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Abstract

The relations among observational fairness notions (those defined based on data distribu-
tions) have been studied in the literature, yet the relations between counterfactual fairness
and observational fairness notions remain less explored. In this paper, we study the relations
between counterfactual fairness and two kinds of observational fairness, statistical parity and
individual fairness. In particular, we are interested in understanding whether a predictor
trained using counterfactually fair representations (Zuo et al., [2023|) can satisfy individual
fairness and statistical parity. We show that, for a certain type of causal model called the
Gaussian Causal Model (GCM), counterfactual fairness can imply both statistical parity
and individual fairness. We also identify another class of causal models under which coun-
terfactual fairness implies statistical parity. Experiments on both synthetic and real-world
data demonstrate that counterfactually fair representation can enhance fairness in machine
learning models without compromising performance, outperforming methods designed for
observational fairness.

1 Introduction

As machine learning (ML) models play an increasingly integral role in modern society, there is a growing
public concern about the potential risks associated with these models (Abadie & Kasy, |2017). Thus, in
addition to high performance, it is crucial to ensure the trustworthiness of ML models. One of the key
aspects of building trustworthy ML models is ensuring fairness. Unfortunately, it has been well evidenced
that ML models may exhibit biases against certain social groups. For example, the COMPAS recidivism
prediction tool was found to exhibit bias against African Americans (Dieterich et al., [2016)). Even state-of-
the-art language models, such as ChatGPT, have demonstrated encoded stereotypes about gender (Gross,
2023). Addressing these fairness concerns is crucial for having a trustworthy ML model.

To tackle unfairness issues in ML, various fairness notions have been proposed, including 1) fairness through
unawareness (Fabris et al.,|2023)), which defines fairness by prohibiting models from using sensitive attributes;
2) parity-based fairness such as statistical parity (Besse et al., 2022)), equal opportunity (Wang et al., [2019;
Hardt et al., [2016), equalized odds (Romano et al.l 2020]), which requires certain statistical measures to be
equalized across different groups; 3) preference-based fairness, which draws inspiration from fair-division and
envy-freeness in economics, ensures every group would favor its own decision outcomes than decisions of
any other groups (Zafar et all [2017); 4) individual fairness, which indicates that individuals having similar
attributes should also receive similar prediction/decision.

Unlike the above fairness notions that are defined based on observational data, counterfactual fairness (Kus-
ner et al [2017) is another type of fairness notion that is defined based on an underlying causal model. In
particular, within the causal framework, counterfactual fairness creates a hypothetical counterfactual world
and requires the distribution of the predicted label for an individual in the factual world to remain the same
as that in the counterfactual world where the individual belongs to another social group. In other words,
counterfactual fairness requires an individual to be treated equally in the factual and counterfactual worlds.

In general, there is an inherent tension between different notions of fairness, and satisfying one notion can
contradict others (Friedler et al.,[2021). But one may wonder whether there exist such scenarios under which
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different fairness notions may be compatible and can hold simultaneously. Indeed, the connections between
different fairness notions have been explored in the literature. For example, prior works have shown that
only under highly constrained special cases, parity-based fairness such as statistical parity, equal opportunity,
and predictive rate parity can be compatible (Kleinberg et al., [2016; |(Chouldechova, 2017). However, the
connections between counterfactual fairness and observational fairness are relatively unexplored. To the
best of our knowledge, only a few recent works (Anthis & Veitch) |2023) studied the relations between
causal fairness and statistical parity. However, they are limited to very constrained causal models where no
exogenous variables are included. There was efforts to equalize counterfactual fairness and statitical parity
(Romano et al.| [2020), but the following work (Silval 2024)) proved it is impossible to connect with simple
independent conditions.

In this work, we rigorously examine the connection between counterfactual fairness (CF), statistical parity
(SP), and individual fairness (IF). In particular, we are interested in understanding whether a predictor
trained using counterfactually fair representations (Zuo et al.,2023), which is the most general way to guar-
antee counterfactual fairness to our best knowledge, can satisfy individual fairness and statistical parity
simultaneously. We will identify conditions on causal models under which counterfactual fairness yields sta-
tistical parity and individual fairness. Using both real and synthetic data, we compare the performance of
predictors trained on counterfactually fair representations with predictors trained by existing methods for
statistical parity or individual fairness. We will show that predictors trained on counterfactually fair rep-
resentation can satisfy multiple fairness notions simultaneously without significant accuracy drop compared
to the baselines.

The rest of the paper is organized as follows. We present the problem formulation in Section [2} followed by
our theoretical results in Section [3] We display the experiments on synthetic data and real world datasets
in Section [4 and conclude in Section

2 Problem Formulation

We consider a supervised learning problem with a training dataset consisting of triplets (A, X,Y"), where
A € A is a sensitive attribute distinguishing individuals from multiple groups (e.g., race, gender), X € X is
a feature vector, and Y € ) is the target/label. The goal is to learn a predictor from training data that can
predict Y given inputs A and X. Let ¥ = gy(X, A) denotes the output of the predictor g, given an input
(X, A).

In this work, we want to study the relation between counterfactual fairness, individual fairness, and statistical
parity. To do that, first, we provide the definition of counterfactual fairness, individual fairness, and statistical
parity. Counterfactual fairness is defined based on a Structural Causal Model (SCM) (Pearl, |2010). A SCM
is denoted by M(U,V, F) and consists of three sets: a set of exogenous (unobservable) variables U, a set of
endogenous (observable) variables V', and a set of structural equations F. V is the union of the sensitive
attribute A, the feature vector X and the target attribute Y. An element f; in F' determines the causal
relationship between an observed feature V; € V and its parent attributes Up,, C U and Ve, C V. That is,

V; - fi(Upaianai)- (1)

In SCM, exogenous variables U are associated with a prior distribution P(U). The structural equations F'
enable us to perform counterfactual inference and calculate counterfactual quantities. Counterfactual
inference enables us to answer the following question: What would be the value/distribution of an observable
variable Z if @ € V had taken value ¢. Since any observable variable is fully determined by unobserved
variables U and structural equations, the counterfactual value of Z given U = u can be computed by replacing
U with the value u in structural equations and replacing structural equation for @ by @ = q. The resulting
counterfactual value for Z is denoted by Zg 4(u). Further, if we are interested in calculating counterfactuals
given an observation O = o (O is a set of observable variables), we can take advantage of SCMs to calculate
Pr{Zg«4(U) = z|O = o}. This probability helps us to find "the distribution of Z if @ had taken value ¢ in
the presence of evidence O = o". Distribution Pr{Zg. ,(U) = 2|0 = o} can be calculated in the following
steps: 1. abduction: we find the posterior distribution of U given O = o; (ii) action: we apply an intervention
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Q) = ¢ by replacing the structural equation of ¢ with @ = ¢; (iii) prediction: we compute the distribution of
Z by new structural equations and the posterior distribution Pr{U = u|O = o}.

Given the above preliminaries, the definition of counterfactual fairness (Kusner et al. 2017) for Y is as
follows,

Pr{Vaco(U) =yl X =2,A=a} =Pr{Yaa(U) =y|X =2,A=a} Vye)V X €X,aicA,

The above definition implies that for an individual with (X = 2, A = a), the prediction Y in the factual
world should have the same marginal distribution as that in the counterfactual world in which the individual
belongs to a different group.

Statistical Parity (SP) fairness notion and individual fairness (IF) notion, on the other hand, are solely
defined based on the joint probability distribution function of X,Y and A. SP requires A and Y to be
independent (i.e., Pr{Y = y|A = a} = Pr{Y = y},¥y € V,Va € A). Individual fairness ensures that two
individuals with similar characteristics or attributes receive similar treatments/decisions. Mathematically,
it can be defined as follows (Dwork et al., |2012)),

di (gy(x,a), gy(2',a")) < da ((w,a), (2',a")), (2)
where d; and ds are two distance functions.

In order to satisfy counterfactual fairness, we follow the method proposed in [Zuo et al. (2023)), which is
an extension of the algorithm in [Kusner et al.| (2017, and to our best knowledge, it is the most general
way to guarantee counterfactual fairness. In particular, we generate a counterfactually fair representation
associated with each input (z,a), and train a predictor using such a representation to satisfy counterfactual
fairness. Our goal is to answer the following questions:

1. Does a predictor trained using the counterfactually fair representation satisfy statistical parity? If
the answer is yes, then we can take advantage of counterfactually fair representations to achieve
both counterfactual fairness and statistical parity.

2. Does a predictor trained using the counterfactually fair representation satisfy individual fairness
with respect to (z,a) when the predictor is individually fair for the representation. If the answer is
yes, then we can take advantage of counterfactually fair representations to achieve individual fairness
as well.

