Improving Generalization for Fairness (and Other Data-Dependent) Constraints

Table 5. Key notation.

Symbol Description

m Number of constraints in Equation 1

Ly Objective loss function in Equation 1

¢ tth constraint loss function in Equation 1

l; ith proxy-constraint loss function (corresponding to ¢;) in Definition 1

T Feature vector for an example
X Space of feature vectors x € X

D Data distribution over feature vectors x € X
S (trn) An i.i.d. training sample from D

S(val) An i.i.d. “validation” sample from D

0 Parameter vector defining a model

(C] Space of parameter vectors (0 € ©)

6 Subset of © consisting of the sequence of algorithm outputs (1), ... 9(T)

0 Random variable over © defining a stochastic model (Theorems 1 and 2)

A™ The m-probability-simplex, i.e. the set of all p € R7*** for which Z:’:{l pi =1
A Vector of Lagrange-multiplier-like “hyperparameters” (Definition 1)

A Space of Lagrange-multiplier-like “hyperparameter” vectors (A € A := A™ C RTH)
A Average “hyperparameters” \ := (Zz;l )\(t)) /T (Theorems 1 and 2)

A First coordinate of A\, measuring our “belief” that € is feasible

Lo In-expectation proxy-Lagrangian function minimized by #-player (Definition 4)
Ly In-expectation proxy-Lagrangian function maximized by A-player (Definition 4)
Ly Empirical proxy-Lagrangian function minimized by #-player (Definition 1)

Ly Empirical proxy-Lagrangian function maximized by A-player (Definition 1)

é(tr“)(G)) Generalization bound for £y, /1, . . ., £,, on S for € © (Definition 2)
G (@) Generalization bound for /1, . . ., £, on SO for § € © (Definition 2)

0, Bayesian oracle of Definition 3

p Additive approximation of the Bayesian oracle of Definition 3

C, A radius-r external covering of A := A™ C RTH w.r.t. the 1-norm

r Radius of the covering C,

Oc¢, Oracle evaluations at the covering centers (Q¢, = {O,(Ly(-,A)) : A € C,.})

Number of iterations performed in Algorithms 1, 3 and 4
Number of iterations performed in the outer loop of Algorithm 2
Number of iterations performed in the inner loop of Algorithm 2
Step size associated with A-player in Algorithms 1, 2, 3 and 4
Step size associated with f-player in Algorithms 3 and 4

Space of all left-stochastic (m + 1) x (m + 1) matrices (M € M)

Maximum margin by which the proxy-constraints can be satisfied in Theorems 1 and 2

Strong convexity parameter of £y, l1,...,0,, in Theorem 2
Lipschitz constant of ¢4, . .., {,, in Theorem 2
o Upper bound on by — ag, where range(£y) = [ao, bo]
Upper bound on b; — a; for all ¢ € [m], where range(¢;) = [a;, b;]
B; Upper bound on |£(x; 8)| for all ¢ € {£g, 01, ..., 0}
Bx Upper bound on the 2-norms of subgradients of Lowrt. 0
Ba Upper bound on the co-norms of gradients of Ly wrt. A

T
T
Ty
TIx
"o
M A left-stochastic (m + 1) x (m + 1) matrix
M
Y
W
L
By
By
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Algorithm 3 “Practical” algorithm for optimizing the empirical proxy-Lagrangian game (Definition 1). This is essentially
Algorithm 2 of Cotter et al. (2019), differing only in that it is applied to the two-dataset formulation of Definition 1.

PracticalTwoDataset ( £, £y : © x A™ R, T € N, ng,nx € R+):

1 Initialize (1) = 0 /I Assumes 0 € ©
2 Initialize M) € RO"+1D)X(m+1) with M, ; =1/ (m + 1)

3 Fort € [T]:

4 Let \(®) = fix M(®) /1 fixed point of M), i.e. a stationary distribution
5 Let Aét) be a stochastic subgradient of £y (6, AD) wrt. 0

6 Let AYY) be a stochastic gradient of £y (6), \()) w.r.t. A

7 Update 91 = I (9<t> - ngAg“)

8 Update M+ = M®) © _exp (mAg\t) ()\(t))T) I AXT is an outer product; ® and . exp are element-wise
9 Project Mfiﬂ) — M:(;Jrl)/ HM:(;H) Hl fori € [m+1] /I Column-wise projection w.r.t. KL divergence

