bias introduced from
difference of the two protected group distributions.

To this end, after having the close form solution for every pairwise robust weights pAAN in (AAN
(I) given an arbitrary sample i ~ D, the overall RAAN objective is defined as:

|Dg |
RAAN(wW) := Z Z |DC Z AN = AO ZpAANe (W35, 05), “
where C' = |Y|, A = |A|, (4AN = ; PN (w3 xj, 95, a;) is defined in (1) and p*N is defined
JEP;
1 QXP(M) . . . L.
n (3), and pi™N = - is obtained by we aggregating all the pairwise
"le iE'Pj E exp( z; (Wf)zk(Wf))
kEP;



Under review as a conference paper at ICLR 2023

CE Representation Projection using Kenel PCA . RAAN Representation Projection using Kenel PCA

DAAN

al companent #1
principal component #1

) ) Figure 3: Overview of RAAN
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robust weights. Hence, the adversarial robust weights p?AN for each sample d; € D encodes the
intrinsic representation neighbourhood structure between the sample and its AAN samples d; € P;
(the numerator) and normalized by the similarity pairs from the same protected groups dj, € P; (the
denominator). Due to the limitation of space, we put the second equality derivation of equation (@) in
Appendix.

3.3 REPRESENTATION LEARNING ROBUST ADVERSARIAL ATTRIBUTE NEIGHBOURHOOD
(RL-RAAN)

AANG are defined over the encoder representation outputs, z(w 7). By default, the RAAN is designed
to promote a fairer classification head with a fixed representation encoder, i.e, wy (recall that
w = [Wjy, w,]) is not trainable in Eqn . Here, we extend the RAAN to the Representation
Learnining RAAN (RL-RAAN) by parameterizing the AANs with trainable encoder parameters,
i.e, wy is trainable. The red dashed arrow in Figure @represents the optional gradient backwards
depending on whether w is trainable. Hence, RAAN optimizes the w, while RL-RAAN jointly
optimizes [w s, w.]. To design efficient stochastic algorithms, RL-RAAN requires more sophisticated
stochastic estimators than RAAN, which we will discuss later in Section 4]

Here, we show that RL-RAAN is able to generate a more uniform representation distribution for
different sensitive groups in Figure[2] To achieve this, we visualize the representation distribution of
vanilla CE and RL-RAAN methods at the end of training using Kernel-PCA dimensionality reduction
method with radial basis function (rbf) kernel. The left plot is the representation distribution learned
using standard vanilla CE training and the right plot is the representation distribution at the end of
RL-RAAN training. It is clear to see that white-sensitive attribute samples are more clustered in
the upper left corner in CE while both the white and non-white sensitive attributes samples are both
uniformly distributed in the representation space.

4  STOCHASTIC COMPOSITIONAL OPTIMIZATION FOR RAAN

In this section, we provide a general Stochastic Compositional optimization algorithm framework
for RAAN (SCRAAN). The SCRAAN applies to both RAAN and RL-RAAN objective. We first
show that (RL)-RAAN is a two-level stochastic coupled compositional function and then design
stochastic algorithms under the framework of stochastic gradient descent, SGD and Adam (Kingma
& Ba| [2014) updates with theorectical guarantee in Algorithm [T}

Let I(c) denotes the indicator function that equals to 1 when ¢ is true and equals to 0 otherwise.

zZ; (W TZ7’ w
g(W§Xi7xj) :T[Ql(“’;Xian)ag2(W§Xian)]T = %[GXP( ( f)T it f))ﬁj(W;Xj,Cj,aj)H(Xj €
P;), exp(Z 2Oy (o, € P T RY 5 B2, gy, (W) = Elg(wix:)] = Ex e, lo(w: X1, %)),
flg) = g—;,g = [g1,92] and f(s) = g—; : R? — R. Then the (RL)-RAAN objectiv (EI) can be written
as

1
R(w) =~ Y F(9x (W) = Ex,en[f (g5, (W))] (5)
x; €D

where g denotes the inner objective and f denotes the outer objective. The equivalence between (@)
and () is shown in Appendix[6.5] In the following, we use W to unify the trainable parameter notation
of RAAN and RL-RAAN. Recall that w = [wy, W,|, W = w. when R(w) represents the RAAN,
and w = w when R(w) represents RL-RAAN. Then according to the chain rule, the gradient of
R(w) is
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Algorithm 1: SCRAAN Algorithm 2: UG(B, u, wy, 7y, uo)
1: Input: Initialize w! = [W},Wi]. 1: for each x; € B do
2: while first stage do 2:  Construct P; = P; N B and compute
3:  Train the whole model w with standard CE [Gx; (Wi)]1, [Gx; (W)]2 by Equation
loss 3: Compute uy, = (1 —y)ul. + 7[gx, (We)1
4: end while ug, = max((1—y)ug, +7[Gx, (we)]2, uo)
5: while second stage do 4: end for
6: fort=1,..., T —1do 5 5: Return u
;; EriWUa&%fifﬁf’fj){(x“ Yir @) Y21 Klgorithm 3: UW(wr, G (w,))
9: Compute (biased) Stochastic Gradient ~ 1: Option 1: SGD-style update (paras: )
Estimator G(w) by Equation (9) Wit = Wi — aG(we)
10: Update w1 with a SGD-style method 2: Option 2: Adam-style update (paras:
or by a Adam-style method @, €115 72) Ter = mhy + 1 _2771)G(Wt)
Wit1 = UW(wy, G(wy)) Vet = 120 + (1 ;t??)(G(Wt»
11:  end for Wit = W =
12: end while where ¥, = v; (Adam) or ¥, = max(¥;_1,v¢)
13: Return: wp, R is a index sampled from (AMSGrad)
1---T. 3: Return: wy

VaR) =+ 3 Ve () VS (90, (0) = 2+ 3 (Vg (W] [Vesge, (W) ( RAR )

" x,€D x;,€D lgx; (W)]3

(6)
In Algorithms |1} we approximate the gradients of VR(w) with the stochastic estimators. Let
B denotes a B sample set randomly generated from D. For each sample x; € B, we ap-
proximate the Vgx, (W) using the stochastic gradient on the current batch, Vggx, (W), i.e,
([Vadx, (W)]1 , [V&dx; (W)]3 ). Denotes the stochastic AAN samples in current batch B for the
(zi (W})sz (W;) )

— , then stochastic estima-

sample 7 is denoted as P; =P;NBand expf;(w)) = exp
tors for (RL)-RAAN are represented as: '

n 1

E\ 5 Z exp:j(W})Vv‘,.céj(vvt)-r RAAN
—~ i x7'6751
[V\Tvng (Wt)Hr = n 1 (7)
ACTR > expl (W) (Val(wi) " + (zi(wh) + z;(w})) T¢;(w;)) RL-RAAN
v xje’pr,,

[V&x, (W)]s is a 0 vector for RAAN and the dimension of 0 equals to the dimension of w,.. For

RL-RAAN, equals to [V Jx, (W)]3 = ACT@‘ Exj ep, eXPL; (Wy)(zi(Wh) + z5(wh)).