We try to answer the above questions in this paper. In particular, we identify conditions under which the
answers to the above questions are yes. As a result, the findings in this paper show there is a possibility to
achieve all of these fairness notions at the same time.

3 Theoretical Result

3.1 Counterfactually fair representation

In this work, we focus on generating a counterfactually fair representation H associated with each data point
(z,a), and train a predictor using such a representation. We follow the algorithm proposed in |Zuo et al.
(2023) to generate such a representation. It has been shown that any predictor whose input is counterfactually
fair representation satisfies counterfactual fairness (Zuo et al., 2023). To construct a counterfactually fair
representation proposed by |Zuo et al.| (2023)), we first need to generate counterfactual samples defined as
follows.

Definition 1 (Counterfactual Sample). Consider a data point (z,a), and let U be the unobservable variable
associated with (z,a) sampled from the distribution Pry{U|X = 2,4 = a} under causal model M =
(V,U, F) (subscript M implies that the probability is calculated based on the causal model M). Then, (%, @)
is a counterfactual sample with respect to (x, a) if it is generated using structural equations F', unobservable
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variable U = u, and intervention A = ZL We denote the random variable associated with Z[d] by X[d]. In
particular, X[a] is a random variable generated based on causal model M with intervention A = ¢ and U
following posterior distribution Pry{U|X = x, A = a}. Sample Z[d] is the realization of random variable
Xlal.

Next, we introduce how to generate a counterfactually fair representation for a given data point (X =z, A =
a) in general. The first step is to infer the conditional distribution of U given the data point (X =z, A = a).
The representation can be constructed in two ways:

e Consider a symmetric function s, which means the order of inputs will not af-
fect its output. A counterfactually fair representation can be defined as H(x,a) =

[s (E [X[d[l]]\U] . [)v([éWHUD ,U] where U follows the conditional distribution Pry{U|X =

x, A = a}}’| The representation H(z,a) is still a random variable which is a function U, and the
distribution of U follows Pra{U|X = z,A = a}. Based on [Zuo et al.| (2023), to use H(z,a)
as the input of machine learning models, we use a realization of H(x,a) denoted by h(xz,a) =

[s (E [X[d[l]]\U = u] U [)V([dHAH]\U = u])) ,u] where v is sampled from U|X = x, A = a. Note
that, A = {al¥,al?, ... alA1} and al? # @l

o The second way of constructing the representation is to calculate the following expectation, r(x, a) =
Ey pr o {U| X =2,A=a} [S(E [)V([deU} ) [X[d“““”]\U}),U}. Note that r(x,a) is a deterministic

representation, not a random variable.

Note that in practice, in order to find the output of a machine learning model for H(z, a), we find a realization
of H(x,a) and then calculate the output using the realization (as explained in |[Zuo et al| (2023)). While
this process satisfies counterfactual fairness, it would cause a large variance in output. On the other hand,
r(x,a) is a deterministic representation, and the output associated with r(z,a) has zero variance. So, using
r may be more desirable if we want to avoid variance, while the discussion of r was neglected in [Romano
et al.| (2020))

3.2 Connection between CF and IF

In this section, we introduce a special kind of causal model, called Gaussian Causal Model (GCM). The
structural functions in GCM are non-deterministic[

Definition 2 (Gaussian Causal Model (GCM)). A structural causal model M(U, V, F') is a Gaussian causal
model (GCM) if the following conditions hold:

1. P(U) is a Gaussian distribution
U ~ Gaussian(ji,, $2), (3)

2. Structural functions for X is given by,
X ~ Gaussian(W,U + f,(A) +b,%2), (4)

where f, is an arbitrary function.

With the definition of GCM, we have the following theorems which reveal the connection between counter-
factual fairness and individual fairness.

LCounterfatual sample can be generated for any & € A.
2| A| is the size of the domain, so alll al?l .. alAl represents all possible values of A
3For calculating E [X’ [a] \U] , we can first calculate E [X [a]|U = u] which is a function of u denoted by e(u). The randomness

in this expectation comes from the causal model and structural equations. Then, E [X[dHU] =e(U).
4Counterfactual fairness under non-deterministic structural functions has also been studied in [Kusner et al.| (2017).
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Theorem 1. Given a Gaussian causal model, if A 1 U, and f, is Lipschitz continuous, then the counter-
factually fair representation H(x,a) satisfies the following,

d(H(z,a),H(z',d")) < Li||(z,a) — (z',d")||2  Vz,2’,a,d. (5)

If we denote s(u) = s (IE [X[d[l]]\U = u] . [X[EL“A”HU = UD and $(u) is Lipschitz continuous, then we

have,
Ir(z,a) —r(2’,a)|l, < La||(z,a) = (¢/,d")||]2 Vz,2",a,d, (6)

where L1, Ly are constants determined by the causal model, the Lipschitz constants of f, and s. Moreover,
d(.,.) is the total variation (Takezawaj, 2005) measuring the distance between two distributions, and |-||, is
the Euclidean norm.

Theorem 1| shows that the representations H(x,a) and r(x,a) are Lipschitz continuous. The proof for this
theorem can be seen in the Appendix. Next, we show that if H(x,a) and r(x,a) are Lipschitz continuous,
the model trained on them can satisfy individual fairness with respect to (x,a).

Theorem 2. Assume that Equations [5] and [6] hold for representations H(z,a) and r(z,a). Then, for any
predictor g, we have,

d(g(H(x,a)),g(H(2',a"))) < Ly [[(x,a) = (@",a")][,  Va,2’,a,d, (7)

where d is the total variation of two distributions. If g is Lipschitz continuous with a Lipschitz constant L,
we have,

||g(7‘(ac7 a)) - g(T(xlv al))Hz < LgL2||($a a) - (aj/7 a/)||2 v, l’/y a, a. (8)

Theorem [I] and [2] together show that under certain conditions, counterfactual fairness can imply individual
fairnessﬂ On the other hand, in GCMs, individual fairness does not necessarily imply counterfactual fairness.
The following example shows that even under the Gaussian causal model, we can find an optimal predictor
that satisfies individual fairness while it is counterfactually unfair.

Example 1. Consider a Gaussian causal model with f,(a) = Wsa (Yvhere W, is a vector with the same size
of X). The target Y ~ Gaussian(W,X + b,,%2). The predictor Y (X, A) = W, W,Eypr, (v)x,43[U] +
W.W,A + W,b + b, is optimal and satisfies individual fairness since ’ Y(x,a) - Y(x’,a’) ’2 <
2||W,W,,C||, max{1, ||C~'W W, — WQHQ} [(x,a) — (w’,a’)”ﬂ However, given xz,a, we have
Pr{Yaco(U) = 9|X = 2,4 = a} = 6 (§ — WaWuBvprr(v|x=s,4=a} U] = WoWaa — Wb —b,), while
Pr{Yaca(U) = 91X = 2,4 = a} = §(§ — WaWuEyaprre(v|x=2,4=a} U] = WoWoi — Wyb —b,). That

means counterfactual fairness is violated.

3.3 Connection between CF and SP under GCM

Statistical Parity (SP) is a group fairness criterion that implies the prediction should be independent of the
sensitive attribute. We can prove that under the Gaussian causal model, a counterfactually fair representation
can result in SP.

Theorem 3. Consider a Gaussian Causal Model. If A | U, then counterfactually fair representation

H(X, A) satisfies H(X, A) L A. Moreover, if A 1 U, and f,(a) is linear, and A follows a uniform distribution,
r(X,A) L A

Note that if H(X, A) and r(X, A) are independent of A, g(H(X, A)) and ¢g(r(X, A)) are independent of A
as well, where ¢ is a deterministic function/predictor. Therefore, by Theorem [3| under certain conditions, a
predictor with the counterfactually fair representation as its input satisfies statistical parity.

5Similar results hold when U follows a Gamma distribution. See Appendix |C|for more details.
6Cc =WrIsy ' Wy, + o) twIs!
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3.4 Connection between CF and SP beyond GCM

In this part, we want to focus on a kind of causal model other than GCM. In particular, we consider
structural equations X; = f;(Upa,, Vpa;) With f; being a deterministic function. In this type of causal model,
if A does not have any parent, we can substitute every X; in Vi, by fj(Upa,, Vpa,) iteratively to write X;
as a function of U and A. We denote the mapping from U and A to X, ..., X,, by f. In particular, we can
write X = f(U, A). In this type of causal model, we can show that under certain conditions, counterfactual
fairness implies statistical parity.

Theorem 4. Consider a causal model M(U,V, F') with X = f(U, A), and counterfactually fair representation
H(X,A)orr(X,A), If AL U, we have H(X,A) L A. Moreover, if the following conditions hold,

1. ALU,
2. P(U) is a uniform distribution,

3. For any a,a’ and u, v/, f(u,a) = f(v',a) & f(u,a’) = f(u/,ad),

r(X,A) L A, i.e. counterfactual fairness implies statistical parity.