10 Return 0, ... 0(T) and XV, ... A(T)

Algorithm 4 “Practical” algorithm for optimizing a variant of the standard Lagrangian game, modified to support proxy
constraints and two datasets. Here, instead of using the proxy-Lagrangian formulation of Definition 1, we take Ly :=

@ﬂwmVdm@+§X;M@@£ﬂmﬂﬁw:Em&mﬂ%@£f+Z£VWHmemmAeA:RﬂCmmmw
to Algorithm 3, this algorithm is further from those for which we can prove theoretical results (Algorithms 1 and 2), but is

much closer to the Lagrangian-based approach of Agarwal et al. (2018). We include it to demonstrate that our two-dataset
proposal works as a heuristic.

LagrangianTwoDataset Lo, Ly:0 x RT — R, T € N,mg,mx € R+):

1 Initialize V) = 0, A() =0 /I Assumes 0 € ©
2 Fort € [T):

3 Let A" be a stochastic subgradient of £, (6), \() w.r.t. 0

4 Let AY") be a stochastic gradient of £ (6, \()) w.r.t. A

5 Update (1) = TIg () — ngﬁét)) /I Projected SGD updates (w.r.t. the Euclidean norm) ...
6 Update A(HD) =TT, (A® + mA&”) I...
7

Return 6V, ... 0T and XV ... A(T)

A. Glossary

(External) Regret: Suppose we have a sequence of losses ¢; : © — R that we wish to minimize, and an algorithm that
produces a sequence 81, ... #(T) € ©. We can measure the performance of this algorithm via its external regret:

T T
R=320(00) - i 3ot @)

External regret is the difference between the total loss of the sequence generated by the algorithm, and that of the best
element of ©, chosen with the benefit of hindsight.

Swap Regret: To define swap regret, we must adjust the above setting slightly. In particular, we will assume that at each
step we may select from a finite number of choices—we’ll call this number m—and define each ¢; € R™ as a vector for
which its ¢th element is the loss associated with the ith choice. The algorithm we are evaluating will be assumed to produce

a sequence of probability vectors p(*), ... p(T) € Am~1 C R, for which the external regret would be:
T
R=3"(p". )~ min 0
; AR t=1 )
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Unlike external regret, which compares to the best constant strategy, swap regret compares to a strategy that varies in a
particular way: we can retroactively decide that the probability mass that the p(*) sequence assigned to the ith element
should instead be assigned to the ¢’th, and the jth to the j'th, and so on. Mathematically, swap regret can be defined as:

= (00 i 3 ()
t=1

t=1
here, M C R™*™ is the space of left-stochastic matrices.

Pure Equilibrium: Consider a two-player game with payoff functions Ly : © x A - Rand £, : © x A — R. We’ll adopt
the convention that the first player wishes to choose # to minimize Ly, while the second wishes to choose A to maximize
L. If Ly = L, then the game is said to be zero-sum. Otherwise, it is non-zero-sum. In either case, a pure equilibrium is
a pair 6%, \* € © x A satisfying some properties (depending on the type of equilibrium). For example, for a pure Nash
equilibrium, both players suffer no external regret:

the above holding for all § € © and A € A. In words, the 6-player cannot improve upon 6*, and the A-player cannot improve
upon \*.

Mixed Equilibrium: A mixed equilibrium differs from a pure equilibrium in that, instead of being a pair of elements taken
from © x A, it is defined either as a joint distribution P supported on © x A, or—when possible—as a pair of marginal
distributions Py and P, supported on © and A, respectively (with P := Py x P)). For example, a mixed Nash equilibrium
is a pair of marginal distributions for which both players suffer no external regret:

Egxnpy aenpy [Lo (07, A°)] <Exsnp, [Lo (6,17)]
Egxnpy aenpy [Lo (07, N°)] >Bo-wp, [Lo (07, )]

the above holding, as before, for all § € © and A € A.