To estimate gy, (W), however, the stochastic objective gy, (W) is not enough to control the approxima-
tion error such that the convergence of Algorithm [I|can be guaranteed. We borrow a technique from
the stochastic compositional optimization literature (Wang et al.,|2017) by using a moving average
estimator to estimate gy, (w) for all samples. We maintain a matrix u = [uy, us| and each of a
column is indexed by a sample x; ~ D corresponding to the the moving average stochastic estimator
of gx,(w). The Step 3 of Algorithm [2]describes the updates of u, in which u is a small constant
to address the numeric issue that does not influence the convergence analysis and the stochastic
estimator gy, (w) for sample i is
1 1
G (Wl = S = > D (WHG (W), G, (Wilo = == > expl(wh) ()
AC 1P| = ACP| =
JEP; JEP;
To sum up, the overall stochastic estimator G(w) for VR(w) in a batch where the stochastic inner
objective gradient estimator for (RL)-RAAN:

N
=3

€))

X

=1
X
s

~—

B
1 .
Gw) = > Vi) |
=1
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Finally, we apply both the SGD-style and Adam-style updates for w in Algorithm[3]. Next we provide
the theoretical analysis for SCRAAN.

Theorem 1 Suppose Assumption 2|holds, V't € 1,--- T, and T > n, let the parameters be 1)

2/5
o= W’y = %75 for the SGD updates; 2) m < /2 < 1, a = Wv TQ/O - for the
AMSGrad updates. Then after running T iterations, SCRAAN with SGD-style updates or Adam-style

update satisfies 2/5
> ivRel| <o (7).
where O suppresses constant numbers.

=
Remark: Even though RAAN and RL-RAAN enjoys the same iteration complexity in Theorem|[T}
the stochastic estimator [V gy, (W)]5 is 0 leads to a simpler optimization for RAAN such that we

only need to maintain and update u3 to calculate G(w;) = 1/|B]| Z‘Bl [Vw,9x; (W)]1/uZ . There
are other more sophisticated optumzers such as MOAP (Wang et al.| 2022), BSGD (Hu et al 2020),
can also be applied to solve (@), which we leave as a future exploration direction. The derivation of
Theorem I]is provided in Appendix [6.6]

5 EMPIRICAL STUDIES

In this section, we conduct empirical studies on fourdatasets: Adult (Kohavi et al.,[1996), Medical
Expenditure (MEPS)(Cohen, |[2003), CelebA (Liu et al., [2015)), and Civil Comment dataset in the
NLP. We compare the proposed methods with: 1) bias mitigation methods: RNF (Du et al.| [2021]),
Adversarial learning (Zhang et al., 2018a), regularization method (Bechavod & Ligett, [2017)) 2)
robust optimization methods: Empirical Risk Minimization (ERM) and Invariant Risk Minimization
(IRM)(Adragna et al., |2020; |Arjovsky et al., 2019).

Datasets: For the two benchmark tabular datasets, the Adult dataset used to predict whether a
person’s annual income higher than 50K while the goal of MEPS is to predict whether a patient could
have a high utilization. For the CelebA image dataset, we want to predict whether a person has wavy
hair or not. Civil Comments dataset is an NLP dataset aims to predict the binary toxicity label for
online comments. Accordingly, the protected sensitive attribute is gender € { female, male} Ebn
the Adult and CelebA datasets, and the protected sensitive attribute is race € {white, nonwhite}
on MEPS. We consider four different types of demographic sensitive attributes for each comments
belonging to {Black, Muslim, LGBTQ, NeuroDiverse} on the Civil Comments dataset. The
training data size varies from 11362 in MEPS, 33120 in Adult to 194599 in CelebA. Civil Comments
Dataset contains 2 million online news articles comments that are annotated by toxicity. Following
the setting in (Adragna et al., [2020), subsets of 450,000 comments for each sensitive attribute are
constructed.

Metrics: In the experiments, we compare two fairness metric equalized odd difference (AEO),
demographic parity difference (ADP) between different methods given the same accuracy and worst
group accuracy in terms of {Class x Attribute}. ADP measures the difference in probability of
favorable outcomes between unprivileged and privileged groups ADP = (PRy — PR;), where
PRy = p(y = 1la = 0), and PRy = p(§ = 1|la = 1). AEO requires favorable outcomes to be
independent of the protected class attribute a, conditioned on the ground truth label y. AEO =
(TPRy — TPR;) 4 (FPRy — FPR; ), where TPRg = p(§ = 1|la = 0,y = 1), TPR; = p(§ = 1l]a =
1,y =1),FPRg = p(§ = 1la = 0,y = 0), and FPR; = p(y = 1|la = 1,y = 0).

5.1 COMPARISON WITH BIAS MITIGATION METHODS

Baselines In this section we compare RAAN and RL-RAAN optimized by Adam-style SCRAAN
with baselines optimized by Adam optimizer on Adult, MEPS and CelebA datasets. Correspondingly,
the experimental results of the SGD-style optimizer including SCRAAN and other baselines are
provided in Appendix Among the baselines, Vanilla refers to the standard CE training with
cross entropy loss, RNF represents the representation neutralization method in (Du et al.| [2021)),
Adversarial denotes the adversarial training method (Zhang et al., 2018a) that mitigates biases by

Zhttps://www.tensorflow.org/datasets/catalog/civil_comments

3For the gender attribute, there are more than binary attributes. For example, it contains but not limited to
female, male and transgender are included to name a few. Here, due to the limited size of the datasets, we only
consider female and male attributes in this paper.
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Figure 4: ADP and AEO experimental results of different methods optimized by Adam-style
SCRAAN on Adult, MEPS and CELEBA, respectively. The results are reported over 5 runs.

simultaneously learning a predictor and an adversary, (RL-)EOR (Bechavod & Ligett, [2017) is a
regularization method that uses a surrogate function of A EO as the regularizer. The comparison of
baselines are described in Table[I] We report two version of experiments for the regularization method
and our proposed method for debiasing the representation encoder and debiasing the classification
head, i.e, RL-EOR and EOR, RL-RAAN and RAAN, respectively.

Models and Parameter settings Following the exper-

imental setting in (Du et al., 2021), we train a three  Taple 1: Comparison of baseline methods
layer MLP for Adult and MEPS datasets and ResNet- . .