This theorem shows that any machine learning model g trained on the counterfactually fair representation
H(X,A) or r(X,A) has the same output distribution across different groups and satisfies SP when the
underlying causal model satisfies the conditions.

In general, under conditions of Theorem [d] statistical parity does not imply counterfactual fairness. To show
this, we provide the following example.

Example 2. We construct a causal model M that satisfies the conditions in Theorem [land a representation
R which is independent of A but does not satisfy counterfactual fairness. Consider a causal model that
consists of one exogenous variable U, a sensitive attribute A, and observed variables X € R and Y € R.
The prior distribution of U is a uniform distribution defined over [—1,1]. Random variable A follows the
Bernoulli distribution,

P(A=1)=05, P(A=—1)=0.5. (9)

So we have the first two conditions satisfied. Then, we consider the following structural functions, X =
U-A, Y = X. Since this is a bijective model, the third condition in Theorem [ is satisfied. We can
construct a representation R = X and the prediction function Y = R. The predictor is optimal in the sense
of mean squared error. We have,

P(R=rlA=1)=PU =1), (10)

P(R=r|A=—-1)=P(U = —r). (11)

Therefore, we have P(R = r|A = 1) = P(R = r|A = —1) implying R L A. Next consider a sample
X =2,A = a. Tt is easy to see that Pr{Rac, = r|X = 2,A = a} = 1 if r = 2. On the other hand,
Pr{Rac(—a) = 7|X = 2,A = a} = 1if r = —x. This shows that Pr{Rarq = 7|X = 2,4 = a} #
Pr{Ra(—aq) =7|X =2,A =a}, and R is not counterfactually fair.

Theorem [3| and Theorem [4| imply that using counterfactually fair representations H(X, A) or 7(X, A) is a
viable way to achieve CF and SP simultaneously, but Example [2] reminds that when a prediction satisfies
SP, it might not be counterfactually fair.

We want to emphasize that|Rosenblatt & Witter| (2023)) also tries to study the relation between counterfactual
fairness and statistical parity. However, in [Rosenblatt & Witter| (2023), the authors only consider a case
where the representation is a function of U. They do not consider the representation proposed in [Zuo et al.
(2023). In particular, the conditions they found to show that counterfactual fairness implies statistical parity
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may not apply to the setting when using (X, A). Example |3|in the Appendix provides a specific counter-
example to show the results in [Rosenblatt & Witter| (2023) is not applicable to our setting. In [Silva) (2024),
the author also points out that counterfactual fairness and statistical parity are not generally the same. Our
results are consistent with |Silval (2024) as we show that under assumptions A L U, counterfactual fairness
and statistical parity can not imply each other. Further, we show under stronger assumptions, there exists
a scenario where counterfactual fairness can imply statistical parity.

4 Experiment

4.1 Experiment with synthetic data generated by GCM

In this section, we generate N = 10000 data according to an GCM. In the simulation, U and X are 5-
dimensional vectors. U are sampled from a standard normal distribution (i.e., normal distribution with zero
mean and identity covariance matrix). A is binary and set to 1 or 2 with equal probabilities. We generat
the target variable Y with a linear function of X. The other parameters in GCM can be found in the
Appendix. To show whether the counterfactually fair representation (CFR) can achieve statistical parity
and individual fairness at the same time, we compare it with two baselines. The first baseline is the unfair
linear regression model (UF) trained without any fairness constraints. The second baseline is GLIF (Petersen
et al [2021)) which post-processes the prediction of the unfair predictor to satisfy individual fairnessm For
the counterfactually fair method, we used (X, A) = Eypr,,u)x,4)[U ]E| as the representation. Then we
used a linear regression model to take (X, A) as input.

Consider the dataset {a(i),x(i),y(i)}i]\il, we denote the prediction for the i-th data by §(Y. We use mean
squared error (MSE) to evaluate the predictive performance, which is defined as MSE = % Zfil (y® —@(i))Q.
To evaluate whether the predictor satisfies statistical parity, we train an SVM classifier with (gj(i),a(i))
to predict a(? using 9. We denote the output of SVM by & and calculate A-Accuracy as fol-
lows, A — Accuracy = %Zf\;l 1(a®,a™), where 1(a®,a®) = 1 if a® = a® otherwise is 0. If a
predictor satisfies SP, the A-Accuracy should be 50%. For individual fairness, we use IF-ratio defined

. 1 N N la =9
as follows, IF — Ratio = x5 >2,2, D 51 j4 H(Im’am),(ﬂj)7Z<j>)||2

tal effect (TE). Assume the prediction on the counterfactual data (a?,#®) is §(), TE is defined as
TE = + vazl ’g(i) — @], We split the generated dataset into train/test sets with a ratio of 80%/ 20%

randomly 5 times and compute the average metrics. The results are displayed in Table[I}] As we can see in

. For counterfactual fairness, we use to-

Table 1: Results on synthetic data generated by GCM. UF is the model trained without considering fairness.
GLIF post-processes the output of UF model to achieve individual fairness. CFR method use the counter-
factually fair representation as the input of the predictor.

Method MSE A-Accuracy IF-Ratio TE

UF 0.00 + 0.00 62.0% £ 0.38% 0.581 £ 0.005 4.83 &+ 0.07
GLIF  5.50 £ 0.09 59.9% + 0.23% 0.299 £+ 0.003 2.57 &+ 0.03
CFR  2.09 £0.00 50.6% £+ 0.20% 0.560 £ 0.005 0.0 £ 0.0

this table, a model trained by the counterfactually fair representations can achieve both statistical parity and
individual fairness at the same time. Compared to the GLIF method, even though we satisfy the individual
fairness with a larger IF-Ratio constant, the MSE is much smaller. We also notice that the GLIF method
does not satisfy statistical parity and counterfactual fairness.

"The iFair(Lahoti et al [2019) method requires the data to be composed of several clusters, which is not suitable for the
GCM generated data.

8We only used the expectation of U here because s (]E [)V([d[l]HU} e B [X[é'AmU]) did not improve the MSE on this
synthetic data.
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4.2 Experiment with synthetic data beyond GCM

In this section, we generate a batch of synthetic data with a known causal model to demonstrate the validity
of Theorem @] The causal graph for generating the synthetic data is shown in Figure [Ta] The structural
functions of the model are given by Xy = Uy, X1 = by —|—W1AA+W1XXO + WU, Xy = by + W{‘A—&— Wik Xo +
WYUY = WA+ WEXg+ WYU. U is drawn from a uniform distribution over [0, 1]. A is a binary
attribute with Pr{A = 0} = Pr{4 = 1} = 0.5. U is sampled from the uniform distribution defined over

(b) Causal Graph for Law School Success
(a) Causal Graph for Generating Synthetic Data Dataset

the set {1,...,8} and translated into a one-hot vector. In Appendix, we provide detailed information about
the data generation, including the value of the parameters, and baseline implementations. Our goal here is
to validate in what extent a model trained on the counterfactually fair representation can satisfy statistical
parity. Moreover, we would like to compare fairness level and accuracy with baselines for training a fair
predictor under statistical parity. We denote our generated dataset by {xéz), x?% xél), a® u®, uéz)}fil. N is
the number of data instances in the dataset. Then, we generate counterfactual features &; and counterfactual
features &2 as :ﬁgi) = b + W{a® + WlXx((f) + WPu® | and i"g) = by + Wsa® + WQXCL’E;) + WY, Since
U and U are uniquely determined when X = 2, A = a is given, h(z?,a®) and r(2, o)) are the same
and the expectation can be omitted. We used h(&; to denote the counterfactually fair representation,

@), () (@) ()
; ) ; + +
which is computed as h(CZ’)F = u(’),xgz), (11 211 ), (12 212 )

representations h(cf)F and target variable y(¥) are used to train a linear regression model. We generate 30000
data and split them into a train set, validation set, and test set in the 80%/10%/10% ratio. For every
method, we randomly split the dataset 5 times and run experiments independently. We adopt four baselines
and compare their performance with a predictor trained on the counterfactually fair representation. Unfair
Prediction (UF): The UF method is a predictor that uses the original data as the input without any
fairness consideration. That is, hg}ﬂ = [a(i), x((f), xgz), xg)] will be the input of the predictor. CI (Xie et al.,
2017): The method consists of an encoder E(-), a predictor G(-) and a discriminator D(-) for training a
model under SP. An encoder is used to encode the input as a representation. The predictor tries to predict
the target from the representation and the discriminator tries to reveal the sensitive attribute from the
representation. The three parts are trained adversarially to obtain the minimized prediction error and the
maximized discrimination error. After training the model, hoy = E(z) would be the input of the predictor
G. MaxEnt-ARL (Roy & Boddeti, [2019): The method is similar to CI, but when training the encoder and
predictor, it uses the entropy loss instead of the discrimination loss. FarconVAE-t (Oh et al 2022): The
method uses a VAE structure to disentangle the latent space into sensitive-related (hs) and non-sensitive-
related parts (h;). To train the VAE, FarconVAE-t minimizes the reconstruction loss, contrastive learning
loss, and swap reconstruction loss at the same time. After training the model, for every input x, the encoder
generates h, and hs. We use hpr = h, as the fair representation under statistical parity. FarconVAE-
G (Oh et al.l [2022): It is a similar method to FarconVAE-t. The difference is that FraconVAE-G uses a
Gaussian-kernel for calculating the contrastive learning loss while FraconVAE-t uses a student-kernel.

