Published in Transactions on Machine Learning Research (02/2023)

Costs and Benefits of Fair Regression

Han Zhao hanzhao @illinois.edu
Department of Computer Science
University of Illinois Urbana-Champaign

Reviewed on OpenReview: https://openreview.net/forum?id=vé6anjyEDVIV

Abstract

Real-world applications of machine learning tools in high-stakes domains are often regulated to
be fair, in the sense that the predicted target should satisfy some quantitative notion of parity with
respect to a protected attribute. However, the exact tradeoff between fairness and accuracy with a
real-valued target is not entirely clear. In this paper, we characterize the inherent tradeoff between
statistical parity and accuracy in the regression setting by providing a lower bound on the error of
any attribute-blind fair regressor. Our lower bound is sharp, algorithm-independent, and admits a
simple interpretation: when the moments of the target differ between groups, any fair algorithm has
to make an error on at least one of the groups. We further extend this result to give a lower bound on
the joint error of any (approximately) fair algorithm, using the Wasserstein distance to measure the
quality of the approximation. With our novel lower bound, we also show that the price paid by a fair
regressor that does not take the protected attribute as input is less than that of a fair regressor with
explicit access to the protected attribute. On the upside, we establish the first connection between
individual fairness, accuracy parity, and the Wasserstein distance by showing that if a regressor is
individually fair, it also approximately verifies the accuracy parity, where the gap is again given by
the Wasserstein distance between the two groups. Inspired by our theoretical results, we develop
a practical algorithm for fair regression through the lens of representation learning, and conduct
experiments on a real-world dataset to corroborate our findings.

1 Introduction

High-stakes domains, e.g., loan approvals, and credit scoring, have been using machine learning tools to help make
decisions. A central question in these applications is whether the algorithm makes fair decisions, in the sense that
certain sensitive data does not influence the outcomes or accuracy of the learning algorithms. For example, as regulated
by the General Data Protection Regulation (GDPR, Article 22 Paragraph 4) (gdp), “decisions which produce legal
effects concerning him or her or of similar importance shall not be based on certain personal data”, including race,
religious belief, etc. As a result, using sensitive data directly in algorithms is often prohibited. However, due to the
redundant encoding, redlining, and other problems, this “fairness through blindness” is often not sufficient to ensure
algorithmic fairness in automated decision-making processes.

Many works have produced methods aiming at reducing unfairness (Calmon et al., 2017; (Chi et al.| [2021} |Hardt et al.,
2016; |Agarwal et al., 2019; Feldman et al., [2015} |[Beutel et al.,2017; Lum & Johndrow} 2016) under various contexts.
However, the question of the price that we need to pay for enforcing various fairness definitions in terms of the accuracy
of these tools is less explored. In this paper, we attempt to answer this question by characterizing a tradeoff between
statistical parity and accuracy in the regression setting, where the regressor is prohibited to use the sensitive attribute
directly, dubbed as an attribute-blind regressor (predictor). Among many definitions of fairness (Verma & Rubin, [2018)
in the literature, statistical parity asks the predictor to be statistically independent of a predefined protected attribute,
e.g., race, gender, etc. While empirically it has long been observed that there is an underlying tension between accuracy
and statistical parity (Calders et al., 2013} |Zliobaite, [2015} [Berk et al., 2017; |Agarwal et al.,|2019)) in both classification
and regression settings, theoretical understanding of this tradeoff in regression is limited. In the case of classification,
Menon & Williamson| (2018)) explored such tradeoff in terms of the fairness frontier function under the context of
cost-sensitive binary classification. [Zhao & Gordon!(2019) provided a characterization of such a etradeoff in binary
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classification. Recently, Chzhen et al.| (2020a) and [Le Gouic et al.| (2020) concurrently with each other derived an
analytic bound to characterize the price of statistical parity in regression using Wasserstein barycentres when the learner
can take the sensitive attribute explicitly as an input.

In this paper, we derive the first lower bound to characterize the inherent tradeoff between fairness and accuracy in the
regression setting under general £,, loss when the regressor is prohibited to use the sensitive attribute directly during the
inference stage. Our main theorem can be informally summarized as follows:

For any fair algorithm satisfying statistical parity, it has to incur a large error on at least one of the
demographic subgroups when the moments of the target variable differ across groups. Furthermore,
if the population of the two demographic subgroups is imbalanced, the minorities could still suffer
from the reduction in accuracy even if the global accuracy does not seem to reduce.

We emphasize that the above result holds in the noiseless setting as well, where there exist (unfair) algorithms that are
perfect on both demographic subgroups. Hence it highlights the inherent tradeoff due to the coupling between statistical
parity and accuracy in general, not due to the noninformativeness of the input. We also extend this result to the general
noisy setting when only approximate fairness is required. Our bounds are algorithm-independent and do not make any
distributional assumptions. To illustrate the tightness of the lower bound, we also construct a problem instance where
the lower bound is attained. In particular, it is easy to see that in an extreme case where the group membership coincides
with the target task, a call for exact statistical parity will inevitably remove the perfect predictor. At the core of our
proof technique is the use of the Wasserstein metric and its contraction property under certain Lipschitz assumptions on
the regression predictors.

On the positive side, we establish the first connection between individual fairness (Dwork et al.| 2012), a more fine-
grained notion of fairness, and accuracy parity (Buolamwini & Gebru, 2018} [Bagdasaryan et al.| 2019} |Chi et al.
2021)). Roughly speaking, an algorithm is said to be individually fair if it treats similar individuals similarly. We show
that if a regressor is individually fair, then it also approximately verifies the accuracy parity. Interestingly, the gap in
this approximation is exactly given by the Wasserstein distance between the distributions across groups. Our proof
techniques are very simple but general, and we expect them to have broader applications in other learning scenarios
with real targets, e.g., domain adaptation for regression problems (Ganin et al., 2016} |(Courty et al., 2017;|Zhao et al.,
2019b) and counter-factual inference (Johansson et al.| 2016} Shalit et al., 2017} Johansson et al., [2020).

Although our main focus is to understand the costs and benefits of fair regression, our analysis also naturally suggests
a practical algorithm to achieve statistical parity and accuracy parity simultaneously in regression by learning fair
representations. The idea is relatively simple and intuitive: it suffices if we can ensure that the representations upon
which the regressor applies are approximately fair (measured by Wasserstein distance). Finally, we also conduct
experiments on a real-world dataset to corroborate our theoretical findings. Our results highlight the role of the
Wasserstein distance in both the theoretical analysis and algorithm design of fair regression, which complements the
existing results for fair classification using TV-distance (Zhao & Gordonl 2022).

2 Preliminaries

Notation We consider a general regression setting where there is a joint distribution y over the triplet T = (X, A,Y),
where X € X C RY is the input vector, A € {0,1} is the protected attribute, e.g., race, gender, etc., and Y €
Y C [~1,1] is the target output[]] Hence, the joint distribution y is defined over the product space X x {0,1} x V.
Lower case letters x, a2 and y are used to denote the instantiation of X, A and Y, respectively. Let H be a hypothesis
class of predictors from input to output space. Throughout the paper, we focus on the setting where the regressor
cannot directly use the sensitive attribute A to form its prediction. However, note that even if the regressor does not
explicitly take the protected attribute A as input, this fairness through blindness mechanism can still be biased due to the
redundant encoding issue (Barocas et al.,[2017). To keep the notation uncluttered, for a & {O, 1}, we use }4, to mean the
conditional distribution of y given A = a. The zero-one entropy of A (Griinwald et al.l 2004} Section 3.5.3) is denoted
as Ho-1(A) := 1 —max,¢ 0,1} Pr(A = a). Furthermore, we use F, to represent the cumulative distribution function
of a distribution v over R, i.e., for t € R, F,(t) := Pry,((—o0,t]). In this paper, we assume that the density of y; and

'Our main results could be extended to the case where A can take finitely many values.
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its corresponding pushforward under proper transformation (w.r.t. the Lebesgue measure A) is universally bounded
above, i.e., ||dp;/dA||e < C, Vi € {0,1}. Given a feature transformation function ¢ : X — Z that maps instances
from the input space X’ to feature space Z, we define gyp := p o ¢~ ! to be the induced distribution (pushforward) of y
under g, i.e., for any measurable event E' C Z, Prg,, (E') := Pry (¢~ '(E')) = Pru({x € X | g(x) € E'}). We also
use Y; it to denote the marginal distribution of Y from the joint distribution y, i.e., projection of i onto the Y coordinate.
Throughout the paper, we make the following assumption:

Assumption 2.1. There exists a constant C such that the density of every u’ (w.r.t. the Lebesgue measure A) is
universally bounded above, i.e., ||dy’ /dA | < C.