18 for CelebA. The details of the MLP networks are Representation Encoder | Classification Head

provided in the Appendix [6.1} We adopt the two stage ~ Janilla X 9
bias mitigation training scheme such that we apply the (RL-)EOR v v
vanilla CE method in the first stage and then debias the 5k« X v

representation encoder w ¢ or classification head w in
the second stage. The representation encoder is fixed
when we debias the classification head w,.. We train 10 epochs per stage for MEPS and Adult datasets,
and 5 epochs per stage for the CelebA. We report the final AOD, ADP and worst group accuracy
in terms of {attribute x label} on the test data at the end of the training. The batch size of MEPS
and Adult is 64 by default, and the batch size of celebA is 190. We use the Adam-style/SGD-style
SCRAAN optimize RAAN, and Adam/SGD optimizer for other baselines. For all the methods, the
learning rate « is tuned in {le-2, le-3, le-4} and 7 € {0.1 : 0.2 : 2}. For the RAAN, we tune
v € {0.1,0.5,0.9}. The regularizer hyperparameter of RNF o is tuned in {0, le-4, 2e-4, 3e-4, 4e-
4}. And the regularizer parameter in Adversarial and EOR is tuned € {0.01 : 0.02 : 0.1}. The
learning rate for the adversarial head aaqy in Adversarial is tuned in {1le-2, le-3, 1le-4}.

Experimental results We present the Accuracy vs A DP, Accuracy vs A EO results for different
methods in Figure 4] And the worst group accuracy are reported in Table[2] For the same accuracy,
the smaller the value of A DP and A EO is, the better the method will be. It is worth to notice that
we can not have a valid result for when replicating RNF method using SGD optimizer. By balancing
between accuracy and A DP, A EO, RL-RAAN has the best results on all datasets. For the RAAN
method, it has smallest A DP and A EO among the methods that debias on the classification head
(the dashed lines). Besides the Vanilla method, EOR has the worst A DP and AEO in Adult, while
Adversarial method has the worst A DP and AEO in MEPS and CelebA. When it comes to the worst
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Table 2: Worst group accuracy over 5 independent runs.

MEPS Adult CelebA
Optimizer SGD-style Adam-style SGD-style Adam-style SGD-style Adam-style
Vanilla 27.61+0.12 | 3280+ 0.15 | 5549+ 0.11 | 53.96 £ 0.14 | 41.32 +0.92 | 40.65 £ 0.85
EOR 27.82+£0.15 | 30.23 £0.15 | 51.01 = 0.51 | 52.74 £ 0.21 | 46.02 £ 0.97 | 45.31 £ 1.58
RNF - 31.91+£0.23 - 58.85 £ 0.41 - 50.23 + 0.69
RAAN 28.01 £0.17 | 33.10 £ 0.10 | 58.23 £0.13 | 59.76 + 0.31 | 53.47 +1.24 | 5581 + 1.12
Adversarial | 28.31 £0.14 | 32.76 £0.13 | 5472 £0.76 | 55.49 £0.31 | 41.51 £0.98 | 40.15 & 0.69
RL-EOR | 29.52 £0.21 | 32.00 £0.23 | 59.15£0.11 | 57.41 £0.41 | 44.61 =0.83 | 46.89 & 1.51
RL-RAAN | 30.00 £+ 0.45 | 35.21 =0.33 | 65.94 +0.86 | 68.10 = 0.39 | 58.61 £ 1.01 | 66.44 + 0.72

group accuracy, RAAN and RL-RAAN achieve the best performance in debiasing the classification
and representation encoder, respectively. In addition we provide ablation studies in the Apendx [6.2]

5.2 COMPARISON WITH STOCHASTIC OPTIMIZATION METHODS

In this section, we compare RAAN with stochastic optimization methods including ERM, Group
DRO, and IRM on the subsets of Civil Comments dataset. IRM and Group DRO have been proved
to prevent models from learning prespecified spurious correlations (Adragna et al., 2020; |Sagawa
et al., 2019). We consider three different enviroments for training and testing (Adragna et al.|
2020). We set the sample size to be the same for the three environments. For each environment,
we have a balanced number of comments for each class and each attribute, i.e, half are non-toxic
(y = 0) and half are toxic comments (y = 0). Similarly, for each sensitive demographic attribute in
{Black, Muslim, LGBTQ, NeuroDiverse }, half of the comments are about the sensitive demographic
attribute (¢ = 1) and half are not (a = 0). We define the label switching probability p. = p(a =
zly =1-z),¥z € {0, 1} to introduce the spurious correlations between the sensitive attributes and
class labels and quantify the difference between different environments. The training datasets include
two enviorments with p. = 0.1 and 0.2, while p. = 0.9 in testing data environment.

Baselines For the ERM, we optimizes vanilla CE using Adam optimizer. IRM optimize a practical
variant objective for the linear invariant predictor, i.e, Equation (IRMv1), proposed in (Arjovsky et al.,
2019) using Adam optimizer. Group DRO (Sagawa et al.,[2019) aims to minimize the worst group
accuracy. For proposed methods, we optimize the RAAN using the Adam-style SCRAAN. SCRAAN
and Group DRO explicitly make use of the sensitive attributes information to construct AAN and
calculate group loss, respectively.

Model and Parameter Settings We train a logistic regression with 12 regularization as the toxicity
classification model (Adragna et al.,[2020) by converting each comment into a sentence embedding
representing its semantic content using a pre-trained Sentence-BERT model (Reimers & Gurevychl
2019). All the learning rates are finetuned using grid search between {0.0001,0.01}. The hyper
parameter of RAAN follows previous section. For the Group DRO the temperature parameter 7 is
tuned in {1 : 0.2 : 2}. The hyperparemeter for IRM are tuned following (Adragna et al., [2020).

Experimental Results The experimental results are reported in Table |3} We can see that SCRAAN
and Group DRO have a significant improvement over ERM and IRM on all three evaluation metric,
which implies the effectiveness of sensitive attributes information to reduce model bias. When
compared with Group DRO the SCRAAN and Group DRO, SCRAAN has comparable results in
terms of group accuracy while performs better on AEO. This makes sense as the objective of Group
DRO aims to minimize the worst group loss, while RAAN focuses on improving the fairness of
different groups.

Table 3: Experimental results on the testing environments over 5 independent runs.