In the same way with baselines, the fair
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Table 2: Results on non-GCM synthetic data: comparison with 5 baselines, unfair prediction (UF),
controllable-invariance (CI), maximum entropy adversarial representation learning (MaxEnt-ARL), fair rep-
resentation via distributional contrastive variational autoencoder with student kernel (FarconVAE-t) and
with Gaussian kernel (FarconVAE-G) in terms of performance (MSE), statistic parity (A-Accuracy) and
counterfactual fairness (TE).

Method MSE A-Accuracy TE
UF 0.00 &£ 0.00 100% + 0.00% 0.40 & 0.00
CI 0.04 £0.02 64.3% + 5.44% 0.18 £+ 0.06

MaxEnt-ARL  0.02 £ 0.01 73.5% £ 3.47% 0.21 & 0.09
FarconVAE-t  0.03 £ 0.01 71.3% £+ 3.21% 0.23 &+ 0.05
FarconVAR-G  0.02 + 0.00 75.9% + 0.86% 0.26 & 0.02

CFR 0.04 & 0.00 50.4% + 0.28% 0.00 £ 0.00

Table [2] displays the results of the CFR method and baselines in terms of the three metrics. From the
results, the counterfactually fair representation can achieve A-Accuracy near 50%. It means that from the
counterfactually fair representation, the SVM model is unable to recover A. Even though we do not impose
any constraints to make A and Hop independent, Hop 1 A holds and the statistical parity is satisfied as we
expected by Theorem 4] On the other hand, the baselines including the adversarial (CI and MaxEnt-ARL)
or disentangle (FarconVAE-t and FarconVAE-G) methods cannot achieve perfect fairness in terms of SP.
Moreover, all the baselines, which are designed for statistic parity, cannot achieve counterfactual fairness
(which is reflected by TE). Compared to the UF baseline, the CF representation only increases MSE by a
small amount to achieve both SP and CF. The increase is expected because A is highly correlated with Y
and provides information about Y.

4.3 Experiment on the Law School Dataset

In this section, we conduct an experiment with the Law School Success dataset (Wightman) [1998)). This
dataset consists of 21,791 records. Each record is characterized by 4 attributes: Sex (Sjqw), Race (Rigw)s
GPA (Giaw) in college, LSAT (Lj4w), and ZFYA (Zj4,) which is the first year average grade in the law
school. Both Sex and Race are categorical in nature. The Sex attribute can be either male or female, while
Race can be Amerindian, Asian, Black, Hispanic, Mexican, Puerto Rican, White, or Other. The GPA is a
continuous variable ranging from 0 to 4. LSAT is an integer attribute with a range of [0, 60]. ZFYA, which
is the target variable for prediction, is a real number ranging from -4 to 4 (it has been normalized). The
goal of this dataset is to predict ZFYA from the features. In this study, we consider Sj,,, as the sensitive
attribute, while Rjqw, Glaw, and L., are treated as features.

The causal model for the real-world dataset is not fully known and should be constructed with the help of
human knowledge. We utilize the same causal graph as |Kusner et al.| (2017). The causal graph is shown
in Figure |T_'5L In this causal graph, Kj,,, denotes knowledge which is a hidden variable. We assume Kj,.,
follows a uniform distribution and there is a linear relationship between the attributes, which is

Glaw ~ Gaussian(bg + WGSSlaw + Wngaw + WgKlaw, 0a), (12)
Ligw ~ GauSSian(bL + Wfslaw + WERlaw + WIf(Klaw» GL)? (13)
Ziaw ~ GaUSSian(WZSSlaw + WgRlaw + Wé(Klawy UG)- (14)

Unlike the synthetic data, the parameters in the causal functions remain unknown. In this experiment,
we use the Markov Chain Monte Carlo (MCMC)(Brooks, 1998) to infer the posterior distribution of the
parameters first. We sample 4000 values for each parameter and treat the mean value of the samples as the
approximation. In the second stage, we use the approximate parameters to infer the distribution of Kj4.,.

The dataset can be expressed by {g(i) 19 0 0 AN For each data instance (g(i) yr® ), we

law? Ylaw? “law) Yaw Tlaw Si=1" law> > Tlaw
sample 4000 knowledge values (kl(zuu)v "'7kl(ziz)w(4000))' From each value of knowledge, the corresponding
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Table 3: Results on the Law School Success Dataset: comparison with 5 baselines, unfair prediction (UF),
controllable-invariance (CI), maximum entropy adversarial representation learning (MaxEnt-ARL), fair rep-
resentation via distributional contrastive variational autoencoder with student kernel (FarconVAE-t) and
with Gaussian kernel (FarconVAE-G) in terms of performance (MSE), statistic parity (A-Accuracy) and
counterfactual fairness (TE).

Method MSE A-Accuracy TE
UF 0.75 £ 0.03 100% + 0.00% 1.83 £+ 0.17
CI 0.75 £ 0.03 57.0% + 0.87% 1.71 £ 0.40

MaxEnt-ARL  0.76 + 0.03 56.8% + 1.18% 5.01 &+ 4.90
FarconVAE-t  0.81 £ 0.03 62.1% + 5.28% 0.71 £ 0.40
FarconVAR-G  0.79 £ 0.02 71.0% =+ 15.4% 0.98 &+ 0.35

CFR 0.79 £ 0.02 57.6% £ 0.98% 0.00 £+ 0.00

factual (gl(é) 1 ) and counterfactual features (g{é{ﬂm,i(“ ) are generated. The counterfactual fair

w(4)’ "law(y) law(j)

. _ O 5 () () Q)
representation is defined as h((;)F = Wloo 2?1010 |:kl(;)w(j)7 l(;)uﬂ glawu);glam” J lmw(j);lmw(‘j)
Table |3| displays the results of the CFR method and baselines in terms of the three metrics. The trend
is very similar to our synthetic experiment. Again, the CF representation is the only method which can
achieve perfect counterfactual fairness (with TE = 0). For the statistical parity, the CF representation
improves A-Accuracy from 100% to 57.6% compared to the UF method. It is worth mentioning that the CF
representation is much easier to train and generate without the complex and unstable adversarial process.
In the experiment, the counterfactually fair representation only increases the MSE by 5% compared to the

UF method while achieving two notions of fairness.

4.4 Experiment on real world (YelaB) dataset

Unlike the Law School dataset, the YaleB dataset (Dei Gloriawan) 2020)) is a visual dataset including face
images of 38 individuals. For each person, there are five different light conditions. In this dataset, the light
condition is treated as the sensitive attribute. The target is to predict the person’s identity from the face
image. The dataset has been divided into a training set and a test set.

Since the causal model for the YaleB dataset is unknown, we use the provided images in different
light conditions as counterfactual data. In particular, the dataset can be seen as the set of tuples
{x(i)[l],x(i)p], ...,a?("')[f’}}fvzl. BEach (U] in the tuple is the face image of the person i in the light condi-
tion j. Therefore, we can treat {z®M .. z(BI}\ 20U as counterfactual data of the image (V. On the
YaleB dataset, we generate counterfactually fair representations using a symmetric networkﬂ Specifically
speaking,

5
n), — %Z E, (xu)m) ’ (15)
j=1

where F is the encoder network. We use the same baseline methods as the Law School experiment. We
use the Y-accuracy, A-accuracy, and CF-Std as the evaluation metric for the YaleB dataset. Y-accuracy
and A-Accuracy are defined in the same way as the Law School experiment. If the prediction model is gy,
then CF-Std is defined as the average standard deviation of output of g, for factual and counterfactual data.

That is, CF — Std = % vazl o (gy (x(i)m) s Oy (96(1')[5]))7 where o is the standard deviation.

We observe that the counterfactually fair representation improves SP compared to all the baselines. We also
observe that the counterfactually fair representation can improve the accuracy compared to UF. However,
since this representation achieves both SP and CF, it leads to lower accuracy compared to baselines designed
for SP fairness notion.