Fairness Definition We mainly focus on group fairness where the group membership is given by the protected
attribute A. In particular, statistical parity asks that the predictor should be statistically independent of the protected
attribute. In binary classification, this requirement corresponds to the notion of equality of outcome (Holzer & Neumark,
2006)), and it says that the outcome rate should be equal across groups.

Definition 2.1 (Statistical Parity). Given a joint distribution y, a classifier Y = h(X), satisfies statistical parity if Yis
independent of A.

Since Y is continuous, the above definition implies that Pry, (Y€E)= Pry, (Y € E) for any measurable event E C RR.
Statistical parity has been adopted as a definition of fairness in a series of work (Calders et al., [2009; Edwards &
Storkeyl 2015 Johndrow et al.l 2019; Kamiran & Calders, 2009; Kamishima et al., 2011; |Louizos et al., 2015} |Zemel
et al.| 2013;Madras et al.|[2018)), both under the classification and regression settings.

Fair Regression Given a joint distribution y, the weighted £, error of a predictor Y = h(X) under y for p > 1is

defined as y
> o > p
epu(Y) = L Pr(A=a) £y, (V) = LPr(A=0)- (JEM [|y - Y|P]) . (1)
a a

Note that the definition above on weighted £, error is not the same as the £, error over the joint distribution . Instead,

it is the weighted sum of £, errors on each sub-group, where the weighted combination is given by the ratio of

the sub-groups in the overall population. In fact, these two losses can be related by the following observation. Let

pa := Pry(A = a), we have

17— Ylly o

~ 1/p - 1/p
)= (IE# [|Y—Y|PD = (;pa -E,, {|YY|P}>
2 En (B [V 09]) " =),

where the inequality is due to Jensen’s inequality since g(t) = t1/7 for p > 1lis concave over £ > 0. The above
inequality means that the £, error over the joint distribution y is an upper bound of our weighted £, error over subgroups,
which is the main focus of this paper. Conceptually, as we shall shortly see in Section [3.1] since we are more interested
in understanding the tradeoff between the so-called balanced error rate and statistical parity, where each sub-group has
the same weight towards the whole population, it is natural to treat each sub-group as a separate distribution and define
the corresponding error over it separately.

As two notable special cases, when p = 2, the above definition reduces to the weighted sum of the square root
of the usual mean-squared-error (MSE) over each sub-group; when p = 1, (I) becomes the weighted sum of the
mean-absolute-error (MAE) of the predictor overall each sub-group. To make the notation more compact, we may drop
the subscript  when it is clear from the context. The main departure from prior works on classification is that both
Y and ?(h(X )) are allowed to be real-valued rather than just categorical. Under statistical parity, the problem of fair
regression can be understood as the following constrained optimization problem:

minimize epu(Y)
2
subjectto  [Pr(h(X) <t)— I;r(h(X) <t)| <e VteR.
1

Ho
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Note that since Y = h(X) € Ris areal-valued random variable and A is binary, the constraint in the above optimization
formulation asks that the conditional cumulative distributions of Y are approximately equal across groups, which is an
additive approximation to the original definition of statistical parity. Formally, the constraint in (2)) is known as the
Kolmogorov-Smirnov distance:

Definition 2.2 (Kolmogorov-Smirnov distance). For two probability distributions y and p’ over R, the Kolmogorov-

Smirnov distance K(u, u') is K(u, ') := sup, g |Fu(z) — Ey (2)].

With the Kolmogorov-Smirnov distance, we can define the e-statistical parity for a regressor h:

Definition 2.3 (e-Statistical Parity). Given a joint distribution p and 0 < € < 1, a regressor Y = h(X), satisfies
e-statistical parity if K(hypo, hyp1) < e.

Clearly, the slack variable € controls the quality of approximation and when € = 0 it reduces to asking exact statistical
parity as defined in Definition 2.1]

Wasserstein Distance Given two random variables T and T’ with the corresponding distributions u and p’, let
T'(u, ') denote the set of all couplings <y of i and 3, i.e., Y7 = p and yp» = u'. The Wasserstein distance between
the pair of distributions # and y’ is defined as follows:

1/p
Wyl = (_int [IT=T ) ®
TEL (p")
where p > 1 and throughout this paper we fix || - || to be the ¢, norm. For the special case where both y and ' are

distributions over R, the Wasserstein distance Wp( W, ‘u’ ) admits the following equivalent characterization (Kolouri
et al.l[2017):

1 1/p
Wy (i ') = (/0 IFH() —le(t)lf’dt> , )

where F L(t) denotes the generalized inverse of the cumulative distribution function, i.e., Fr L(t) = inf,er{z : F(z) >
t}. The above closed-form formulation will be particularly useful in our later analysis. When p = 1, the Wasserstein
distance is also called the Earth Mover distance, and it admits a dual representation in a variational form using sup
rather than inf: Wy (p, 1) = supy, ), <1 |[ fdu— [ fdy'|, where || f|L := SUP, .y |f(x) = FOX)|/|x = x| is
the Lipschitz seminorm of f. It is well-known that convergences of measures under the Wasserstein distance imply weak
convergence, i.e., convergence in distribution (Gibbs & Su}[2002). Furthermore, compared with other distance metrics
including total variation (TV), Jensen-Shannon distance, etc. that ignore the geometric structure of the underlying
space, Wasserstein distance often allows for more robust applications, e.g., the Wasserstein GAN (Arjovsky et al.}
2017), domain adaptation (Courty et al.,2017), etc., due to its Lipschitz continuous constraint in the dual representation.
Moreover, unlike the KL divergence, the Wasserstein distance between two measures is generally finite even when
neither measure is absolutely continuous with respect to the other, a situation that often arises when considering
empirical distributions arising in practice. Furthermore, unlike the TV-distance, the Wasserstein distance inherently
depends on the geometry of the underlying space, whereas the TV distance is invariant under any bijective mapping.

3 Main Results

Recently,[Agarwal et al| (2019) proposed a reduction-based approach to tackle (2 by solving a sequence of cost-sensitive
problems. By varying the slack variable €, the authors also empirically verified the unavoidable tradeoff between
statistical parity and accuracy in practice. However, to the best of our knowledge, a quantitative characterization of the
exact tradeoff between fairness and accuracy is still missing. In this section, we seek to answer the following intriguing
and important question:

In the setting of regression, what is the minimum error that any attribute-blind fair algorithm has to
incur, and how does this error depend on the coupling between the target and the protected attribute?

In what follows we shall first provide a simple example to illustrate this tradeoff. This example will give readers a flavor
of the kind of impossibility result we are interested in proving. We then proceed to formally present our first theorem
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which exactly answers the above question, even if only approximate fairness is satisfied. We conclude this section with
some discussions on the implications of our results.

A Simple Example As a warm-up, let us consider an example to showcase the potential tradeoff between statistical

~

parity and accuracy. But before our construction, it should be noted that the error €, (Y) bears an intrinsic lower bound
for any deterministic predictor Y = h(X), i.e., the noise in the underlying data distribution y. Hence to simplify our
discussions, in this example, we shall construct distributions such that there is no noise in the data, i.e., fora € {0,1},
there exists a ground-truth labeling function 7 such that Y = h} (X) on y,. Realize that such simplification will only
make it harder for us to prove the lower bound on €, since there exist predictors that are perfect.