Accuracy Worst Group Accuracy AEO
Sens Att ERM IRM Group DRO  SCRAAN ERM IRM Group DRO  SCRAAN ERM IRM Group DRO  SCRAAN
Black 4704109 553TE£12 6732E£1.0 7129+£10 | 350107 450109 649110 6423109 5223 +£34 3090L41 1282+£27 477L21
Muslim | 49.23 £0.9 59.08 £ 14 663712 71.82+1.0 | 36.92+0.8 5592+ 1.7 6245+1.1 6251+09 | 4744 +£2.1 2593+4.1 11.79+£22 747 £19
NeuroDiv | 65.18 1.0 63.60+ 13 68034 1.1 6817 +12 | 56.26+1.0 4575+£08 63.76+09 64.06+ 1.1 | 2653 +1.7 262621 1075+1.6 4.94+£09
LGBTQ | 56.67+1.1 61.99+15 6676+13 6954 +1.1 | 425807 5274+12 631009 6731+1.0 | 375321 2500£19 1856+£2.1 7.65+1.3

6 CONCLUSION

In this paper, we propose a robust loss RAAN that is able to reduce the bias of the classification head
and improve the fairness of representation encoder. Then an optimization framework SCRAAN has
been developed for handling RAAN with provable theoretical convergence guarantee. Comprehensive
studies on several fairness-related benchmark datasets verify the effectiveness of the proposed
methods.
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APPENDIX

6.1 MLP NETWORK STRUCTURES

To gain the feature representations, we use a three layer MLP for both Adult and MEPS datasets.
The input and hidden layers are following up with a ReLU activation layer and a 0.2 drop out layer,
respectively. The input size is 120 for Adult dataset and 138 for the MEPS dataset. The hidden size is
50 for both datasets. After that, we use a two layer classification head with a ReLU and 0.2 drop out
layer for the second stage training prediction.

6.2 ABLATION STUIDES OF SCRAAN

~ and 7 are two key paramters for SCRAAN. 7 is the key hyperparameter to control the pairwise
robust weights aggregation for RAAN. + is designed for the stability and theoretical guarantees of
Algorithm[I} We provide ablation studies for the two parameters independently.

To analyze the robustness of Algorithm|[T]in terms of ~y, we report AEO, ADP given the accuracy 85.3
for the Adam-style SCRAAN and 84.95 for the SGD-style SCRAAN on Adult dataset in Figure[5]by
varing v € {0.1: 0.1 : 0.9} and fixing 7 = 0.9. It is obvious to see that both SGD-style SCRAAN
and Adam-style SCRAAN are robust enough to have valid fairness evaluations.

Similarly, for the parameter 7, we report AEO, ADP of Adam-style SCRAAN to achieve accuracy
85.3 on Adult dataset by varing 7 = {0.1: 0.2 : 1.9} with v = 0.5. We can see that by hypertuning
T in a reason range, we are able to find a 7 achieves lowest AEO and ADP at the same time.
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Figure 5: Robustness of ~. Figure 6: Influence of 7

6.3 MORE EXPERIMENTAL RESULTS OF SGD-STYLE SCRAAN

Here we provide the SGD-style SCRAAN experimental results on the Adult dataset. We can see that
our methods are better than the baselines which is consistent with Adam-style SCRAAN.
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Figure 7: The ADP and AEO on the Adult dataset optimized by SGD-Style SCRAAN.
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Table 4: We report class wise accuracy for y € {0, 1} and True Positive Rate and False Positive Rate
for each group a € {0,1}, i.e, TPR_0, FPR_0, TPR_1 and FPR_1, for {Black, Muslim, LGBTQ,
NeuroDiv} attributes respectively.

Black ClassO Class1 | TPR_.0O FPR O | TPR_1 FPR_1
ERM 41.23 52.69 48.77 4.74 9298  64.99
IRM 62.57 47.85 45.40 7.37 73.68  40.88
Group DRO | 66.59 67.79 67.12 19.47 77.19 35.01
SCRAAN 72.84 69.47 70.60  26.84 61.40  27.20

Muslim ClassO Class1 | TPR_O FPR_O | TPR_1 FPR_1
ERM 42.49 55.5 52.37 8.11 92.05 63.31
IRM 59.13 58.26 57.05 12.43 77.27 44.07

Group DRO | 64.29 67.58 67.90 19.46 73.30 37.55
SCRAAN 73.94 72.02 74.40 29.19 59.09 25.70

LGBTQ ClassO0 Class1 | TPR_.0O FPR O | TPR_1 FPR_1
ERM 50.33 61.68 88.12 5448 60.43  0.071
IRM 52.19 70.33 88.13  51.07 70.26 18.93

Group DRO | 65.59 63.36 66.71 12.43 79.38  36.90

SCRAAN 71.53 66.97 68.89 19.52 | 65.62  21.43

NeuroDiv | ClassO Class1 | TPR_.0 FPR O | TPR_1 FPR_1
ERM 59.55 70.18 63.69 12.61 90.82 43.54
IRM 60.81 65.77 64.24 11.71 86.24 42.24

Group DRO | 65.04 70.36 70.20 23.42 78.90 36.24

SCRAAN 66.31 69.37 69.80 27.93 72.48 34.33

6.4 MORE EXPERIMENTAL RESULTS ON CIVIL COMMENTS
6.5 THE DERIVATION OF RAAN OBJECTIVE, EQUATION (4)), IN SECTION[4]

Given the pairwise weights between each sample ¢ ~ D and its ANN, i.e, equation (I, (Z). We have
the following loss by averaging over all samples within the same protected groups, attributes and
classes, wee have the following average neighbourhood robust loss.

Rewriting equation (4)

c |A| |De|
Z Z Z Z pAANE (W;x5,¢,a5)

a i=1 jE€P;

AAN
éi

expl( z; (Wf)z (Wf))
> exp(CL)

keP;

pairwise objective in Equation (2)),

AAN

. To start with, p;;™" is derived from the constraint robust

where pAN =

1
AAN,, _ AAN [P
e Z P )Taj(wy) = KL o) 1 € B

where APl = {pAAN e RIPH ST paAN — 1.0 < pAAN < 1}, Note the expression of
KL(p AANHﬁ) = >, pijlog(|Pilpij) = 3_; pijlog(pij) + log(|P:]). There are three constrains to
handle, i.e., 3~ P =1,p3N >0, and pf]AN < 1. Note that the constraint p}*™ > 0 is enforced
by the term p;} AAN log(pi*N), otherwise the above objective will become infinity. As a result, the
constraint pfAN < 1is automatically satisfied due to ), p*™ = 1 and p3*N > 0. Hence, we only

need to explicitly tackle the constraint ), pi*N = 1. To this end, we define the following Lagrangian
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function,

[P [P

TLPMN, 1) = = pijzi(wy) 7 (wp) + 7(log [P + > pNlog(pi)) + p ZPAAN
Jj=1 j=1

where p is the Lagrangian multiplier for the constraint Z pAAN = 1. The optimal solutions satisfy
the KKT conditions:

—zi(wy) "z(wy) + T(log(pf™N(w)) + 1) + p = 0,

ZPAAN =1

. T . .
From the first equation, we can derive p%AN x exp(w). Then according to the second
equation, we can conclude that

AN _ eXp(zi(wf):zj(wf)) B eXp(z (sz—ZJ(Wf))
1] Z-ep eXp(zi(wf)sz(wf)) - Z exp( ; (Wf)Zk(Wf))
J i T T
kEP;

Next, we derive the second equivalence in the robust objective, Equation (4).