9The detail of the symmetric network can be seen in the Appendix.
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Table 4: Results for YaleB dataset: comparison with 5 baselines, unfair prediction (UF), controllable-
invariance (CI), maximum entropy adversarial representation learning (MaxEnt-ARL), fair representation
via distributional contrastive variational autoencoder with student kernel (FarconVAE-t) and with Gaussian
kernel (FarconVAE-G) in terms of performance (MSE), statistic parity (A-Accuracy) and counterfactual

fairness (CF-Std).

Method Y-Accuracy A-Accuracy CF-Std
UF 57.8% + 5.56% 69.6% + 16.6% 7.02 &+ 0.65
CI 66.2% + 1.67% 80.1% =+ 15.2%  5.40 + 0.50
MaxEnt-ARL  68.3% + 1.34% 65.0% £ 21.8% 5.32 £ 0.28
FarconVAE-t  70.3% + 1.50% 22.7% + 3.14% 5.48 + 0.39
FarconVAR-G = 67.1% + 7.94% 21.8% + 1.17% 5.87 + 0.93
CFR 59.5% + 3.94% 20.2% + 0.79% 0.00 & 0.00

5 Conclusion

In this paper, we build a connection between counterfactual fairness, statistical parity, and individual fairness.
In particular, we prove that under the Gaussian causal model, counterfactually fair representation satisfies
statistical parity and individual fairness at the same time. We also prove that for a broader family of
causal models, the counterfactually fair representation is independent of the sensitive attribute. On the
other hand, we show that a predictor satisfying statistical parity or individual fairness generally may not
satisfy counterfactual fairness. Several experiments on both synthetic and real-world datasets confirm our
theoretical results. In particular, under conditions that we have in our theorems, we observe that a predictor
trained on counterfactually fair representations can achieve statistical parity and individual fairness with a
similar MSE level as the baselines.

Limitation and Social Impact

This work reveals the connection between CF, SP and IF. The counterfactually fair representation then
can be used to achieve different kinds of fairness. However, the connection are build on conditions of the
underlying causal model. Using conclusion without carefully check whether the assumptions hold may lead
to negative social impact.
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A Proofs

A.1 Theorem[I]

Proof. Suppose U is d, dimensional and X is d, dimensional, we know the probability density functions are

pU(u = ;efé(ufﬂu)qﬂzzl(u*#u)v (16)

(27m) [T |?

1 _
e—%(z—Wuu—fa(a)—b)TEwl(x—Wuu—fa(a)—b). (17)

Px U,A($|Ua a) = PN
| (2m) %2, |*

Based on Bayes theorem, we have the posterior distribution

puix.alulz, a) = pu,ax(u,a,x) _ pX|A,U(I|av u)pa,v(a,u) (18)
% ’ pa.x(a, ) Jo pxiau(xla, u)pav(a, v)du
If A and U are independent,
67%[(U*Hu)Tijl(ufﬂu)‘i’(m*Wuu*fa(a)fb)TE;I(xfwuuffa(a)*b)]
puix,a(ulz,a) = [ e Bl ) TS (am ) e W fa (@) 070, e Wanfa(@)-0)] dyy
e~ 3= TE (u—p)
o e e~ 3 (u—p)TE=(u—p)qy,
1 et e, (19)
(2m) 3 |2
where
po= (WS Wy + 5. T WS (@ = fala) = b) + 35 (20)
st =wlIs 'w, + 5.t (21)

Case 1: When we use H(z,a) as the representation for (z,a), H is a random variable. And H(z,a) is
a function of U. With the definition introduced in Dwork et al.| (2012), we know that the total variation
between the distribution associated with H(z,a) and H(2’,a’) can be used to describe the distance between
the representations. And we have

d(H(z,a), H(z',a")) < Di(puix,a(®, a), puix,a(a’,a’)). (22)

Dy, is the total variation distance between the two distributionﬂ By Pinsker’s inequality:

1
Dtv(pU\X,A(xa a)apU\X,A(a"/a al)) < \/ZDKL(pUX,A(x7 a)HpU|X,A($/a a’/))' (23)

D, is the Kullback-Leibler divergence. Because the divergence of the two Gaussian distribution is

% _ _
Dicawisaleallpvieate'sa)) = 5 [0S = e+ 0184 - 0TS0 )

1
2
1

=5 [ =™ = ], (24)

10Here H(z,a) is a random variable which is a function of U. We utilize the property that the total variation after a functional
transformation will always decrease. The property is proved by Lemmam
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where
po= (WS Wy + 200 WIS @ — fala') = 0) + 55 al. (25)
Let
C=Wwrs'w, +x; ) 'wris ! (26)
we can get

Drr(puix,a(z,a)llpuix,a(z’,a"))
1

=5 [[C(@" = 2) = (fal@) = fa(a)]TZTHO(@ = ) = (fald) = fa(a))]
=% [[(2" = 2) + (fa(a') = fa(@)](CTETIO) (@ — ) + (fald) — fa(a))]] - (27)

Since CTYX~1C is symmetric, we have

Dicipux e, a)llpoy ales ) < 5 [CTSCY G~ 2) = (fule!) = ful@)

_ 2 2 2
< CTET0|L lla" = 2y + 1 fala) = fal@)ll3)- (28)
Because f, is Lipschitz continuous,
2 2
Ifa(a") = fa(@)lly < Lalla" = a5, (29)
S0,

_ 2 2 2
DKL(pU|X,A(x7a')HpU\X,A(x/’ a’)) < HCTZ 1CH2 [Hx' - 33”2 + Lq Ha’ - aHz]

<|[CTs1Cf; - max{l, Lu} [|(z.a) — (', a))]l3 (30)
which is to say
d(H(z,a), H(z',a")) < Ly ||(z,a) — (2',d")]|,, (31)
where
1
L, = \/2 ||CTZ_1C||§ -max{1, L, }. (32)

Case 2: When we use r(z,a) as the counterfactually fair representation, given x, a, we have

r(z,a) = /C: Wlmleé(u“)Tz_l(u“) [s (IE [i’[am\u]} yoos B [i[aHA”HuD ,u} du. (33)

Because we know that E [#[al][u] is a function of u, we write s(E [#[a!V][u] , ..., E [£#[al]]|u]) as 5(u). Then
the representation can be divided into two parts:

o0 1 _

o) = [ e UL (34)
—oo (2m) 2 |X|T
ru(@,a) = / i Wlmleé(“”)T”““’udw (35)
—oo (2m) 2 |X|T
For the part u, we have
/oo %efé(ufﬂ)TZ—l(ufﬂ)udu = p. (36)
—oo (2m) 2 [X] 1
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Suppose s(u) is Lipschitz continuous w.r.t. u, which is to say

I5(w) = 5(u)ly < Lu |lu— ||, (37)
we have
72 (2, a) =72 (x a)l,
— 3 (=) BT ) (5 () — §(u 4 g — du
H/ 27r"“\2|1 [5(u) = stu+ 4" = ]|
1
:/ Hg(u)_s(u"’_,u _/14)”2 we 2(” N)T l(u—u)du
fe’s) 1 ) B
<Lu f— n,iefi(ufﬂ) Py (u*,u)du
<t [ =il s
=Ly ||l — plly - (38)
Therefore,

Ir(z, a) —r(@',d)]ly < lru(e, @) = ru(a’, )y + [Ire(2, @) — ra(2', a') |l

< (14 L) 1 = pll, - (39)
From case 1, we know,
1 = plly < \/QICTCI -max{1, Lo} [|(2,a) = (2', )], (40)
S0 we can get
Ir(z, a) = r(a',a')]ly < La [(2,0) = (@, )|, (41)
where
Ly = (1+Lu)\/|CTC| -max{1, Ly} (42)
O

A.2 Theorem [3
Proof. Case 1: When we use H(X, A) as the representation,
H =[5(U),U]. (43)

Given z, suppose §(u) = x has k solutions in w, say ui,us, ..., ur. The probability density function of X
is given by

-1

ps(U) -rs ZPU Uz (44)

By the independence of U and A,

pu.a(u,a) = py(u)pala). (45)
This holds for all u and a. So the joint probability density function of §(U) and A can be expressed as:

k

ds(u;
ps(U)A Ts, @ ZPU Uz )

du

f Ala). (46)
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So we have
Ps),A(Ts,a) = psy(zs)pala), (47)
which is to say s(U) L A.
Because
pu.A(h,a) = pswy,u.a(Ts,u, a) = psw),u(es, u)pala), (48)

we have H(X,A) L A.