Coarse Correlated Equilibrium: A coarse correlated equilibrium is a joint distribution P for which both players suffer
no external regret:

Eg« a-p [Lo ( )

Lo (07, X")] <Eg= x=~p [Lo (0, \)]
Eg= x=~p [Lo (07, A7)

<E
>Ep« aenp [Lo (07, N)]

the above holding, once again, for all # € © and A € A. A coarse correlated equilibrium is weaker than a mixed Nash
equilibrium: the former is a joint distribution P supported on © x A, while the latter can be decomposed as the product of
two marginal distributions (P := Py X Py).

In Theorems 1 and 2, the relevant type of mixed equilibrium—which does not have an established name Y—is slightly
stronger than a coarse correlated equilibrium, but is still easier to find than a mixed Nash equilibrium: it is a joint distribution
P for which the -player suffers no external regret, while the A-player suffers no swap regret. For further details, see
Theorem 3 in Appendix E, or Theorem 8 of Cotter et al. (2019).

B. Examples of Constraints

In this appendix, we’ll provide some examples of constrained optimization problems in the form of Equation 1.

B.1. Neyman-Pearson

The first example we’ll consider is Neyman-Pearson classification (Davenport et al., 2010; Gasso et al., 2011). Imagine that
we wish to learn a classification function f : X x ©® — R parameterized by €, with the goal being to minimize the false

TWe sometimes call it a semi-coarse correlated equilibrium, since a correlated equilibrium is a joint distribution for which all players
suffer no swap regret.
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positive rate, subject to the constraint that the false negative rate be at most 10%:
migir(r)lize Evyly=—1 [1{f (z;0) > 0}]
ce

5.t Egyyet [1{f (2;0) <0}] < 0.1

One way to convert this problem into the form of Equation 1 is to define D and D_ as the marginal distributions over xs
for which y = +1 and y = —1 (respectively), and take D := D, x D_ so that D is a distribution over pairs of feature
vectors, the first having a positive label, and the second a negative label. Defining ¢ (z4,2_;0) := 1 {f (z_) > 0} and
O (xy,x—;0) :=1{f (z4+) < 0} — 0.1 puts the original Neyman-Pearson problem in the form of Equation 1.

In practice, the fact that ¢y and ¢; are defined in terms of indicator functions, and are therefore discontinuous, will be prob-
lematic. To fix this, using the formulation of Definition 1, one could instead define ¢y (x4, z_;6) :== max{0,1+ f (z_)}
as a hinge upper bound on the false positive rate, and leave /1 as-is while defining the corresponding proxy-constraint to be
O (xy,x_;0) :=max{0,1— f(x4)}.

B.2. Equal Opportunity

The second example we’ll consider is a fairness-constrained problem. As before, we’ll take f : X x © — R to be a
classification function, but we’ll imagine that each z € X’ contains a feature x, € {1, 2, 3} indicating to which of three
protected classes the corresponding example belongs. We will seek to minimize the overall error rate, subject to the
constraint that, for each of the three protected classes, the false negative rate is at most 110% of the false negative rate across
all three classes (this is essentially an equal opportunity constraint (Hardt et al., 2016)):

mireliergize Eoy (1 {yf (z;6) < 0}]

Vies{.lt,.Z,S} Ex,y\y:l/\mk:i [1 {f (l‘; 9) < OH < 1.1- Ex,y\y:l [1 {f (SU; 9) < O}]

While we could use the same approach as in the Neyman-Pearson example, i.e. taking marginals and crossing them to define
a data distribution over tuples of examples, we’ll instead take D to be the data distribution over X’ x {41} pairs, and use the
indicator feature z;, to define:

lo (z,y;0) :=1{yf (x;0) < 0}
Ay lAm =1 @) <0} 1{y=11{/ (20 <0}
bil,y:0) = Pr{y=1Azy =i|z,y ~D} -k Pr{y=1|z,y~ D}

forall i € {1,2, 3}, where we assume that the probabilities in the denominators of the ratios defining ¢; are constants known
a priori.

As in the Neyman-Pearson example, in practice the indicators in the objective function could be replaced with differentiable
upper bounds, and a differentiable proxy-constraint ¢; could be introduced for each ¢;.