1 Z 1 ZA: T exp(m)
RAAN(W) == — ) — - < - tw;x;, ¢, a)>
C = A= |D¢| S\E 5 exp(w)
keP;
N

ZTW Z; (W
( i ( f)TJ( f))

C
1 1 exp
=l 2 (T oy e
keP; i

> E(W;Xﬁijaj)

AAN
pJ

(Zi (Wf)zj(wf))

1 1 exp(m——7—"—
-ax(Zw ;) (%)

i | S exp( (Wf)TZk(Wf))

|D|
== a1 ZpAANK W;Xj, Y, a5)

We finish the derivation. Therefore, RAAN combines the information from the embedding space
P; AAN to promote a more uniform embedding of the classification head.

6.6 THEORETICAL ANALYSIS

To derive the theoretical analysis, we write the pairwise RAAN(w), i.e, the first equivalence in
Equation ()

c A IDg | z{ (Wi)z;(wy)
1 1 1 exp (= ——L=0E0)
RAAN(W) == — — . ( T Uw;x;, ¢, a))
C ; A ; Dl =\ 5 exp(w) ’
keP;
PN
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objective as a general compositional form R(w),

ROW) =+ 3 f(gx, (W) = Bx.cnlf (9, (w))]

x; €D

z; (W TZ]‘ W

where f(g) = 2., and gx,(w) = %]Exjep[exp(w)ﬁj(w)ﬂ(xj €
P, zi(wy) 75 (wy) Ix: e P)T = oK zs(wy) 75 (wy) /. zi(wy) T zi(We)\T
i), exp( ) (Xj € Py)] A0 Lx, eP; [exp( ) J(W)7exp( )]s

V1 #£0, andéj(;v)zﬁj(w;xj,yj,aj). ’ !

Our theoretical analysis follows the same framework as SOAP in (Qi et al.| 2021). To make sure
the analysis are applicable for both RAAN and RL-RAAN, similar to Equation (7)) in section 4}, we
provide the stochastic gradient estimator for the inner objective for RL-RAAN:

Next, we first introduce the assumptions and provide a lemma to guarantee that R(-) is smooth.

Assumption 1 Assume that (a) there exists Ay such that R(w1) — miny, R(w) < Ay; (b) there
exist M > 0 such that {(w;X;,y;j,a;) < M and {(w;X;,y;,a;) is Ci-Lipscthiz continuous and
Ly-smooth with respect to w for any x; € D; (c) there exists V > 0 such that Ey ,p[||g(w; X, X;) —
9x, (W)|]?] <V, and Ex, 1| Vg(W; X, %;) — Vg, (W)||?] <V for any x;.

Lemma 1 Suppose Assumption[2| holds, T > 7o, maxE = max{exp(1/79), exp(—1/70)}, minE =

min{exp(1/7y),exp(—1/79)}, there exists uy > % wy = "Mk gng gy = “B9E sych that

gx; (W) € Q={u e R? 0 < [u]y < wuy,up < [u]a < usl, Vx; € D. In addition, there exists L > 0
such that R(-) is L-smooth.

We first prove the first part g;(w) € Q. Due to the definition of gy, (w) =
)T

) Ty Z; Z;
By, eplexp(B MO (w(x; € i), exp(Z MYy € )T As zi(wy)

%, -1 < zi(wy)Tzj(wy) < 1, min{(exp(=L),exp(2)} < exp(w) <
max{(exp(=1),exp(1)} Therefore, 0 < [gx,(W)]1 < nmax{exp(l/mo).exp(=1/m)IM g

A

need to use the following Lemma 2]and the proof will be presented.

Assumption 2 Assume that (a) there exists Ay such that R(w1) — miny, R(w) < Ay; (b) there
exist M > 0 such that {(w;x;,y;j,a;) < M and {(w;x;,y;,a;) is Ci-Lipscthiz continuous and
Ly-smooth with respect to w for any x; € D; (c) there exists V' > 0 such that Ex ,p[||g(w;x;, X;) —
9x, (W)|]?] <V, and Ex, 1| Vg(W; X4, %;) — Vg, (W)||?] <V for any x;.

Lemma?2 Ler Ly = 2etu) ¢p = wobw = W0k (0 4 [)) = Cy = "9E(C), + 2M),
0 0

then f(u) is a Lg-smooth, C¢-Lipschit continuous function for any u € Q, and Vi € [1,--- ,n], gx,
is a Lg-smooth, Cgy-Lipschitz continuous function.

([u]2)?” ([u]2)?

ujp T 07_%
fluy = 2 ,vuf(u)(l, [u] ) : Vif(u)( o ) (10)
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Due to the assumption that ¢(w;x;) is a L;-smooth, Cj-Lipschitz continuous function, and
lzi(wp)l|? =1,-1 < z] (wy)z(wy) < 1, we have

|P:|
Z; (W
V30wl = | 5 Zexp ) 5V )02 g i)

+2(zi(wy) + 2,(w)) exp(wwng(w;xj,cj, a)

Z;|W TZ]‘ \\%
F ((zalwy) + 25 (w9)? + 2) exp( By o))
|Pi |

< Z [I[exp( M)VQ ti(w;x;, ¢j, a5) a

<

n 1
AC\|

+2(aw) + 2w ) xS vy

Z; W TZ‘ \%4
¥ ((amlwy) + 25 (w)? + 2) exp( By (s )

nmaxE 10nmaxE
<
S a0 (L +10Cy) < PYe:

where (a) applies the convexity of || - || and ||a + b|| < ||a|| + ||b]|. Similarly, the following equations
hold in terms of the continuous of inner objective g,

(Cl + Ll) = Lg

o zi(wy) z;(wy)
IVt W = Iz 2l ELBN\G b w5, 0)
d(wy) Tz (12)
+ (aalwg) 25 (wp)) exp(EO O e )]
< Aic(maxEC’g + 2maxEM)) = mzagE (Ce+2M) =0C,4
1 2 +
IVF < ) by + I Mot _ o
[l  [u]; Up (13)
2 2R 4w+ w)
IV2 )] < |+t < o = 1

Since P(w) = 1 > x,ep f(gi(w)). We first show R;(w) = f(g;(w)) is smooth. To see this,

IVRi(w) = VR;(W")|| = [Vgi(w) "V f(gi(W)) = Vgi(w') TV f(gi(w"))]

< IVgi(w) "V f(g:(w)) = Vgi(w') "V f(gi(w))l]

+[IVgi(w') 'V f(g:(w)) = Vgi(w') TV f(gi(w"))]

< CrLgllw = w'|| + CyLyCyllw — w'|| = (CyLg + Ly Cg)llw — w'l].
Hence R(w) is also L = (Cy Ly + L;C?)-smooth.

6.7 PROOF OF THEOREM [I](SCRAAN WITH SGD-STYLE UPDATE)

Lemma 3 With o < 1/2, running T iterations of SCRAAN (SGD-style) updates, we have

T
C
%E[Z IV R(w:)|?] < E[Y (R(wi) = R(wei1))] + E]E Z lgi, (We) — ug, ||2] + T Cs,

t=1 t

where iy denotes the index of the sampled positive data at iteration t, C and Cy are proper constants.