Case 2: When we use r(X, A) as representation, we denote,

r(X,A) = [ra(X, A), r. (X, A)]. (49)
The joint probability density function is

Pr,a(r,0) = Dry o, AT, Ty, Q). (50)

Suppose ry(z,a) = ryo,ry(z,a) = ryo has k solutions, say (z1,a1),..., (g, ar). The probability density
function of (r, A) is given by

k Org (xi,a:) Org (xi,a:)
prz,ru,A(rxmran a) = ZprA(‘ri’ ai) ’ arug?z,ai) aru&a;xai) ’ (51)
i=1 ox da
For any a1, as, we have
k org(zi,a;) Org (xi,a:)
prm,ru,A(T;gO,'f'uO, &1) = Z 1(&1' = &1) 'pX,A(xiv ai) ’ Bru?wmi,ai) Bru?wi,ai) ) (52)
i=1 ox da
k Org (xi,a:) Org(xi,ai)
prmrmA(TwOaran a?) = Z 1(@1' = CLZ) ' pX,A(xi’ ai) ’ 6%82,%) 6%8&,%) : (53)
i=1 ox da
Now for any x; which makes a; = a;, we have
;= falar) = Wy SgH (W B7 W + 571 = 7 ] + b, (54)
we can x; which makes a; = as satisfies
2 — falag) = (WS (WS W, + 301 — 20 ) + 0. (55)
Because
pxalz,a) = / e~ 3= w0 gy 4 (a), (56)
where
p=Wrs Wy + 5. WIS e — fa(a) —b) + 35 ], (57)
we have
px,a(Ti,a1)palar) = px a(wi, az)palaz). (58)
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According to the definition of r,(z,a) and r,(x, a), we know that

Ors(@,a) _ / e~ w2 w0 (y — Tt Py,

oz oo Ox
where
5]
a:u’ (WTE_1WU+Z;1) 1WEZ;17
iy
and
8 xr ) o —= — - — — 8 —
Téz a) :/_Ooe 3 (um) T ) (g )Ty 1a—zs(u)du,
where
8u Ty -1 11 Tv—1dfal(a)
h) Yo"
aa (W WU+ u ) Wu xT da I
and
6 u ) a —1\— -
% 8’; (WIS, + 5wyt
and
Ory(z,a) a# Ty -1 11 Ts—14fa(a)
Oa oz = (WS W +2,1) 7 W, X, da

When %ﬁ” is a constant, we have

Ory(zi,a1)  Org(wj,a2)  Org(wi,a1)  Ore(xj,az)

Orgz(x;,a2)

Ox Ox ’ Oa B Oa ’
ory(z;,a1) _ Ory(zj,as) ory(z;,a1) _ Ory(zj,as)
Ox Ox ’ Oa Oa ’
which is to say,
Org(zi,a1) Org(zi,a1) Orz(xj,a2)
px,A(Ti,a1)pa(ar) - |97, 08 ar)  orubtan) | = Px,a(T5,a2)pa(a2) - | o, 0 an)
ox da ox

8ru€tcj-,a2) .

So, for any a1, as, we have

prm,ru,A(Tmoy Tu0, al)PA(al) = prz,ru,A(Tan w0, az)pA(az)-

Because Py4(a) is a uniform distribution, we have that

pm,ru\A(rmOarudal) i prx,'ru\A(ranTu0|a1)pA(a1)

da

Pry.r,|A\T20, Tuwo |1 =
T \ (fba u| ) pA(@l) pi(al)

_ ProrA(T20, Twola2)palaz) e, o, 1a(rzo, Tuolaz)
P4 (a2) palaz)

which is to say py, r,|a(Tz0, 7uola) is irrelevant to a. So, we have r(X, A) L A.

A.3 Corollary[2

= prw,ru\A(era Tu0|af2)7

(60)

(61)

(68)

Proof. When we use H as the input of g, because of the total variation has the property (seen in Lemma

that

d(g(H(x,a),H(2',a")) < d(H(x,a), H(2',d)),
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we have
d(g(H(z,a), H(z',a")) < L1 ||(z,a) — («/,d) ||, (70)
When we use r(x,a) as the input of g, similarly we have

lg(r(z,a)) = g(r(2’,a"))lly < Ly (2, a) = r(a’, a’)lly < LyLy ||(z, ) — (2, a") I (71)

A.4 Theorem [

Proof. When the SCM is determinstic, we know that X are determined by U and A. We denote is as
X = f(U, A). Therefore, we can write s (IE [)V([dm]\U} sy B [)V([d‘““']q \U) as s (f(U,al), ..., f(U,aA)).

Case 1: When we use H(X, A) as representation,
H =[5 (f(U,al), .. f(U,aM)) U] (72)

We still denote s (f(U,al")), ..., f(U,alA!)) as 5(U). Because U is independent of A, we have 5(U) is also
independent of U (seen in Appendix [A.2)). Therefore, we have H L A.

Case 2: When we use (X, A) as representation, suppose we have the causal model consisting of U, A, X
with domain U, A and X. The prior distribution of U and A are encoded in the probability density functions
p(U) and p(A).

Because U 1 A, the joint distribution of U, A, X can be written as
pu.Ax (U, a,x) = py(u)pala)d(z — f(u,a)). (73)

From Bayes theorem, we know

pu,a,x (u,a,) pu(u)pala)d(z —

_ _ f
pU\A,X(u‘xaa’) - pA,X(CE,a) - fUpU(U)pA(Cl)(S(ﬁU — f(u,a))du (74)
With the definition of 7(X, A), we can know
_ pu(wpa(a)d(z — flu,a) B
Pria,x (rola,z) =6 {/U T po(wpa(@)s(e — flu,a))du [5(w),u]du — o] . (75)
The conditional distribution of (X, A) on A is
pralrolo) = [ pexatrolepxia(ela)ds. (76)
X
And
_ pxalza)  fypala)pu(w)d(z — fu,a))du
Paial) =" ) = pa(@) ‘ o
As a result,

Prial(rola) :/pr|A,X(r()|a7x)pX|A(x|a)dx
X

B powpal@)i@ = flna) T fpal@po it~ fa)du
‘/X‘SUUJU @pa@) [5(w), uldu = de.  (78)

pu(u)pala)d(z — f(u,a))du pala)
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Because U follows a uniform distribution, p,4(rola) can be simplified as

pratrle) = [ 5| [ HE TS st | [ po()ite St (70

Suppose given z, a, the solution of x = f(u,a) is UZ. Denote the size of UZ as QF, since py(u) is a uniform
distribution, we have

(/‘pUhnéﬁr—f&%a»du::Qg (80)
Given rg, we assume that X = {x1, 29, ..., 2%} is the set of solutions making that

Sa— flna) o
T o = o =y

so, we have

pria(rola) =) QF (82)

reX

We consider p,4(rola’). Because of the condition 3 in Theorem {4} we know that
flur,a) = f(uz,a) & f(ur,a’) = f(uz,a’), (83)
so, we can divide the space U based on U, to make that
flu,a’) =2 Yue UL (84)
Therefore, for x € X, if Eq. [81] holds, there exists " satisfies
flu,a') =2 Yu e UL, (85)

and

Therefore, we have

pria(rola’) = > Q2. (87)
reEX
So, we prove that p,4(rola) = pya(rola’) for any a,a’ € A, which is to say (X, A) L A. O

B Lemma for Proof

Lemma 1. For any random variable U and U’, the probability distributions of U and U’ are py(u) and
pus(u). Let F be an arbitrary function, V = F(U) and V' = F(U’) are two random Variablesiﬂ with
distributions py (v) and Py (v). Then the total variation satisfies

AV, V') < d(U,U"). (88)

111t should be noticed that U and V in the Lemma and its proof are not mean they are unobservable and observable variables
in a SCM. They are only used to represents arbitrary random variables in this section.
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Proof. For two probability distributions py(u) and py(u), assume the domain space of U is U, the total
variation between them is

1

Do) = 5 [ o) = po(w]du (59)

For any v € V, we use subspace U” to denote the subspace that for any u € U?, there is F(u) = v. Then we
have

= [ polade (90)
uelv
and
= [ podn (1)
uelv
Consider the total variation distance for the induced distributions,
1
Dutoviv) =3 [ [ e [ potdal ae (92)
v |Jueu® uelv
Using the triangle inequality for absolute values, we have
[ wtwdu= [ pwtd < [ ot - portwldu. (93)
uelUv uelUv uelv
Therefore,
/ / pU(u)du—/ pur(u)du|dv < // lpu (u) — py (u)| dudv. (94)
V |Juelv uelUv V Juelv
Notice that each u appears in only one of the U”. Thus, we have,
L ot - por@lduds = [ o) = porfa)du (95)
V Juelv uel
which means,
/ / pu(u)du — / pu(u)du| dv < / lpu (u) — pyr (uw)| du. (96)
V [Juelv uelUv uel
So we have Dy, (pv,pv') < Diw(pu,pur)- O