Example 3.1 (Target coincides with the protected attribute). For a € {0,1}, let the marginal distribution X, be a
uniform distribution over {0, 1}. Let Y = a be a constant. Hence by construction, on the joint distribution, we have
Y = A hold. Now for any fair predictor Y = h(X), the statistical parity asks Y to be independent of A. However, no
matter what value h(x) takes, we always have |h(x)| + |[h(x) — 1| > 1. Hence for any predictor 1 : X — R:

1 1 1 1 1 1
211(0) = 0]+ 3 11(1) 0] + 2 [(0) ~ 1]+ (1) ~1| > 5 + 5 = 1.

e1pn) + €1, (1) = 5| -

This shows that for any fair predictor &, the sum of ¢; errors of /1 on both groups has to be at least 1. On the other hand,
there exists a trivial unfair algorithm that makes no error on both groups by also taking the protected attribute into
consideration: Vx € {0,1},h*(x) =0if A =0else h*(x) = 1.

3.1 The Cost of Statistical Parity under Noiseless Setting

The example in the previous section corresponds to a worst case where Y = A. On the other hand, it is also clear that
when the target variable Y is indeed independent of the protected attribute A, there will be no tension between statistical
parity and accuracy. The following theorem exactly characterizes the tradeoff between fairness and accuracy by taking
advantage of the relationship between Y and A:

Theorem 3.1. Let Y = h(X) be a predictor. If Y satisfies statistical parity, then Vp > 1,

Srwo(?) +5W1(?) > Wy (Yipo, Yepa)- )

We provide a proof by picture to illustrate the high-level idea of the proof in Fig.|1| For the special case of p = 1 and
p = 2, Theorem [3.T| gives the following lower bounds on the sum of MAE and MSE on both groups respectively:

CorollAary 3.1. If Y satisfies statistical parity, then ey, (Y) + e1,,(Y) > [Eyu[Y] — Ey, [Y]| and S%,HO(Y) +
S%,yl (Y> 2 %“EHO [Y] - ]EV1 [Y} ‘2'

Remark ~ First of all, the lower bound W, (Y; o, Yy 1) corresponds to a measure of the distance between the marginal
distributions of Y conditioned on A = 0 and A = 1 respectively. Hence when A is independent of Y, we will have
Yipo = Yypq so that the lower bound gracefully reduces to 0, i.e., no essential tradeoff between fairness and accuracy.
On the other extreme, consider Y = cA, where ¢ > 0. In this case, A fully describes Y and it is easy to verify that
Wy, (Yypo, Yap1) = c, which means the lower bound also takes into account the magnitude of the target variable Y. For
a protected attribute A that takes more than 2 values, we could extend Theorem [3.1]by considering all possible pairwise
lower bounds and averages over them. Furthermore, the lower bound is sharp, in the sense that for every p > 1, there
exist problem instances that achieve the above lower bound, e.g., Example To see this, consider the £, error for any
predictor h, we have

1/p 1/p
0) =0 + 51(1) =07 )+ (3140 =17+ 3 (1) - 117)

N =

epuo(h) + €pp, () =

> 211(0) ~ 0] + 2 (1) ~ 0] + 3[R(0) ~ 1| + 5[1(1) 1

v
NI—= N~

-+ =1= Wp(Yﬁ‘uo, ijl),

1
2
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where the first inequality follows from Jensen’s inequality and the fact that g(t) = t1/P for p > 1is concave over
t > 0. On the other hand, it can be readily verified that the fair predictor 1(X) = 1/2 attains the lower bound. As
another example, consider the following Gaussian case for p = 2:

Example 3.2 (Gaussian case). Fora € {0,1}, let the marginal distribution X1, be a standard Gaussian distribution

N(0,1;) and assume A | X. Fix w € R? with ||w| = 1, and construct Yo = wTX — 1 and Y; = w’ X + 1. Now

for any regressor Y = h(X), due to the data-processing inequality, Y L AsoY is fair. However, consider the {5 error
of h on both groups:

€20 () + €2, (1) = EX*[(h(X) = Y0)?] + EY?[(h(X) — Y1)?]
> Ex[[n(X) = Yol + Ex[[h(X) = v1[] = Bx[[Yo - 11[] =

where the first inequality is due to Jensen’s inequality. On the other hand, note that the distributions of Yy and Y7 are
N(—1,1) and N (1,1), respectively. The analytic formula (Givens et al., 1984, Proposition 7) for the W, distance
between two Gaussians N (1, £g) and NV (mq, ¥) is

1/2
W2 (N (mo, Zo), N (my1, 1)) = ||mg — my ||* + Tr (20 +3% -2 (25/22125/2) ) ,

which shows that W5(Yp, Y;) = | — 1 — 1| = 2. Further, consider Y* = h*(X) = w” X, then
e2,0 (N*) + €2, (1) = EY2[(R*(X) — Yo)2 ] + EX2[(h*(X) = V7)Y =1+1=2.
Hence h* achieves the lower bound and the lower bound is verified.

It is worth pointing out that the lower bound in Theorem [3.1]is algorithm-independent and it holds on the population
distribution. That being said, by using recent tail bounds (Lei et al.l [2020; Weed et al.l|2019) on the expected Wasserstein
distance between the empirical distributions and its population counterpart, it is not hard to extend Theorem [3.1] to
obtain a finite sample high probability bound of Theorem [3.1}

Theorem 3.2. Let Y = h(X) be the predictor and jI be an empirical distribution induced from a sample of size n
drawn from p. If Y satisfies statistical parity, then there exists an absolute constant ¢; > 0 such that for 0 < § < 1,
with probability at least 1 — § over the draw of the sample,

~ ~ ~ ~ 1
€250 (Y) + 2., (Y) > €10 (Y) + &1, (Y) > Wi (Yyflo, Yiftr) — (261 + \/Zlog(2/5)> \/; (6)

Remark It is possible to obtain better lower bounds for the ¢, error in Theorem but that requires making
more assumptions on the underlying distribution y, e.g., strongly log-concave density. The first term in the lower
bound, Wi (Yjflo, Y1), could be efficiently computed from the data by solving a linear program (Cuturi & Doucet,
2014, Problem (3)). Furthermore, it is worth pointing out that the lower bound in Theorem [3.2] applies to all the
predictors Y and is insensitive to the marginal distribution of A. As a comparison, let p, := Pr,(A = a), then
epu(Y Y) = Po€p,u (Y Y)+ P1€pn (Y). In this case, if the group ratio is imbalanced, the overall error Epp (Y) could still
be small even if the minority group suffers a large error. Using Theorem 3.1} we can also bound the joint error over all
the population:

Corollary 3.2. Let Y = h(X) be a predictor. If Y satisfies statistical parity, then Vp > 1, the joint error has the
following lower bound:

epu(Y) > Ho1(A) - Wy, (Yypo, Yap1). (7)

Compared with the one in Theorem [3.1] the lower bound of the joint error in Corollary [3.2] additionally depends on the
zero-one entropy of A. In particular, if the marginal distribution of A is skewed, then Hy-1 (A) will be small, which
means that fairness will not reduce the joint accuracy too much. In this case, even if Wp(Yﬁ Ho, Yy p1) is large, it might

seem like that the joint error €y, (17) need not be large. However, this is due to the fact that the price in terms of the drop
in accuracy is paid by the minority group. Our observation here suggests that the joint error €, (Y) is not necessarily
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Figure 1: Proof by picture. Under the constraint of statistical parity, the predictor hg,;.(+) on yg and y1 induces the
same predictive distributions over ). Applying a triangle inequality (with Wp(-, -)) to the triangle in the right circle
and using the fact that the Wasserstein distance is a lower bound of the regression error completes the proof.

the objective to look at in high-stakes applications, since it naturally encodes the imbalance between different subgroups
into account. Instead, a more appealing alternative to consider is the balanced error rate:

1 . .
Balanced Error Rate of Y := 5 (sp,yO(Y) +€pu (Y)) , (3

which applies balanced weights to both groups in the objective function. Clearly, (8] could be reduced to the so-called
cost-sensitive loss, where data from group a € {0, 1} is multiplied by a positive weight that is reciprocal to the group’s
population level, i.e., 1/ Pr(A = a).