17
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Our key contribution is the following lemma that bounds the second term in the above upper bound.

Lemma 4 Suppose Assumption 2 holds, with u initialized inner objective stochastic estimator for
every x; € D we have
T

nV 202TCy
E[Y llgs, (we) — w3, [12) < - 44V T+ 25222 (14)
— Y 72
where Cs is a proper constant.
Remark: The innovation of proving the above lemma is by grouping u;,,¢ = 1,...,7 into n groups

corresponding to the n samples AAN, and then establishing the recursion of the error ||g;, (w;) —u;, ||?
within each group, and then summing up these recursions together.

6.7.1 PROOF OF LEMMA[3

[Proof of Lemma 3]] To make the proof clear, we write Vg;, (w; &) = Vg(wy;x;,, ), € ~ P;,. Let
u;, denote the updated u vector at the ¢-th iteration for the selected positive data ;.
L
R(Wii1) = R(wWe) < VR(w;) " (W1 — we) + S lwes = wi|?

2 T T o?||G(wy)|I*L

= —a|VR(wW)|" + aVR(w:)  (VR(Wt) = Vg;, (W; )V f(ui,)) + ————
< —al|[VR(wy)|]? + OzVR(Wt)T(VR(Wt) — Vg;:(wt; HVf(ug,)) +a?Cy

where Cy = ||G(wy)||?L/2 < ngC’J%L/Q.

Taking expectation on both sides, we have
L
Ei[R(wWii1)] < Ei[R(W) + VR(w,) T (Wi —wy) + §||Wt+1 - wi[”]
= Ei[R(w;) — af[VR(W:)[|? + aVR(W) T (VR(W:) = Vi, (Wi;€) "V f(uy,))] + @?Cy

= R(w;) — | VR(wW,)||” + aVR(w;) " (E[VR(W¢) = Vi, (wi;:6) TV f(w,)]) + aCo

where [E; means taking expectation over i, £ given wy.
Noting that VR(w;) = E;, ¢[Vgi, (Wi &) TV f(gi, (W:))], where i; and £ are independent.

Ei[R(wii1)] — R(wy)
< —a|VR(W)|I> + aVR(W) " (Ee[Vgi,(wi;:€) TV £ (g5, (We))] = Ee[Vgi, (wi; €) TV f(u5,)]) + o*Co
= —a||[VR(Wy)||> + E[aVR(W,) " (Vgi,(wi;€) TV f(gi, (Wi)) — Vi, (we; ) TV f(5,))] + o*Co

(a)
< —al[ VRwOI? + B SIV R + 5 Vi, (w3 )TV F (g1, (w0)) = Vi, (w5 0) T i) +a*C

aC
—5 llgi (wi) = s, [P + 0*C

Elllg, (we) — i, |°] + a*Cy

(d) a
< —al|[VR(wy)[|* + IEt[§||VB’/(Wt)||2 +

aCl
2

—(a = SIIVR(w:)|? +

where the equality (a) is due to ab < a?/2 + b?/2 and the inequality (b) uses the factor
[Vgi, (wi; &)l < Cpand Vf is Ly-Lipschitz continuous for u, gi(w) € Q and C; = C7C7.
Hence we have,

aCy

SIVROOIP < Riwe) = ByR(wis1)] + S Bllgi, (w0) — wi, ] + a?C

Taking summation and expectation over all randomness, we have
T
@ aC'
SED_IVR(w)|*] <E[Y (R(w) — R(wes)] + 711'5 Z g, (We) — i, |°] + a*CoT

t=1 t

18
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6.7.2 PROOF OF LEMMA[4]

Let i; denote the selected data ¢, at ¢-th iteration. We will divide {1, ..., 7'} into n groups with the
i-th group given by 7; = {t%,... % ..., }, where ¢} denotes the iteration that the i-th index data is
selected at the k-th time for updating u. Let us define ¢(t) : [T] — [n] x [T] that maps the selected
data into its group index and within group index, i.e, there is an one-to-one correspondence between
index t and selected data 7 and its index within 7;. Below, we use notations af to denote Qi - Let

T; = |Ti|. Hence, >/ T, =T.

[Proof of Lemma]] To prove Lemmal we first introduce another lemma that establishes a recursion
for ||u;, — g, (w¢)||%, whose proof is presented later.

Lemma 5 By the updates of SCRAAN Adam-style or SGD-style with a sample x; € D, and, £ € P;,
the following equation holds forvt e 1,--- | T

#(t)
Eeflwi, — g, (W) 1] =" Eef[[uf — gi(w])[|] (15)
< (A=t = g(wWEHI2+ 2V + 7 a’n?Cy

where E; denotes the conditional expectation conditioned on history before t};_l.

Then, by mapping every i, to its own group and make use of Lemma[5] we have

0 _ g,(w9)]|2
leu b < | 1 g;(W”]MVTiﬂZn?Cga% (16)

where u? is the initial vector for u;, which can be computed by a mini-batch averaging estimator of
gi (Wo) Thus

Zugu (wo) —u,, | Y E ZZuu 517

i=1 k=0
Si{ ||ll g’;( )” ] +"}’VE[ }+’Y 2n203a2E[TZ-]}

nv a1y
Y

6.7.3 PROOF OF LEMMA

We first introduce the following lemma, whose proof is presented later.

Lemma 6 Suppose the sequence generated in the training process using the positive sample i
is {Wh,W s } where 0 < iy < iy < --- < iy, < T, then By, [igg1 — ix] <

n+,and,E|ik[(ik+1 — zk) ] < 2n?,Vk.

Define g;,(w¢) = g(w, x;,,€). Let [[() : R? — © denotes the projection operator. By the
updates of u;,, we have u;, = u¥ = [[[(1 — y)ul~" +~g;, (wy)].

19
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Eolllw, — gi (W) 2] 2 E[[[uf — gi(wh)|2)

= Ef|| TT(0 = uf =" +7gi(wh)) = T J(gs (W) I1?]
Q Q

< EI((1 = 7)ub 4 4G (wh) — gi(wi)]|?]