C Discussion on Gamma distributions
Theorem 5. Given a structural causal model (SCM) M(U,V, F'), where the following conditions holds:
1. P(U) is a Gamma distribution
U ~ Gamma(a, ). (97)
2. The structural function for X is given by,
X ~ Exponential(W,u), (98)

where W, > 0.
3. ALU.
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For the counterfactually fair representation r(x,a) = ]EUNPrM{U‘X:z,A:a}[U], we have
[r(z,a) —r(a’,a)|l, < L& |[(z,0) — (', d)||, Vz,2",a,d". (99)

where L83mma —

(a+1)W,,
B2

.
Proof. Because P(U) satisfies the Gamma distribution, we know that

pu(u) = ’B—uaflefﬁu, u > 0. (100)

The conditional distribution of Px|y,a(z|u,a) is
pxjv,a(zlu,a) = fola)Wyue™ "V ue. (101)

Since A L U, we know the posterior distribution is

ue~ (F+Wuz)u (B + Wyx)ett
= = —(B-FW,/E)M
puix,alulr,a) T wre GrWamidy Tt W . (102)
Therefore, the posterior distribution of U is a Gamma distribution Gamma(« + 1, 5 + W, z). The represen-
tation

a+1
r(z,a) = Eyopr (U] x=2,4=a} (U] = FiWor (103)
We have
ooy | et ot
[r(z,a) —r(z’,a")|l, = H,B+Wux B W |,
' —x
= |[(a+ 1)W,
(a+ )W,
< ‘ CE | sl (104)
Therefore, L&2™m™ma = % . O
2
D Counter Example A | U does not imply SP
Example 3. Suppose an causal model consists of U, X, A. The prior distribution of U is
Pr{U=-1} =04, Pr{U=0}=03, Pr{U=1}=0.3.
The distribution of A is
Pr{A=-1} =08, Pr{A=1}=02. (105)
X is determined by U and A in this way:
1, tU+A>1
x={b tora=l (106)
0, otherwise

Then we can have the joint distribution of U, A, X as the Table[5] So for the observed data, we only have
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U A X Pr
-1 -1 0 0.32
0 -1 0 024
1 -1 0 024
-1 1 0 0.08
0 1 1 0.06
1 1 1 0.06

Table 5: Joint Distribution

{A=-1,X=0}){A=1,X =0} and {A = 1,X = 1}. We use r(z,a) as the counterfactually fair
representation for data (x,a). Now for data A = —1, X = 0, the posterior distribution of U is

Pr{U =-1} =04, Pr{U=0}=03, Pr{U=1}=0.3.

When U = —1, &2 = %0 = 0. When U = 0, &£ = %1 = 0.5, When U = 1, Z% = %81 = 0.5, So
r=0.3.

For A =1,X =0, we know that the posterior distribution of U is Pr{U = —1} = 1. So r = 0. And when
A =1,X =1, the posterior distribution of U is Pr{U = 0} = Pr{U = 1} = 0.5. So r = 0.5.

That means when A = —1, the distribution of (X, A = —1) is
Pr{r =0.3} = 1. (107)
When A = 1, the distribution of (X, A = 1) is
Pr{r=0}=04 Pr{r=1}=0.6. (108)

Therefore, Pr{r(z, A)]A = 0} > Pr{r(xz, A)|A = 1}. Statistical parity is not hold.

E Parameters for GCM Simulation

The parameter W, is

0.88292245 1.29287793  —0.82082917 —0.70183216 —0.39127569
—0.60877832 1.13381659  —1.49961377  0.54270513 1.38670018
W, = | —0.57873781  1.47206281 1.15733417  —0.34923801  0.81879373 (109)
—0.82661724 —1.10173591 —0.46378857 1.35030991  —0.45830616
0.04167563  —1.00437605 0.86665223  0.83145994  —0.70429947

The bias vector b, is
b=[0.34952773 —0.51095599 —1.25532379 0.73900495 —0.8848992]T (110)
fa is simulated as W,a, where W, is
W, = [-2.31705195 —0.36172777 0.44253204 —0.01319519 0.08048071]T (111)

The covariance matrix >, is set as

6.08443145 3.04621728 x 1073 —1.54271138 —2.51012096 2.45237759
3.04621728 x 1073 9.70835803 2.44983711 —4.81523612 x 10~* 1.07998448

Yy = —1.54271138 2.44983711 2.25988521 —8.39006253 x 1071 —2.28247159 (112)
—2.51012096 —4.81523612 x 107! —8.39006253 x 10! 2.72134995 1.15217315
2.45237759 1.07998448 —2.28247159 1.15217315 8.79705458
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When generating the target variable Y, we used the linear model Y = WX X + b, with

WZ:[—1.22783934 0.68714368 0.52803583 —0.96272343 0.62690475]T (113)

b, = —0.13026780 (114)

F Synthetic Parameters

The parameters for generating X; are

by =01 wi=10.2,01 w{ =10.3,0.4,0.7,0.1,0.2,0.4,0.5,0.2] wV =0.3 (115)
X5 related parameters are

by =0.3 wi =[0.4,0.3] wi =10.1,0.5,0.6,0.4,0.3,0.7,0.8,0.6] w! =0.6 (116)
To generate the target attribute Y,

wy =1[0.5,0.2] wi =1[0.6,0.7,0.2,0.3,0.1,0.6,0.8,0.4] wY =0.5 (117)

G More Implementation Details

The parameters and structural functions used to generating GCM data has been provided in the main paper
and Section [E| For the synthetic data beyond GCM, U is drawn from a uniform distribution on [0,1]. A is
a binary attribute with equal probability. Uy is sampled from the uniform distribution of the set {1,...,8}
and translated into a one-hot vector.

For the law school admission dataset, race is a categorical attribute with 8 classes. So we translated it into
one-hot vector. In the next paragraphs, we did the same operation for Xy and Race, A and Sex, and X,
and GPA, X5 and LSAT.

We concatenated [A, X, X1, Xa] as the representation for UF baseline. A LinearRegression model provided
by sklearn package was used to predict Y. For testing A-Accuracy, we used an SVM classifier. For our
CF method, we used the same prediction model and same SVM classifier. The input representation was
obtained by concatenating [U, X, %, %]

Baselines are also tested using the same method after obtaining the fair representation. For the CI baseline,
we used the same architecture as|Oh et al.| (2022). To fit the regression task, we replaced loss function of the
target network with a MSE Loss. The hyper-parameter o was set as 4.0. For MaxEnt-ARL baseline, we used
the same architecture and set the hyparameter v as 4.0. Because it is hard to get a fair representation than
the dataset used in [Oh et al.| (2022), we updated the discriminator for 10 steps in every training iteration.
We also used the architecture prvided by |Oh et al. (2022) to train the FarconVAE-t and FarconVAE-G
model. Their model contains a encoder and decoder. We changed the construction error into two parts,
cross entropy loss for constructing Xy and MSE Loss for constructing X; and X5. For FarconVAE-t baseline,
we set « = 2.0, 5 = 0.15,7 = 0.75. For FarconVAE-G baseline, we set « = 1.0, 8 = 0.05,~ = 1.0.

We used the pre-processed YaleB dataset provided by |Oh et al.| (2022) to do the experiment. The training

dataset is divided into five parts, {x(M 2GS0 L WIS pG8)B1Y - Every part corresponds to a
different light condition. Each part consists of 38 images from 38 individuals. The target of the dataset
is to classify the individuals from the image. Since {zx®M z(®[2] .. 2B} are the photos of the same

individual, we treat every four images as the counterfactual data for the remaining one. So for predicting
@l 4 e {1,2,3,4,5}, the fives images were taken as the input of the multi-branch network. For the test
set, we selected two set of this kind fives image for every individual.

Our methods and all the baselines were tested using the same one linear layer classification model. We use
one of them to classify individuals and one to classify light conditions.
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For our method, we used the network with one linear layer, one BN layer and a PReLU activation function
as the encoder to generate representations. To train the encoder, we attached a target network contains
three linear layers to predict the person identity. We used the same architecture for UF baseline. For UF
baseline, the input is just the image (V). For CI baseline, we set v as 0.10 and for MaxEnt-ARL baseline,
we set it as 0.05. For FarconVAE-t baseline, we set a = 0.5,5 = 0.1,y = 0.5. For FarconVAE-G baseline,
we set « = 1.0,5 =0.1,7 = 1.5.

H Reproduce the Result

Directory GCM__Simulation contains the code for the experiment with synthetic data generated by GCM.