C. Shrinking

Cotter et al. (2019) introduced a procedure for “shrinking” the support size of a §. When adapted to our setting, the first step
is to evaluate the objective and constraints for every iterate (in practice, this is overkill; one should subsample the iterates):

- (t) 1
o gy 32 fol=0")

e S(trn)

7 (t) 1
gy 22, 0 (0)

IES(VM)

Next, we optimize a linear program (LP) that seeks a distribution p over © that minimizes the objective while violating no
constraint by more than e:
min <p7 €B> s.t. | <p,€;> <e
i

peAT-1CRT i€[m
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Linear Models
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Figure 1. Results of the experiment of Appendix D, using Algorithm 3 on a linear model. The left-hand plot demonstrates both that
overfitting increases as o decreases, as expected, and that our model performs worse than the baseline, in terms of accuracy. In the
right-hand plot, however, we can see that our approach generalizes better on the constraints (the two red curves are closer together than the
two blue ones), and also does a better job of satisfying the constraints on the testing set (the solid red curve is below the solid blue one).

Notice that the p € A1 condition adds several implicit simplex constraints to this LP. The key to this procedure is that, as
Cotter et al. (2019) show, every vertex p of this linear program has at most m + 1 nonzero elements, where m is the number
of constraints.

In particular, if € is chosen to be the maximum validation constraint violation of the “original” stochastic classifier 6, then
an optimal vertex p* will have a training objective function value and maximum validation constraint violation that are no
larger than those of 6, and p* will be supported on only m + 1 #()s. Furthermore, since the resulting stochastic classifier is
still supported on a subset of O, the generalization definitions of Section 3.1 apply to it just as well as they did to 6.

While it would be possible to provide optimality and feasibility guarantees for the result of this “shrinking” procedure, we
will only use it in our experiments (Section 5). There, instead of taking the LP’s € parameter to be the maximum validation
constraint violation of @, we follow Cotter et al. (2019)’s suggestion to use an outer bisection search to find the smallest
€ > 0 for which the LP is feasible.

D. Simulated-data Experiments

These experiments are performed on a simulated binary classification problem designed to be especially prone to overfitting,
and is intended to explore the relationship between generalization and model complexity in the context of our proposed
approach.

To generate the dataset, we first draw n = 1000 points 21, ..., z, from two overlapping Gaussians in R?, and another
n points wy,...,w, from the same distribution. For each i, we let the classification label y; indicate which of the
two Gaussians z; was drawn from, and generate a feature vector x; € X := R" such that the jth feature satisfies
zi; = exp(— ||z — w;||* /202). Our results are averaged over ten runs, with different random splits of the data into
equally-sized training, validation and testing datasets.

The classification task is learn a classifier on X that determines which of the two Gaussian distributions generated the
example, with the model’s recall constrained to be at least 97%. The o parameter partly controls the amount of overfitting:
as 0 — 0, a linear classifier on X" approaches a 1-nearest neighbor classifier over wy, . .., w,, which one would expect to
overfit badly.

We trained four sets of models using Algorithm 3: linear, and one-hidden-layer neural networks with 5, 10 and 100 hidden
ReLU units. We also varied o between 0 and 1. Figures 1 and 2 show that our approach consistently comes closer to
satisfying the constraints on the testing set—and the training and testing constraint violations are much closer fo each other
for our approach than for the baseline—but that, as one would expect, this comes at a slight cost in testing accuracy. In light
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Figure 2. Same as Figure 1, but for one-hidden-layer neural networks with 5, 10 and 100 hidden units. The results follow the same general
trend as those of Figure 1, but, just as one would expect, the benefits of our proposed two-dataset approach become more pronounced as
the model complexity increases.
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of the fact that our theoretical results (Section 4) bound constraint generalization independently of model complexity, it’s
unsurprising that our approach is most advantageous for the most complex models (100-hidden unit), and less so for the
simplest (linear).

E. Proofs

‘We’ll begin by reproducing a definition from Cotter et al. (2019), which introduced the idea of the in-expectation proxy-
Lagrangian game:

Definition 4. (Definition 2 of Cotter et al. (2019)) Given proxy loss functions {; (z;0) > £; (z;0) forall x € X and
i € [m], the proxy-Lagrangians Ly, Ly : © X A — R of Equation 1 are:

Lo (0,\) =Epnp [)\160 (€:0) + Y Nigali (3 9)]

i=1

Ly (0,)) :=Epp [i Nig1li (3 9)]

i=1
where A := A™ C RTH is the m-probability-simplex.