<EI((1 = 1) (a5 — ga(wh 1) 41 Gw) — ge(wh) + (1= ) (ga(whE) = gu(wh )
< B =) — gi(wh ) 4 (1 ) (g () — ga(wh )P+ 2V

< (1= 7@+ ) — ga(wh 12 + 2v+“+”§1‘”cgzezmwf—wfln21
< [0 = g (WP 2V 4y P CE]) Zv%ﬁ(wt;@w(mt)nﬂ

(1=l = g (WEIP] + 72V + 4712 CuEe (8, — th, ) C2C3)]
E[(1 —7)[luf™" — g (wFDIP] + 12V + 2y Lan2C3C3
< [(1 _’Y)”ui _gz( k 1)” ]+’72V+’Y 1a2n203

where the inequality (a) is due to that ti — ¢{ _, is a geometric distribution random variable with

p=1/nie, By [t —t,_1)%] <2/p* =2n% by Lemma@ The last equality hold by defining
_ 9132

Cs =2C7C -

6.7.4 PROOF OF LEMMA [G]

Proof of Lemma@ Denote the random variable Ay = i1 — iy that represents the iterations that the

ith positive sample has been randomly selected for the k + 1-th time conditioned on . Then Ag
follows a Geometric distribution such that Pr(A = j) = (1—p)? ~!p, wherep = 1,5 =1,2,3,-

As aresult, E[Ay|ix] = 1/p = n. E[A%]ix] = Var(Ag) + E[Aglix]? = 1;—2” + 1% < 2 o =20
6.8 PROOF OF THEOREM[I|(SCRAAN WITH ADAM-STYLE UPDATE)
We first provide two useful lemmas, whose proof are presented later.
Lemma 7 Assume assumption 2| holds
[Wirr — we||® < a?d(1—m) (1 —7)7! (17)

where d is the dimension of w, 11 < /N2 < 1, and T := 03 /na.

Lemma 8 Withc = (1+(1— nl)_l)e_%CQQLfc, running T iterations of SOAP (Adam-style) updates,
we have

T a 177]1 €+020f) 1/2

IVR(w:)|* < E[V1] - E[Vr4i]

“M

+ mLa2Td(1 )M =) M1 = 7) T 4 La?Td(1 — ) (1 — 1) 7! (18)
d T
+2(1—m) taC2CF Z((6 +05)7V?) + caZEt[llgit (we) =, ||7]

=1 t=1

where Vt+1 = P(Wt+1) — Ct+1<VP(Wt), Dt+1ht+1>.

20
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According to Lemma|§]and plugging Lemmad]into equation (T8), we have

Z a(l—mn) e—i—C'C) 1/2
<

E[Vi] = E[Vri] +2mLa*Td(1 — )" (1 —n2) 11— 7)™ + La®dT (1 —n2) "M (1 —7) 7

d
’ |14 2Cyn*C3a*T
+2caC}CF Z(e +05) 7Y 4 ca(% +29VT + %72304)

=1

IVR(w)|”

(19
Letn = (1 —n2) (1 — 7')_1,77” =1-m) 11 -n)"11 —”7’)_1, and 77 = (1 — 1) 2(1 —
)t —7) "L As(1—m) L >1,(1—m) "t >1,thenyj>n > >1.
Then by rearranging terms in Equation , dividing aT'(1 4 11) (e + CZCF)~'/2 on both sides and
suppress constants, Cy, Ly, Cs, L, C¢, L, V, € into big O, we get
1z 1 d
N IVRwW)|? < 70(1@%/ \ 27d + 1 o2Td 1/2
T;” (we)|I” < T —m) (V1] = E[Vr 1] + 0 ma®Td + 7' o +CVZZ:1 o)~

can ca®n?®T
+ — +cayT + 3 )
Y Y

— — O(E[V,] - E[V "maTd +n o®*Td + ad -1/2
aT(l_m)O(H Vrsa] + 1 ma*Td + ' a*Td + ad(e + C;Cy)

(v)
< %O(E[Vl] — Vrs] + 1+ m)a®Td + ad + T + conT +

ca’n T)

(20)
where the inequality (a) is due to 35 = G¥ (wo)? < ||G(wo)||* < C3C%. The last inequality (b) is
due to 77 > 17” > > 1
Moreover, by the definition of V and wy = w1, we have

1
E[Vi] = R(w1) — c1(VR(wq), D1h1) < R(w1) + c1||[VR(wo) ||[|w1 — WOHE = R(w1)
—E[Vri1] £ =R(Wr1) + er1(VR(wr), Drhr)

. 1
—min B(w) + ez i1 [VR(We-1) [ [Wesr = wef| —

IN

(a)
< —minR(w) + (1 — ) re/d(1 —n2) 121 —7)71/2

(2 —min R(w) + 7vVda

" @)
where the inequality (a) is due to Lemmaand erv1 < (1—mn1) " tain equation . The inequality
(b) is due to (1 — ) 1(1 = m) V2(1 = 1) V2 < (1— ) ML) (L —7) L <" <7
Thus E[V,]—E[Vry4] < P(wy) —ming P(w)+7vda < Ay +7V/da by combining equation
and
Then we have

T _
1 9 (A1 + m/Ea d a’n?
— < —— +(1 d — )
7 2 VARG <TO(Sp (b mad b ot o oy +
g) ~O(A1n2/5 N md N (I+n)d  d e N 20712/5) (22)
=1 T2/5 T n2/573/5 T T3/5 T2/5
(b) n2/5
(o7s)
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The inequality (a) is due to v = n/ In inequality (b), we further compress the Ay,

_ 1
1275 & = Ta7sTars -
N1, 7, cinto big O and v < 1 — n?/®> < T2/5,

6.8.1 PROOF OF LEMMA[]]
This proof is following the proof of Lemma 4 in (Chen et al., 2021).

Choosing 17; < 1 and defining 7 = Z—g with the Adam-style (Algorithm updates of SOAP that
hiy1 = mhs + (1 — m1)G(w:), we can verify for every dimension [,

[Bia| = Imbt + (1= m)G (we)| < mlhi| + |G (wy)]
< m(mlhi| + |G (wer)]) + G (we)]

t t
<SG wy) = VTR TPIG (w)]
p=0

p=0

< (iﬁ—fﬂ)é(in;—p@l(wp))?f
(1—-7)" (Zné P(GYw )

where w! is the [th dlmensmn of w, the thlrd 1nequahty follows the Cauchy-Schwartz inequality. For
the Ith dimension of 9, ¥, first we have 9 > (1 — 12)(G'(w1)?). Then since

@t+1 > nt@t +(1— 772)(G (Wt))2

(23)

by induction we have
By = (1= Z% (G'(wy)) (24)

Using equation (23) and equation (24), we have

B < (=) (Zné”Gl ?) o5)

S =m) A -7)oy,

Then follow the Adam-style update in Algorithm 3] we have
d
[Wer1 — WtH2 =a’ Z €+ Ut+1 1|h +1|2 < a’d(1 - m2)” 1(1 - T)_l (26)
=1

which completes the proof.

6.8.2 PROOF OF LEMMA [§]

To make the proof clear, we make some definitions the same as the proof of Lemma 3] Denote by
Vi, (we; &) = Vg(we; x;,,€), € ~ P;,, where i is a positive sample randomly generated from D at
t-th iteration, and ¢ is a random sample that generated from D at ¢-th iteration. It is worth to notice
that 7; and ¢ are independent. u;, denote the updated u vector at the ¢-th iteration for the selected
positive data ;.