Comparisons with Related Lower Bounds It is instructive to compare the above lower bound for the population error
with the one of (Chzhen et al.| 2020al Theorem 2.3), where the authors use a Wasserstein barycenter characterization to
give a lower bound on the special case of squared ¢; error (p = 2) when the regressor can explicitly take the protected
attribute as its input. As a comparison, our results apply to the general £, loss. To provide a more formal and detailed
comparison, we first state the theorem for the mean-squared error in the setting where the regressor has explicit access
to the protected attribute A from|Chzhen et al.|(2020a)) (using adapted notation for consistency):

Theorem 3.3 (Chzhen et al.|(2020a) Theorem 2.3). Assume, for each a € { 0, 1}, that the univariate measure Yﬁ Uaq has
a density and let p, := Pr(A = a). Then,
min E[(f*(X,A) —g(X, A))*] = min ) pa- W3 (Yypta, v),

g satisfies statistical parity ac {01}
where f*(X, A) is the Bayes optimal regressor and v is a distribution over RR.

Remark First, the quantity of interest in Theorem is the discrepancy between a fair predictor g(+, ) and the
Bayes optimal predictor f*(-,-). On the other hand, the cost we are interested in this work is the excess risk (c.f.
Definition [3.1)) of a fair predictor. These two terms are not the same in general. However, in the noiseless setting, we
know that Y = f*(X, A) and the excess risk reduces to the error €3 ;. In this case, the costs of fairness in Theorem
and Theorem 3.3 has the following relationship:

E[(Y-g(X,A) = Y pa-e3,,(Y)

ae{0,1}
- Z pﬂ'e%,y,;(?) ' Z Pa
ac{0,1} ac{0,1}
2
> | L VP Ve (Y) | =6,(0).
ae{0,1}
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Furthermore, although in both Theorem [3.1and Theorem 3.3| we require the predictor to be fair in the sense of statistical
parity, the class of feasible predictors in Theorem [3.3]is still larger than that of Theorem[3.1] To see this, note that in
Theorem beyond asking for /1(-) to be fair, the same attribute-blind predictor % has to be used in both groups. On
the other hand, although the attribute-aware predictor g(-, -) is constrained to be fair, different predictors g(-,a) could
be applied over different groups indexed by A = a. Last but not least, in the noiseless case with p = 2, one can use
Theorem [3.3]to obtain Theorem [3.1]as follows. Let W := Wa(Y;po, Yyph1).

Y Py, (V)2 min E[(h(X) = Y)?]

h satisfies statistical parity

ae{0,1}

> min E[(g(X,A) —Y)?| (g(+,-) has additional access to A)
g satisfies statistical parity

= min E[(f*(X,A) — g(X,A))?] (Noiseless setting, so Y = f*(X, A))
g satisfies statistical parity

=min Y p.- W3 (Yipa,v) (Theorem [3.3)

Y {01}

= min pot + pr(W —1)? (Barycenter property of W»)
te[0,W]

= pop1 W2

Now, since the above inequality holds for every pg, p1 such that py + p; = 1, we can choose pg and p; as follows.
EE;O(Y) Py = 82;14 (Y)
gillm (¥) +2 l‘l(Y) Si;lo (Y) + 52 a (¥)

Po =

Under this choice, from poeérﬂo (Y) + ple%,m (Y) > pop1 W2, we immediately obtain €2,110 (Y) + €2, Y)>W =
W» (YWO, Yﬁyl) as desired. Note that the above relationship between Theorem and Theorem only holds for
p = 2 under the noiseless assumption. It is not clear such relationships continue to hold under the noisy setting and
general p > 1.

Another related result in the literature is Theorem 3.1 of |Chi et al.|(2021)), which we restate as follows:

Theorem 3.4 (Chi et al.| (2021) Theorem 3.1). Let Y = h(X) be a predictor, then

1

- - 2
&, (V) + 63, (Y) > 5 ([W1(YWO, Yip1) — Wi (hWo,hW1)]+) ,

where [t]+ := max{0, t}.

Remark When /1(-) satisfies the statistical parity exactly, the above lower bound reduces to 3 W1 (Y;puo, Yip1)2. Again,
Theorem [3.4]is not directly comparable to Theorem [3.1] due to the same reason that Theorem [3.1) and Theorem [3.3]
are not directly comparable. However, we can compare Theorem [3.4]and Theorem [3.3|directly since both costs are
measured by the mean-squared error. To do so, realize that for the special case of W, with || - |2 as the underlying
metric, we know that the Wasserstein barycenter lies on the Wasserstein geodesic between Y;pig and Yy (Villani,
2009). Let v* = argmin ) ,co,1} Pa W3 (Yiia,v), ie., v* is the Wasserstein barycenter. Now since W (-, -) is a
metric and v* lies on the geodesic, we know

Wz(ijl/lO, V*) + Wz(Yﬁ]ll, I/*) = WQ(YMlo, Y]:]’ll)

By using this fact, it is straightforward to verify that the following chain of inequalities holds:

—_
H

. . . 1
W3 (Yapto, v*) + W3 (Yypg, v*) > 5 (Wa (Yapuo, v*) + Wa(Yypr,v"))° *Wz(YWO/Ynm) WE (Yipo, Yipn),

where the first inequality is due to the AM-GM inequality and the last one is due to the monotonicity of the W (-, )
metric. Hence, in the special case of p = 2 with mean-squared error, the lower bound in Theorem is tighter than the
one in Theorem 3.4
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3.2 Extension to Approximate Fairness under Noisy Setting

In the previous section, we show that there is an inherent tradeoff between statistical parity and accuracy when a
predictor exactly satisfies statistical parity, and in particular this holds even if there is a perfect (unfair) regressor in both
groups, i.e., there is no noise in the underlying population distribution. However, as formulated in (@), in practice, we
often only ask for approximate fairness where the quality of the approximation is controlled by the slack variable €.
Furthermore, even without the fairness constraint, in most interesting problems we often cannot hope to find perfect
predictors for the regression problem of interest. Hence, it is natural to ask what is the tradeoff between fairness and
accuracy when our predictor only approximately satisfies fairness (e-SP, Deﬁnition over general distribution py?

In this section, we shall answer this question by generalizing our previous results to prove lower bounds on both the
sum of conditional and the joint target errors that also take the quality of such approximation into account. Due to
potential noise in the underlying distribution, we first define the excess risk 7, (Y) of a predictor Y, which corresponds
to the reducible error:

Definition 3.1 (Excess Risk). Let Y = h(X) € R be a predictor. The £, excess risk of Y is defined as 7, (Y) :=

Epu (Y) - &p,u» Where €, , == infr e, ,, (f(X)) is the optimal error over all measurable functions.

Assuming the infimum is achievable, we use f; to denote an optimal regressor without fairness constraint over
ui,i € {0,1},ie., f € arg ming €, (f(X)). Then we have the following hold:

Proposition 3.1. Let Y = h(X) be a predictor. Under Assumption for p > 1, if there exists € > 0 such that
Wy (hypo, hypt1) < €, then

T (Y) + 1y (Y) 2 Wy (fosho, f14#41) —2(€p,uy T Ep ) — € ©)

distance between optimal unfair predictors across groups

and Y satisfies 2+/Ce-SP.

Remark It is easy to verify that Proposition is a generalization of the lower bound presented in Theorem |3.1
when ;" are perfect predictors, we have Yyp; = fi*,pjand €, = 0, fori € {0,1}. Hence in this case the excess risk

Tpu; (Y) reduces to the error Ep, i (Y). Furthermore, if € = 0, i.e., Y satisfies the exact statistical parity condition, then
the lower bound (9) recovers the lower bound (5). As a separate note, Proposition [3.1] also implies that one can use
the Wasserstein distance between the predicted distributions across groups as a proxy to ensure approximate statistical
parity. This observation has also been shown in Dwork et al.| (2012, Theorem 3.3) in classification. Finally, similar to
Corollary[3.2] the lower bound in Proposition [3.1] for the excess risks could also be extended to give a lower bound for
the weighted joint risk when approximate statistical parity (e-SP) is enforced as a constraint. The proof is exactly the
same as the one for Corollary [3.2]so we omit it here.