This definition differs from Definition 1 (in Section 3) in that the former is the in-expectation version of the latter, which
additionally is written in terms of separate i.i.d. training and validation sets.

Theorem 2 of Cotter et al. (2019) characterizes the optimality and feasibility properties of a particular type of ®-correlated
equilibrium of Definition 4. We adapt it to our setting, giving the analogous result for such an equilibrium of Definition 1:
Theorem 3. Define M as the set of all left-stochastic (m + 1) x (m + 1) matrices, A := A™ C RT+1 as the m-probability-
simplex, and assume that each ; upper bounds the corresponding (;. Let 0V, ... 0T € © and XV, ... \T) € A be
sequences satisfying:

1 X ' 1 I )
T T
Mn}%fzﬁk (g(t) M*/\(t)) . S 4, (g(t)y/\(t)> <

1

~
I

Define 6 := {9(1)7 .0 } Let O be a random variable taking values from 6, defined such that @ = 0) with probability
)\gt)/ ZZ:1 )\gs)) and let \ 1= (Zle /\(t)> /T. Then 0 is nearly-optimal in expectation:

Eé,zwD [g() (LC, 0_)] < inf~ E:vND [f() ({E; 9*)} (9)
0% €O:Vi.Exnp [l (2:07)] <O

= (eo +ex + 260 (0) + G0 (6))
Y

and nearly-feasible:
max Eg,p [ (2:0)] < = 4+ GOD(0) (10)
1€[m] A1
Additionally, if there exists a §' € © that satisfies all of the constraints with margin 7y (i.e. Exp [¢; (2;6")] < — for all
i € [m]), then:
v —eg — ex — 2GIM (@) — G (O)
v+ Bfo

where By, > supgeg Exnp [Co (2;6)] — infoco Exp [lo (x;0)] is a bound on the range of the objective loss.

A >

(1)

Proof. This proof closely follows those of Theorem 4 and Lemma 7 in Cotter et al. (2019)—the only addition is that, in
this proof, we use the empirical proxy-Lagrangian formulation with separate training and validation datasets (Definition 1),
instead of the in-expectation proxy-Lagrangian (Definition 4), and therefore need to account for generalization.
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Optimality: If we choose M™ to be the matrix with its first row being all-one, and all other rows being all-zero, then
Ly (6, M*X) = 0, which shows that the first term in the LHS of the second line of Equation 8 is nonnegative. Hence:

—E¢pry [ﬁA (9“),)\(”)} < e
so by the definitions of L x (Definition 1) and G(va) (6 ( ) (Definition 2), and the facts that 0; > 0; and XV € A™:

ikﬁfﬁﬁ( "“))] —ex = GM(0)
=1

Notice that Ly is linear in A, so the first line of Equation 8, combined with the definition of G/(t™) (©), becomes:

Einir),a~D

0*€O

m m
EtnT.on [Ag% (2:0) + > A (x;ﬁ(t))] ~ inf Eyup [A lo (2367) + > Nl (33;9*)1
i=1 i=1
<ep +2G"™)(©)
Combining the above two results:
Evnfryonn | Mo (2:60)] = inf E,op [5\150 (2:0) + 3 Al (2 6*)1 (12)
i=1
<ep + ex + 2G™(0) + G (6)
Choose 6* to be the optimal solution that satisfies the proxy constraints, so that E,.p Vi (z; 0*)} < Oforalli € [m]. Then:
Einir)onp P\gt)éo (l“; 9“))} — Epup [Milo (2507)] < €9+ ex +2G™(0) + G (0)

which is the optimality claim.

Feasibility: We’ll begin by simplifying our notation: define g (¢) := 0 and g; 1 (0) := E, _gwan [¢; (23 0)] for i € [m], so
that £ (0, A) = (A, g. (€)). Consider the first term in the LHS of the second line of Equation 8:

max E; 7 {ﬁ,\( oM M*)\(t))] = max Ey p KM*)\(t)’g: (9(t)>>}

M*eM M*eM
m+1m-+1
_ ()
= max Ergry | 30 Y MjAg, (6
i=1 j=1
m—+1 m—+1

— maxm Z Et~ (T [ Js 1/\§t 9i (H(t))}

=1

m—+1

=2 By W0 (0))

where we used the fact that, since M™* is left-stochastic, each of its columns is a (m + 1)-dimensional multinoulli distribution.
For the second term in the LHS of the second line of Equation 8, we can use the fact that g; () = 0:

Einm [Tg )\Z(-t)gi (H(t))] Z ]emn?fl] Eroir) {)\ (e(f)):|

Plugging these two results into the second line of Equation 8, the two sums collapse, leaving:

&, Eemr) [/\§ gi (a(t))} = e
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Substituting the definitions of g; and G(vab) (é)) (since the g;s are defined on S (Val), but we want our result to hold on D)
then yields the feasibility claim.