L
R(wit1) < R(wy) + VR(wy) T (W1 — wy) + §|\Wt+1 —wy?

< R(wy) — aVR(wWy) " (Digihisr) + od(1 =)~ (1 —7) 7' L/2
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where D; | = \/ﬁ, hiy1 = nihe + (1 — 1) Vg, (we;§)V f(u;,) and the second inequality

is due to Lemma(7] Taking expectation on both sides, we have

E[R(Wi1)] < R(wy) =Ee[VR(W¢) T (Degrhegr)] o+ od(1— ) (1 —7)7'L

T

where E,[-] = E[-|;] implies taking expectation over i;,{ given w,. In the following analysis, we
decompose Y into three parts and bound them one by one:

T = —(VR(Wt), Dir1hiy1) = —(VR(Wi), Dihiy1) — (VR(Wy), (Dig1 — Di)hig)

= —(1—m)(VR(W¢), D:Vgi,(we; &) TV f(w;,)) — m(VR(wy), Dihy)
—(VR(wW¢), (Diy1 — Di)hiya)
=1} + I + I3

Let us first bound 1%,

B Y —(1 = m)(VR(w), B [Di Vs, (wi; )TV £ (w;,)])

= —(1 = m)(VR(W1), Ee[D; Vg, (we; )"V f (gi, (We))])

+ (1= m)(VR(W),E,[DiVgi, (wi; §) T (Vf(wi,) = V f(gi, (W)])

< —(1—=m)|[VR(w)|5,

+ (1 =)Dy PV R(w) B Dy 2V gs, (wes €) T (V£ (wi,) — V£ (gi, (W)

(1= ) IV ROw) , + TR,

(1= n)E[ID; *Vgi, (wi: ©) T (Vf (ws,) = V (g, (we)II?]

—~
=
=

IN

+ 2
< oMy, + U5 E 190 (wi ) (V(0) — V(00 (W) B,
< UM (cy 20n) 2T RGw| + e 2CRLIE g () — |

- 2

(27

where equality (a) is due to VR(w) = E;, ¢[Vgi,(Wi;:€) TV f(gi,(w:))], where i; and £ are
independent. The inequality (b) is according to ab < a?/2 + b? /2. The last inequality (c) is due to

e /21 > | D = II\/ﬁH > [[(el + C2C2)~12|| = (e + C2C2)~1/2L, (1 — 1) < 1 and
B[V s, (wi; €) T (VF(wi,) = V (g5, (wi)))l[D,]
< VPORE|IV f(ws,) = V f (g3, (W) IF] (28)

< e V2C2L3E |l gi, (we) — g, ||

For I} and I%, we have

Ei[I3] = =m(VR(W¢) — VR(w; 1), Dihy) — i (VR(w; 1), Dihy)
<mLatwi —wi || = m(VR(wi 1), Dihy)
=mLalwy —wi |2+ (T + L+ I
<mLad(l—m) ' (1—7)" (G + T+ I

(29)

where the last equation applies Lemma 7]
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d
Eo[I5] = —(VR(W,), (Do = Do) = = Y VaR(wa) (e + 0} )72 = (e + 0{01) " 2)hip

/=1
d B B
< IVRW el D ((e+80) Y2 — (e + 01 ) 72
=1
d . .
<C20E (e + 07 )72 = (e 0fyy) 73
i’=1

(30)
By combining Equation (28)), (29) and (30) together,

1- _ 1 _
B+ 0 1] <~ e 020 VRO 4 e PRI () —

2
+mLod(l —m) (A=) (T + T+ 1)
d
+ 030D (et )72 — (e + 8]40) ™)
i'=1
(3D
Define the Lyapunov function
Vt = R(Wt) — C¢ <VR(W75_1), Dtht> (32)

where ¢; and ¢ will be defined later.

]Et [Vt+1 - Vt}
= R(Wt+1) — R(Wt) — Ct+1<VR(Wt), Dt+1ht+1> + Ct<VR(Wt_1), Dtht>

IN

L
~(ctr1 + a)(VR(We), Deviher) + S lwers — Wil + co(VR(Wi—1), Dihy)

L _ _ _
= (ct41 +04)(1f+15+1:§,)+§|\wt+1—Wt||2—0t(1f YL T

Eqgn and Lemma 1—
< (ot ey B e+ 020312 T R(wy)| 1
+(a+cop)mLad(l —m) M A —7) " +mla+ o) I+ I+ IETY
d
+ (a + ctH)CgCJ% Z((e +05) Y2 — (e+ oLt T1/?)
=1

671/2C§L?(Oé + Ct+1)
2

L
+ §a2d(1 —m) A=) eI A T I + g, (We) — g,

(33)
o p
By setting o1 < ax =, ¢ = >, ([[ m)ej,ande= (14 (1 — nl)’l)e*%Cng, we have
p=t j=t
2
e < (1— m)—lat’ %ﬁe_l/QCﬁL? <cB, ma+cy)=c (34)
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Asaresult, i (a+ e ) (I H I+ Y — (T + I+ ) =0
(1—m)
2

Et[Vigr — Vi < —(a + cr41)

(e + CoCH V2V R(w,)|?

L
+ (a+ cir1)mLad(l — 172)_1(1 — 7')_1 + §a2d(1 - 772)_1(1 — 7')_1
d
+(a+c)CICHY ((e+0l) 72 = (e+ 5712

=1
a—+c _
o) vacerzg, (w) - g2

(1—m)
2

—Q

< (e+C5CH 2| VR(w)|?
L
+2m La®Td(1 —n) (1 —no) (1 — 1)t + §Ta2d(1 )t —7)"t
d o L
-1 22 St \—1/2 1y —1/2 2
#20 = m)taCH0F e+ )7 (e 87 + T T Bl wi )
(35)
where the last inequality is due to equation (34) such that we have 2(a + cy41)e ™"/ *CILG < ca,
and a + ¢ < 2(1 —m) ta
Then by rearranging terms, and taking summation from 1, - - - , T" of equation (33)), we have
e+ C2CH T2 |VR(w)|1? < D B[V — Vi

Za
t=1

+ 2171La Td(1—m) *(1—m)'(1 = 7)"t + LTa?d(1 —ne) (1 —7)~ !
T d

T
+2(1—m)aCCFY Y (e T2 (e 0yt T Hea Y Ealllgi (wh) — ug,)17]

t=11i=1 t=1

T

< E[Vy] - E[Vri]

+2m La®Td(1 — ) (1 — o) (1 — 1)~ + LTa?d(1 —n) 1 (1 —7) 7t
d T

+2(1—m)'aCrCF Y (e +d5) %) +ca Y Eilllgs (we) — wi, |
/=1 t=1
(36)

By combing with Lemma[d] We finish the proof.
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