3.3 Individual Fairness, Accuracy Parity and the Wasserstein Distance

In the previous section, we show that the Wasserstein distance between the output distributions across groups could
be used as a proxy to ensure approximate statistical parity. Nevertheless, Theorem [3.1]and Proposition show that
statistical parity is often at odds with the accuracy of the predictor, and in many real-world scenarios SP is insufficient
to be used as a notion of fairness (Dwork et al.,|2012| Section 3.1). Alternatively, in the literature, a separate notion
of fairness, known as individual fairness, has been proposed in Dwork et al.|(2012)). Roughly speaking, under the
framework of individual fairness, for the classification task T of interest at hand, the learner will have access to a
(hypothetical) task-specific metric dr(-, -) for determining the degree to which individuals are similar w.r.t. the task
T. We emphasize here that the metric dr (-, -) should be task-specific, and in practice, it is often hard (or infeasible)
to determine this task-specific metric. Nevertheless, in this section, we are mainly interested in understanding the
relationship between the notion of individual fairness and its connection to accuracy parity, where we use the Wasserstein
distance as a bridge to connect these two. In particular, we say that a predictor % is individually fair if it treats similar
individuals (measured by dr (-, -)) similarly:

Definition 3.2 (Individual Fairness, (Dwork et al., 2012)). For the task T with task-specific metric dr(+, -), a regressor
h satisfies p-individual fairness if Vx, x" € X, |h(x) — h(x")| < pdr(x,x").
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Essentially, individual fairness puts a Lipschitz continuity constraint on the predictor with respect to the task-specific
metric dr (-, -). Note that in the original definition (Dwork et al.,|2012, Definition 2.1) the authors use a general metric
dr(-,-) as a similarity measure between individuals, and the choice of such similarity measure is at the center of related
applications. In this section, we use || - || in Definition mainly for the purpose of illustration, but the following
results can be straightforwardly extended for any metric dr(-, -) that is upper bounded by the norm || - ||, i.e., there
exists ¢ > 0, such that Vx, x’ € X,dr(x,x") < c||x — x’||. Another notion of group fairness that has gained increasing
attention (Buolamwini & Gebru, 2018}; |Bagdasaryan et al.,|2019; |Chi et al.l 2021)) is accuracy parity:

Definition 3.3 (e-Accuracy Parity). Given a joint distribution y and 0 < € < 1, a regressor Y = h(X) satisfies
e-accuracy parity if |e1,,) (Y) —e1,, (Y)| <e.

Accuracy parity calls for approximately equalized performance of the predictor across different groups. The following
proposition states the relationship between individual fairness, accuracy parity and the W; distance between the
distributions pg and y1 of different groups:

Proposition 3.2. If /1(-) is p-individually fair, then £ satisfies \/p? + 1 - Wy (po, #1)-accuracy parity.

Together with Lemma[A.T]in the appendix, Proposition [3.2] suggests that in order to achieve approximate accuracy
parity, one can constrain the predictor to be Lipschitz continuous while at the same time try to decrease the Wy distance
between the distributions across groups, via learning representations. In the case where the groups are similar and
the Wasserstein distance is small, individual fairness provides some guidance towards approximate accuracy parity.
However, in cases where the groups are different (disjoint), representation learning becomes more important.

3.4 Fair Representations with Wasserstein Distance

From the previous discussion, we know that the Wasserstein distance between the predicted distributions and the
input distributions can be used to control both statistical parity and accuracy parity, respectively. Is there a way to
simultaneously achieve both goals? In this section we shall provide an affirmative answer to this question via learning
fair representations. The high-level idea is quite simple and intuitive: given input variable X, we seek to learn a
representation Z = g(X) such that Wy (g0, g4p41) is small. If furthermore the predictor & acting on the representation
Z is individually fair, we can then hope to have small statistical and accuracy disparity simultaneously.

One potential benefit of learning fair representations for statistical parity over other methods based on constrained
optimization (Agarwal et al.|, [2019) is that we can release the learned fair representations so that different kinds
of downstream tasks could build on top of it without worrying about the fairness constraint anymore. Due to the
data-processing inequality, no matter what predictors for the downstream tasks are placed over the released fair
representations, we can guarantee that the predictors on top of the released fair representations are also going to satisfy
the statistical parity constraint. As a comparison, for constrained-based optimization methods, one often needs to
establish a different objective function when working with a different downstream task.

Concretely, the following proposition says if the Wasserstein distance between feature distributions from two groups,
Wy ( S4M0, §4141), is small, then as long as the predictor is individually fair, it also satisfies approximate statistical parity:

Proposition 3.3. Let Z = ¢(X) be the features from input X. If Wy (gsp0, 8:41) < € and Y = h(Z) is p-Lipschitz,
then Y = (h o g)(X) verifies 2,/Cpe-SP.

In practice since we only have finite samples from the corresponding distributions, we will replace all the distributions
with their corresponding empirical versions. Furthermore, instead of using the joint error as our objective function, as
we discussed in the previous section, we propose to use the balanced error rate instead:

, (10)

. 1

o min_ | max 5 (e (hog) + ez (hog)) +T- (B0 l£(2)] = Egy [(2)
where T > 0 is a hyperparameter that trades off the £, error and the Wasserstein distance and p is the Lipschitz constant
of the predictor. The above problem could be optimized using the gradient descent-ascent algorithm (Edwards &
Storkey, 2015} [Zhang et al., [2018)). To implement the Lipschitz constraints, we apply weight clipping to the parameters
of both the adversary as well as the target predictor. More specifically, we use the projected gradient descent algorithm
to ensure the £, norm of the discriminator and the target predictor are bounded by the preset values.

10
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Comparisons with Related Fair Representation Learning Method One closely related approach that uses the
Wasserstein distance as a penalty term in representation learning is from |Chi et al.| (2021)), where the authors also
formulated a minimax approach to encourage accuracy disparity between different groups. Compared with Eq. (T0),
from a model perspective, the main difference between our formulation and the one in |(Chi et al.[ (2021) is that
the discriminator in Eq. (I0) only takes the features Z from different groups as input whereas the corresponding
discriminator in Chi et al.|(2021)) takes both the features Z and the label Y as input. Because of this difference, the
motivations of these two approaches are quite different. In our case, we use the Wasserstein distance to penalize the
discrepancy between the marginal feature distributions in order to (approximately) achieve statistical parity, whereas
the Wasserstein metric used in|Chi et al.[(2021])) is used to align the conditional feature distributions (conditioned on
the label Y) between different groups, in order to minimize the accuracy disparity. To encourage accuracy parity, in
Eq. (I0), we also constrain the predictor to be Lipschitz continuous, following Proposition [3.2]

4 Experiments

Our theoretical results imply that even if there is no significant drop in terms of the overall population error when a
model is built to satisfy the statistical parity, the minority group can still suffer greatly from the reduction in accuracy.
On the other hand, by using the balanced error rate as the objective function, we can mitigate the disparate drops in
terms of accuracy between these two groups. Furthermore, by minimizing the Wasserstein distance of the feature
distributions across groups, we can hope to achieve both approximate statistical and accuracy parity. To verify these
implications, we conduct experiments on a real-world benchmark dataset, the Law School dataset (Wightman, 1998)), to
present empirical results with various metrics. We refer readers to Appendix [B|for further details about the dataset, our
pre-processing pipeline and the models used in the experiments.