To get the result in Table [I} run the following command:
1 cd GCM\_Simulation
2 python main.py

Directory Non_ GCM__Simulation contains the code for the experiment with synthetic data generated beyond

GCM. To get the result in Table 2, run the following command:
1 cd Non_GCM_Simulation

2 # generate representations

3

4 # FarconVAE-t baseline

5 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=t --alpha=2.0 --beta=0.15
--gamma=0.75 --model_name FarconVAE-t

6

7 # FarconVAE-G baseline

8 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=g --alpha=1.0 --beta
=0.05 --gamma=1.0 --model_name FarconVAE-G

9

10 # MaxEnt-ARL baseline

11 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=4.0 --model_name
MaxEnt - ARL

12

13 # CI baseline

14 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=4.0 --model_name CI

15

16 # UF baseline

17 python main_uf.py

18

19 # our method

20 python main_cf.py

21

22 # evaluate representations

23 python evaluate.py

Directory Law contains the code for the experiment with Law School Admission dataset. To get the result
in Table 3, run the following command:
1 «cd Law

# generate representations

2

3

4 # FarconVAE-t baseline

5 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=t --alpha=2.0 --beta=0.15
--gamma=0.75 --model_name FarconVAE-t

~N o

# FarconVAE-G baseline
8 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=g --alpha=1.0 --beta
=0.05 --gamma=1.0 --model_name FarconVAE-G

10 # MaxEnt-ARL baseline

11 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=4.0 --model_name
MaxEnt -ARL

12

13 # CI baseline

14 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=4.0 --model_name CI

15

16 # UF baseline

17 python main_uf.py
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18

19 # our method

20 python main_cf.py

21

22 # evaluate representations
23 python evaluate.py

Directory YaleB contains the code for the experiment with YaleB dataset. To get the result in Table 4, run

the following command:
1 cd YaleB

2

3 # result of FarconVAE-t baseline

4 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=t --alpha=0.5 --beta=0.1
--gamma=0.5 --n_seed=10

5

6 # result of FarconVAE-G baseline
7 CUDA_VISIBLE_DEVICES=0 python main.py --scheduler=one --kernel=g --alpha=1.0 --beta=0.1
--gamma=1.5 --n_seed=10

9 # result of MaxEnt-ARL baseline

10 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=0.05 --n_seed=10 --
model_name MaxEnt-ARL

11

12 # result of CI baseline

13 CUDA_VISIBLE_DEVICES=0 python main_maxent.py --scheduler=one --alpha=0.10 --n_seed=10 --
model_name CI

14

15 # result of UF baseline

16 python main_uf.py --n_seed=10

17

18 # result of CFR method

19 python main_ours.py --n_seed=10

I  Symmetric Network for Representation Learning

The algorithm proposed by |Zuo et al.| (2023)) for generating counterfactual representation uses a predefined
symmetric function s. However, in this work, we propose to train a symmetric function s for generating
counterfactually fair representation which is able to improve fairness-accuracy trade-off.

Suppose for any data X =z, A = a, we have k counterfactual examples #l/ = (U, al) with ol € A — {a}.
k + 1 is the size of A. Then, we can use a neural network E(.;0) parameterized by 6. Then, we can define
the following symmetric function s(.; ) for generating counterfactually fair representation,

k
1 ]
— o(5(1] Wkl ) — . _- AR
h=s(@H, ... 2% 2:0) E(m,&)—l—k 1;:1E(x ;0). (118)

Note 6 gives us a high degree of freedom for finding optimal fair representation leading to a better fairness-
accuracy trade-off.

J Related Work

With the development of machine learning models, fairness, as an important potential risk, has been studied
in many previous works (Xie et al.l [2024aib; Xie & Zhang| |2024; [Du et al.l |2020). Suppose the machine
learning task is built on the distribution (A, X,Y), in which A represents the sensitive attribute determined
by social norms. X is the set of observed features other than the sensitive attribute, and Y is the target
attribute. We use ¥ = gy(X, A) to represent the prediction of Y by the machine learning model g,,.

A~

Fairness through unawareness (Calders et al., [2009) is a fairness definition that regards Y = ¢g(X) as fair,
implying that omitting the sensitive attribute A from the model ensures fairness. Statistical parity (Besse
et al., [2022)), also referred to as demographic parity, is achieved when there is independence between Y and
A. Conditional statistical parity (Corbett-Davies et al. |2017)) is a relaxation of this independence, applying
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the requirement to a subset of data instances. Equalized odds |Romano et al.| (2020), based on another kind
of statistical independence called separation, is satisfied when a classifier has identical true positive rates
and false positive rates across different protected groups. Equal opportunity (Wang et al., 2019)) is a relaxed
version of separation, requiring only the same false negative rate among groups. Sufficiency, the basis for
the fairness definition known as calibration (Salvador et al., 2021)), is met when instances with the same
prediction have the same likelihood of belonging to the positive class. This concept can also be relaxed to
predictive parity (Zeng et al.l 2022), which requires the classifier to maintain the same positive predictive
value across different groups.

To achieve statistical fairness, three main types of methods have been extensively studied. Pre-processing
methods are applied directly to the data to foster the development of fair AT models (Zhang et al., 2022).
A common approach in this category is reweighting the data, which typically involves a three-step process:
massaging the original labels, reweighting, and resampling (Kamiran & Calders| 2012). These steps collec-
tively aim to adjust the data distribution to mitigate inherent biases, setting the stage for more equitable
model training and outcomes.

Post-processing methods usually involve modifying the predictions of an existing model. For example,
Petersen et al.| (2021)) introduced a technique involving graph smoothing applied to the output of an NLP
model to achieve individual fairness. |Kim et al.| (2019) proposed a black-box approach for post-processing
results, while |[Lohia (2021) used a priority-based method to simultaneously achieve group and individual
fairness. A key advantage of post-processing methods is their ease of implementation across different models
without requiring retraining. However, these methods often present design challenges and are typically
tailored for specific fairness objectives, limiting their general applicability.

In-processing methods involve applying fairness constraints during model training. Learning a fair repre-
sentation is one of the most common approaches. To remove sensitive information from the representation,
techniques like adversarial learning (Feng et al.l 2019) and disentanglement (Locatello et al., 2019) are of-
ten employed. Controllable-invariance (CI) (Xie et al., |2017) includes an encoder, a discriminator, and a
predictor, using a minmax game to make the representation invariant to the sensitive attribute. Maximum
Entropy Adversarial Representation Learning (MaxEnt-ARL) (Roy & Boddeti, [2019) addresses the sub-
optimal problem. Disentanglement often utilizes a Variational Autoencoder (VAE) to apply constraints on
the latent space. Variational Fair Autoencoder (FVAE) (Louizos et al., 2015) minimizes the maximum mean
discrepancy (MMD) on the posterior distributions. Orthogonal Disentangled Fair Representations (ODFR)
(Sarhan et al.,|2020)) forces sensitive and non-sensitive representations to be orthogonal. Fair representation
via Distributional Contrastive Variational AutoEncoder (FarconVAE) (Oh et all 2022) employs contrastive
learning to reduce correlation in the representation space.

Individual fairness emphasizes the fairness property on individual data points, requiring similar prediction
on similar data pairs (Dwork et al., 2012). The basic method to achieve IF is to solve an optimization under
the IF constraints. Ifair (Lahoti et al., [2019) added fairness regularizer to the basic objective functions.
Post-processing method can also be used. GLIF (Petersen et al., [2021) reframed the post processing step as
a graph smoothing problem, which is computationally efficient. Beyond the observed distribution (A4, X,Y),
counterfactual fairness leverages the structural causal model (SCM) M(U,V, F') underlying the data (Pearl,
2010]).

Kusner et al.| (2017)) proposed a definition of counterfactual fairness as the equality of predictive distribution
in both factual and counterfactual worlds. They also provided a method to achieve this fairness by utilizing
only the exogenous variables U. Building on this approach, |Zuo et al.| (2023)) extended counterfactual fair
representation by employing a symmetric function.

Generally speaking, counterfactual fairness and parity-based fairness are not equivalent (Silval2024]). |Rosen-
blatt & Witter| (2023) attempted to bridge the gap between counterfactual fairness and demographic parity.
However, their work used a stronger assumption than the definition of counterfactual fairness. Furthermore,
Anthis & Veitch| (2023]) demonstrated, in a special case where no exogenous variable exists, how counterfac-
tual fairness and group fairness can be interconnected.
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K Computation Resources

When doing the simulation and experiments for the paper, we used a server with 64 CPUs. The model
name of the CPUs is AMD EPYC 7313 16-Core Processor. The server has 8 RTX A5000 GPUs, with 24GB
memory for each one. For the experiment, we used only one single GPU. The experiment on synthetic data
takes less than one hour for each independent run. The experiment need around 6 hours on Law School
Admission data and around 1 hour on YaleB data.
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