Experimental Setup To demonstrate the effect of using Wasserstein distance to regularize the representations with
adversarial training, we perform a controlled experiment by fixing the baseline model to be a three hidden-layer
feed-forward network with ReL.U activations, denoted as MLP. To verify the effect of the balanced error rate on reducing
the accuracy disparity, we further study two variants of it, where one is using the weighted joint error rate (first row
in Table[I)) as the objective function whereas the other (second row in Table [I)) uses the balanced error rate as the
objective function. We use W-MLP to denote the model with Wasserstein constraint for representation learning. In the
experiment, all the other factors are fixed to be the same across these two methods, including learning rate, optimization
algorithm, training epoch, and also batch size. To see how the Wasserstein regularization affects the joint error, the
conditional errors as well as the statistical parity and accuracy parity, we vary the coefficient T for the adversarial loss
between 0.1, 1.0, 5.0 and 10.0. For each setup, we repeat the experiment 5 times and report both the mean and the
standard deviation.

To further study the role of the Lipschitz constant p in achieving statistical parity as well as reducing the accuracy
disparity, in the second set of experiments we fix the coefficient T = 0.01 and vary the value of p by changing the
weight clipping value of the model parameters of both the adversary as well as the target predictor. More specifically,
we vary the clipping value for the parameters between 0.01, 0.1, 1.0 and 10.0. Again, for each setup, we repeat the
experiment 5 times and report both the mean and the standard deviation.

Results and Analysis The experimental results are listed in Table|l} In the table, we use K (?0, ?1) to denote the
Kolmogorov-Smirnov distance of the predicted distribution across groups, which is also the value of approximate
statistical parity. From the table, it is then clear that with increasing T, both the statistical disparity and the accuracy
disparity are decreasing. Interestingly, the overall error ¢, (sensitive to the distribution of A) and the sum of group
errors €, + €, (insensitive to the imbalance of A) only marginally increase. In fact, for T = 1.0, we actually observed
better accuracy. We conjecture that the improved performance stems from the implicit regularization via weight clipping
of the target predictor. With T = 10.0, the last row shows that this method could effectively reduce both the statistical
and accuracy disparity to a value very close to 0, although at the cost of increasing errors. Comparing the two variants
of MLP with weighted joint error and the balanced error rate, we can see that the balanced error rate helps to reduce
both the Kolmogorov-Smirnov distance of the predicted distribution across groups as well as the accuracy disparity, at
the price of a higher joint error rate as well as the sum of group errors.

The impact of the Lipschitz constant p is shown in Table[2} As can be observed from the table, as p decreases, both the
Kolmogorov-Smirnov distance of the predicted distribution across groups and the accuracy disparity also decreases. In
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Table 1: Fair representations with Wasserstein regularization on the Law School dataset with different values of the
regularization coefficient T. We report the overall error, group-wise error, statistical disparity, and accuracy disparity.

T €y Euy €y K(Yo, Y1) lep(Y) —€p, (V)]
MLP (weighted joint error) N/A 0.03410005 0.06940011 0.29640044 0.011+9 004
MLP (balanced error rate) N/A 0.037:&0.005 0-072i0.010 0.283i0.045 0~010:|:0.003
W-MLP 0.1 0.0341 0004 0.067+0008 0.222¢037 0.0119.003
W-MLP 1.0 0.030+0000 0.05940001 0.11640032 0.0119.002
W-MLP 5.0 0.0349002 0.0674+0004 0.08410073 0.008+9 002
W-MLP 100 0.035:0001 0.06940003 0.048-0050 0.006.0.000

Table 2: Fair representations with Wasserstein regularization on the Law School dataset with different values of the
Lipschitz constant p. We report the overall error, group-wise error, statistical disparity, and accuracy disparity.

p Ep o T & K(Yo, Y1) |€P¢0(?) — & (V)|
W-MLP 10.0 0.036+0003 0.07040006 0.1591¢.032 0.0119.005
W-MLP 1.0 0.03610003 0.07140006 0.15510.034 0.0119.005

W-MLP 0.1 0.035109002 0.06940005 0.09210044 0.008-0.003
W-MLP 0.01 0.0379.002 0.07310.003 0.003+0.005 0.00640.003

particular, when p is set to be 0.01, K (?0, Yl) can be mitigated to 0.003, a value that is very close to 0. This means that
adjusting the Lipschitz constant value p can potentially have a larger impact than T in controlling the (approximate)
statistical parity. Note, however, in this case, both the joint weighted error as well as the balanced error rate are also
larger, showing evidence of the trade-off between accuracy and statistical parity again. To conclude, all the empirical
results are consistent with our theoretical findings.

5 Related Work

Fair Regression Two central notions of fairness have been extensively studied, i.e., individual fairness and group
fairness. [Dwork et al.| (2012) defined individual fairness as a Lipschitz constraint of the underlying (randomized)
algorithm. However, this definition requires a priori a distance metric to compute the similarity between pairs of
individuals, which is often hard to construct or design in practice. Group fairness is a statistical definition, and it
includes a family of definitions which essentially ask some statistical scores to be equalized between different subgroups.
Typical examples include statistical parity, equalized odds (Hardt et al.,|2016), and accuracy parity (Buolamwini &
Gebru,, 2018). In this work we focus on an extension of statistical parity to regression problems and study its theoretical
tradeoff with accuracy when the regressor cannot directly take the protected attribute as input during both training and
inference stages. We also investigate the relationship between individual fairness and accuracy parity and provide a
bound through the Wasserstein distance. The line of work on fair regression through regularization techniques dates at
least back to|Calders et al.|(2013)), where the authors enforce a first-order moment requirement between the predicted
distributions. More recent works include (Komiyama et al.,|2018]) that use coefficient of determination as a notion of
fairness when there are multiple sensitive attributes. When the sensitive attribute is continuous, generalized definition
using the Rényi correlation coefficient exists (Mary et al.l [2019). In a recent work, |Agarwal et al.| (2019) proposed
a reduction approach from fair regression to a sequence of cost-sensitive minimization problems. Other approaches
include a two-stage recalibration procedure (Chzhen et al.,|2020b) and robust optimization techniques (Narasimhan
et al.}2020). Our definition of statistical parity in the regression setting is stronger than the one of |(Calders et al.|(2013),
which proposed to use the difference of means as the metric. When the output dimension is one, our definition also
coincides with the one proposed by |Agarwal et al.| (2019)), which amounts to the Kolmogorov-Smirnov distance.

Tradeoff between Fairness and Accuracy Although it has long been empirically observed that there is an inherent
tradeoff between accuracy and statistical parity in both classification and regression problems (Calders et al., 2009} Zafar
et al., 20155 Zliobaitel, 20155 Berk et al., [2017; Corbett-Davies et al., 2017;|Zhao et al.,[2019a)), precise characterizations
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on such tradeoffs are less explored. Berk et al.|(2017) defined the price of fairness (PoF) under their convex framework
for linear and logistic regression problems as the ratio between the loss of the optimal (approximately) fair regressor
and the Bayes optimal loss. Under this PoF definition, the authors then explored the accuracy-fairness frontier by
changing the approximate coefficient of the fairness constraint. Menon & Williamson| (2018, Proposition 8) explored
such tradeoff in terms of the fairness frontier function under the context of cost-sensitive binary classification. Zhao
& Gordonl (2022) proved a lower bound on the joint error that has to be incurred by any fair algorithm satisfying
statistical parity. Our negative result is similar to that of Zhao & Gordon|(2022) in nature, and could be understood
as a generalization of their results from classification to regression. |Chzhen et al.|(2020a) and |Le Gouic et al.| (2020)
concurrently with each other derived an analytic bound to characterize the price of statistical parity in regression when
the learner can take the sensitive attribute explicitly as an input for ¢, loss. In this case, the lower bound is given by the
optimal transport distance from two group distributions to a common one, characterized by the W, barycenter. Our
results differ in that in our setting the learner cannot use the sensitive attribute directly as an input, and our results hold
for the general £, loss. Note that this is significant because it is not clear how to extend the results to space with W, as
a metric, since the proof depends on the use of the Pythagoras’ decomposition, which only holds under the ¢, distance.

On the upside, under certain data generative assumptions of the sampling bias, there is a line of recent works showing
that fairness constraints could instead improve the accuracy of the predictor (Dutta et al., [2020; |[Blum & Stangll [2020).
In particular, Blum & Stangl|(2020) prove that if the observable data are subject to labeling bias, then the Equality of
Opportunity constraint could help recover the Bayes optimal classifier. Note that this does not contradict our results,
since in this work we do not make any assumptions about the underlying training distributions.

6 Conclusion

In this paper, we show that when the target distribution differs across different demographic subgroups, any attribute-
blind fair algorithm in the statistical parity sense has to achieve a large error on at least one of the groups. In particular,
we give a characterization of such a tradeoff using the Wasserstein distance. On the other hand, we also establish a
connection between individual fairness and accuracy parity, where again, the accuracy disparity gap is characterized by
the Wasserstein distance. Besides the theoretical contributions, our analysis using Wasserstein distance also suggests a
practical algorithm for fair regression through learning representations for different demographic subgroups that are
close in the sense of Wasserstein distance. Empirical results on a real-world dataset also confirm our findings.
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A Missing Proofs

In this section we provide all the missing proofs in the main text. For the ease of the readers, in what follows we shall
first restate the theorems that appear in the main text and then provide the corresponding proofs.

A.1 Proofs of Theorem[3.1]and Corollary [3.1]

Theorem 3.1. Let Y = hi(X) be a predictor. If Y satisfies statistical parity, then Vp > 1,

Ep,uo (?) +E€pm (?) > Wp(YﬁP‘Or Yj:ﬂl)- )]

Proof. First, realize that Wp(~, -} is a metric of probability distributions, the following chain of triangle inequalities
holds:

Wy (Yspo, Yepn) < Wy (Ygpo, hypio) + Wy (hypo, hypn) + W (g, Yy ).
Now due to the assumption that Y = 1(X) is independent of A, the second term, Wy (hspio, hypr), is 0, leading to:

Wy, (Yipo, Yap1) < Wyp(Yipo, hspo) + Wy (hypr, Yipa ). (11

Next, for a € {0,1}, by definition of the Wasserstein distance,

~

, A 1/p o
Wy (i i) = (inf B 1Y = 717)) < (Epa 1Y = 7) " = 60D (12)

where we use the fact that the pushforward distribution of y, under / is a particular coupling between Y and Y
to establish the above inequality. Applying the inequality (I2) for both 2 = 0 and 2 = 1 and combining it with
inequality (TT)) completes the proof. |

Corollary 3.1. If Y satisfies statistical parity, then swo(?) + 81,]41(Y) > [Eyy[Y] — Ey, [Y]] and s%,HO(Y) +
&, (V) > 1[E, Y] — Ey, [Y]]%

Proof. We first prove the first inequality in Corollary 3.1} Apply Theorem [3.1]by setting p = 1. LetId : J) — Y be the
identity map, i.e., Id(y) =y, Vy € R. Clearly Id(-) is 1-Lipschitz. Using the sup characterization of the Wasserstein
distance, we have:

]EHoH? Y]] “‘]Em[‘? = YI[] > Wy (Yspo, Yyp1) (Theorem [3.1)

[ Fatio) — [ £d(vim)

= sup
IfllL<1

> ‘/Idd(YWo) */Id d(Yzp)

= ‘/Ydyo—/l/dyl

= [ By [Y] = By, [Y]], (13)

(Id is 1-Lipschitz)

(Change of Variable)

where the second to last equation follows from the definition of pushforward distribution.
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To prove the second inequality in Corollary again set p = 2 in Theorem [3.1] and realize that for a, b, we have
a? +b? > (a+b)?/2 by the AM-GM inequality. Hence when p = 2, we have

Epo[lY = Y]+ Ey [|Y — Y2 > ]E%loﬂ? -Y|]|+ ]E%l1 1Y = Y]] (Jensen’s inequality)
- - 2
E,|llY-Y E,|[lY-Y
zz( poll H; pmll ”) (AM-GM inequality)
1 o “ 2
= 5 (BullY = Y] + By IV - Y1)
1
2 E\]Euo [Y] —Ey, [Y]]%. (Eq. (13))

Note that for the last equation we apply the lower bound [, [|Y — Y|] + E, [|[Y — Y[] > [E,[Y] — Ep, [Y]| we
proved in the first inequality. u

A.2 Proof of Theorem[3.2

Before we provide the proof of Theorem [3.2] we first recall some useful results about the Wasserstein distance (Weed
et al.| [2019; [Lei et al.| [2020).

Proposition A.1 (Proposition 20, (Weed et al.,[2019)). For alln > 0 and p > 1, let /i be an empirical distribution
induced from u with sample size n. Then,

Pr(Wy (1, 1) > EWy (i, in) + 1) < exp(—2nt%). (14)

Proposition gives a copcentrati(.)n .inequa!ity.of Wg (+,-) around its mean. Notg that. the expectation in (T4) is over
the draw of the sample of size 7. This inequality is particularly useful when p = 1 since it reduces to Wi (-, -) and gives
a convergence rate of O(1/+/n).

The following theorem is a special case of (Lei et al., 2020, Theorem 3.1), which bounds the rate of EW, (y, fi,):

Theorem A.1 (Theorem 3.1, (Lei et al., 2020)). Let 7 be an empirical distribution induced from p with sample size n,
p > 1 andrecall that ) = [—1,1]. Then

_ 1
EW,(Yiu, Yaft) <cp-n 2, (15)
where ¢y, is a positive constant that only depends on p.

Again, the interesting case here is when p = 1, which gives the same rate of O(1/+/n) that coincides with the one in
Proposition[A.T]
Theorem 3.2. Let Y = h(X) be the predictor and fI be an empirical distribution induced from a sample of size n

drawn from p. If Y satisfies statistical parity, then there exists an absolute constant ¢; > 0 such that for 0 < § < 1,
with probability at least 1 — § over the draw of the sample,

= o o o 1
€20 (Y) + 22,5, (Y) > €1, (Y) + &1, (Y) > Wi (Yyflo, Yeta) — (201 +4/ 2108(2/5)> \/; (6)

Proof. We first prove the finite sample lower bound w.r.t. the ¢ error. Realize that Wy (-, -) is a metric, the triangle
inequality gives us

W1 (Yiflo, Yefin) < Wi(Yiflo, Yepo) + Wi (Yipo, Yipn) + Wi(Yip, Yefi).

Combined with Theorem 3.1} the above inequality leads to

€1 (Y) + €1, (Y) = Wi (Yaflo, Yatn) — (Wi (Yafdo, Yepo) + Wi (Yapa, Yifn)) -
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Hence it suffices if we could provide high probability bound to further lower bound Wy (Y, Yifi;), fori € {0,1}.
To this end, we first apply Proposition with p = 1: let exp(—2nt2) = ¢/2 and solve for ¢, we have t =
\/10g(2/6)/2n, which means that with probability at least 1 — /2,

A R log(2/8
Wi (Y, Yepi) < WL (Yephi, Vi) + %

<p/ L+ B2 (Theorem&T)

Now apply the above inequality twice, one for i € {0, 1}. With a union bound, we have shown that w.p. > 1 — 4,

s s . . / 1
81440(1/) + 81441(1/) Z W1 (Yﬁ]/lo, Yﬁ‘ul) — (2C1 + 210g(2/5)> \/;

To prove the second lower bound w.r.t. the ¢, error, simply realize that 82"”1.(?) > €1, (Y) for i € {0,1}, which
completes the proof. ]

A.3 Proof of Corollary[3.2

Corollary 3.2. Let Y = h(X) be a predictor. If Y satisfies statistical parity, then Vp > 1, the joint error has the
following lower bound:

epu(Y) > Ho1(A) - Wy, (Yo, Yapi1). (7)

~ ~ ~

Proof. To simplify the notation used in the proof, define & := ¢, (Y), €0 := €p,,(Y) and & := €y, (Y). Let
pa :=Pr (A = a). By Theorem we know that g 4 &1 > Wy (Yjpo, Ysi1). By definition of the joint error:

€ = pogo + p1€1 > min{po, p1}(e0 +€1) > Ho-1(A) - Wp(Yypo, Yapi1). u

A.4 Proof of Proposition 3.1]

As a comparison to the Kolmogorov-Smirnov distance, the Wy distance between distributions over R could be
equivalently represented as:

Proposition A.2 (Gibbs & Su|(2002)). For two distributions i, ' over R, Wi (i, #') = [ |Fu(2z) — Fi(2)| dz.

Proposition was stated as a fact without proof in (Gibbs & Su, |2002), but it is not hard to see that it could be proved
using the equivalent characterization of Wy in () by changing the integral variable. Furthermore, in regression if both
u and y’ are continuous distributions, then the following well-known result (Chatterjee, 2007, Lemma 2) serves as a
bridge to connect the Wasserstein distance Wy (-, -) and the Kolmogorov-Smirnov distance K(-, -):

Lemma A.1. If there exists a constant C such that the density of 3/ (w.r.t. the Lebesgue measure A) is universally

bounded above, i.e., ||[du’/dA || < C, then K(p, 1) < 2+/C - Wy(p, p').

Using Kolmogorov-Smirnov distance, the constraint in the optimization problem (2) could be equivalently expressed as
K (hﬁ Mo, hy 1) < e. Now with Lemma we are ready to prove Proposition

Proposition 3.1. Let Y = h(X) be a predictor. Under Assumption for p > 1, if there exists € > 0 such that
Wy (hypo, hypt1) < €, then

"pmo (Y) + T (?) > Wp (fSWOrfl*jP‘l) —2(52,;40 + 8;,;11) - €))

distance between optimal unfair predictors across groups

and Y satisfies 24/ Ce-SP.
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Proof. First, for a € {0,1}, by definition of the Wasserstein distance, for any predictor Y = h(X):

1/p

o\ VP - -
Wy (Y, ha, hgpia) = (igﬂww—ym) < (BullY =717) 7 = eppu(¥), (16)

Applying the above inequality to both /1 and f,, we have:

Wy (hypta, Yypa) + Wp(yﬁﬂa/f;wa) < Sp,ya(?) +epu.(fa (X)) = ep,;ta(?) +€pu,, Vae{01}. (17)
On the other hand, by the triangle inequality,

Wy (hypo, hypa) + Z Wy (hspta, Yipta) + Wp(Ytlia/f;Wa) > Wp(fguﬂofffuﬂl)-
ae{0,1}

Now by the assumption W), (h13 10, hpt1) < € and Eq. (T7)), we have:
€+ Z eppa(Y) + S;,yu > Wp(fS‘Wo/ffwl)-
ac{0,1}

By the definition of the excess risk, rearranging and subtracting 2, {01} s’;,,ya from both sides of the inequality then
completes the proof of the first part.

To show that Y is 2v/Ce-SP, first note that Y = h(X) is t-SP iff K(hypo, hypr) < t. Now apply Lemma under the
assumption that Wy, (hypio, hypq) < e

K(hypo, hypr) < 2\/Cwl(htl‘0rhﬁlll) (Lemma [AT)
< 2y/CW, (epuo, ) (Monotonicity of the W, (-, -))
<2V Ceg,

completing the proof. [ |

A.5 Proof of Proposition [3.2]

Proposition 3.2. If /1(-) is p-individually fair, then / satisfies \/p? + 1 - Wy (po, #1)-accuracy parity.

Proof. Define g(X,Y) := |Y — Y| = |[i(X) — Y|. We first show that if h(X) is p-Lipschitz, then g(X,Y) is
\/p? + 1-Lipschitz: for Vx,y, x, x':
8(x,y) = g(x",y)| = [Ih(x) —y| = [n(x") = ¥/l

< |h(x) —h(x) —y+V| (Triangle inequality)
< |h(x) = h(x") | + |y —¥/]

<opllx = +y—¥| (h is p-Lipschitz)
< \/p2 +1- \/||x X2+ y—y'? (Cauchy-Schwarz)

=/ 1) — (< Y)].

Let o' := y/p? + 1. Now consider the error difference:
le1,0 (¥) = 21, (V)] = [y [[1(X) = Y]] — By, [[1(X) — Y]]

= [Epp[8(X, V)] = By [8(X, V)]
< sup |Ey[8'(X,Y)] —Eyu [g'(X, V)|

g’ ll<p’
=p' sup [Ej[g'(X,Y)] = Ep [8'(X, V)]
gl <1
=0 Wy (po, 11), (Kantorovich duality)
which completes the proof. n
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A.6 Proof of Proposition 3.3|

Proposition 3.3. Let Z = g(X) be the features from input X. If Wy (gsp0, 8s41) < € and Y = h(Z) is p-Lipschitz,
then Y = (o g)(X) verifies 2,/Cpe-SP.

Proof. We first show that Wy ((h o g)spio, (h o g)yp1) is small if h is p-Lipschitz. To simplify the notation, we define
1o := ggMo and p} := gypt1. Consider the dual representation of the Wasserstein distance:
[ atnsp) = [ £ dnpi)

Wl(hﬁ]/lf),hwll) = sup (Kantorovich duality)

IF1lL=<1

= sup / fohduy— / fohdu) (Change of Variable formula)
IF1lL=<1

< sup / fduj — / fdu} (h is p-Lipschitz)
I£llL<p

=0 - Wi(po, #7)
= p - Wi(gspo, 8s11)
< pe,

where the first inequality is due to the fact that for ||f'||, < 1, ||f" o k|| < |[f'llL - |h]lL = p. Applying LemmalA.1]
to Wi (hypug, hyp’) then completes the proof. [ ]

B Further Details about the Experiments

B.1 Dataset

The Law School dataset contains 1,823 records for law students who took the bar passage study for Law School
AdmissionE] The features in the dataset include variables such as undergraduate GPA, LSAT score, full-time status,
family income, gender, etc. In the experiment, we use gender as the protected attribute and undergraduate GPA as
the target variable. We use 80 percent of the data as our training set and the rest 20 percent as the test set. The data
distribution for different subgroups in the Law School dataset could be found in Figure[2] In the Law School dataset,
Pr(A = 1) = 0.452, which is a quite balanced dataset. All the experiments are performed on a Titan 1080 GPU.

B.2 Network Architectures

We fix the baseline model to be a three hidden-layer feed-forward network with ReLU activations. The number of units
in each hidden layer is 50 and 20, respectively. The output layer corresponds to a linear regression model. This baseline
is denoted as MLP. To verify the effect of the balanced error rate on reducing the accuracy disparity, we further study
two variants of it, where one is using the weighted joint error rate (first row in Table[T) as the objective function whereas
the other (second row in Table[I)) uses the balanced error rate as the objective function. For learning with Wasserstein
regularization, the adversarial discriminator network takes the feature from the last hidden layer as input and connects it
to a hidden-layer with 10 units, followed by an auditor whose goal is to output a score function in distinguishing the
features from the two different groups. This model is denoted as W-MLP. Compared with MLP, the only difference of
W-MLP in terms of the objective function is that besides the ¢, loss for target prediction, the W-MLP also contains a
loss from the auditor to distinguish the sensitive attribute A.

B.3 Hyperparameters used in Experiments

In this section, we report the detailed hyperparameters used in our experiments to obtain the results in Table [T}
Throughout the experiments, we fix the learning rate to be 1.0 and use the same networks as well as random seeds. One

2We use the edited public version of the dataset which can be downloaded here: https://github.com/algowatchpenn/GerryFair/
blob/master/dataset/lawschool.csv
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Figure 2: The data distributions of different groups in the Law School dataset.

important aspect in the implementation of the Wasserstein adversary is the choice of the clipping parameter for the
weights in the adversary network. The values used in our experiments are shown below in Table 3]

Table 3: Clipping parameters used in training the Wasserstein adversary.

T Clipping Value

W-MLP 0.1 0.1
W-MLP 1.0 1.0
W-MLP 5.0 5.0
W-MLP 10.0 10.0
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