Bound on )\;: Choosing §* = @’ in Equation 12 (recall that #’ satisfies all of the proxy constraints with margin ) and
substituting the definition of By,:
co + €x + 2GU™)(©) + GO () >E, 7y [Aﬁ% (1:; 9<t>) A0 (2 9')} + (1= M)y
> — A\ By, + (1 - 5\1) vy
Solving for \; yields the claim. O

Before moving on to the convergence and generalization properties of our actual algorithms, we need to state some (fairly
standard) elementary results:

Definition 5. We say that C,, C R™! is a radius-r external covering of A := A™ C R:_”H w.r.t. the 1-norm if for every
X € A there exists a \ € C,. for which H)\ — S\H < r. Notice that we do not require C,. to be a subset of A—this is why it’s
1

an external covering.

Lemma 1. Assuming that r < 1, there exists a radius-r external covering of A :== A™ C RT"'l w.r.t. the 1-norm of size no
larger than (5/r)™.

Proof. Consider the m-dimensional unit ball B:= {;\ eR™: HS\H < 1} w.r.t. the 1-norm (note that we could instead
1

consider only the positive orthant, which would improve the constant in the overall result). There exists a radius-r/2

covering C,, C R™ of B with ‘C’r <(1+4/r)™ < (5/r)™ (Bartlett, 2013).

o={] 1y, |52

Notice that we do not necessarily have that C;. C A™, i.e. this will be an external covering.

Define C,, C R™*1 as:

From any A € A™, we can define A’ € R by dropping the last coordinate of A, and we’ll have that ||X'||; < [|A[l; =1, so
there will exista A € C~T such that ‘
showing that C,. is a radius-r covering of A" w.r.t. the 1-norm. O

A=\ H < r/2, which implies that the corresponding element of C,. is r-far from A,
1

Lemma 2. Let S be an i.i.d. sample from a distribution D supported on X, and O C O the finite set of permitted model
parameters, which defines a a finite function class (© may be a random variable, but must be independent of S). Suppose
that ¢ : X x © — [a,b] with By := b — a. Then:

In (2‘@)’/5)

B
=P\ T

I%‘I 3" 0(2;0) — Eunp [¢ (20)]

zeS

forall 6 € O, with probability at least 1 — § over the sampling of S.

Proof. Allowing O to be a random variable independent of .S, instead of a constant set, doesn’t significantly change the
standard proof (e.g. Srebro, 2016) . By Hoeffding’s inequality:
>el<o < 215 62)
>ep <2exp|—
By

.|

the above holding for any 6 € ©. Since O is independent of .S, we can apply the union bound over all § € 6:

2|S| €2
>ep <2|0|exp (— )
} B

Rearranging terms yields the claimed result. O

ﬁ 3" 0(w:6) — Egnp [€(256)]

zeS

ﬁ 3" 0(230) — Eunp [€(2:0)]

zeS

Pr{aa co.
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E.1. Algorithm 1

Lemma 3. If we take 1y := \/(m + 1)In(m + 1) /TB2, then the result of Algorithm 1 satisfies the conditions of
Theorem 3 with:

€g =p + 2TBE

Q:QBA\/WHM;(mH)

where By > |{ (x,0)| for all ¢ € {Eo,gl, ... ,gm}, and BA > maxy¢r) HAg\t) H is a bound on the gradients.
oo

<
1

Proof. Since C,. is a radius-r external covering of A := A™ C RTH w.r.t. the 1-norm, we must have that HS\(” —2®
r, which implies by Definition 1 that:
£ (030 = £ (0.00) | <15,
the above holding for all # € ©, and all ¢. In particular, this implies that:
Lo (H(t), /\(t)> <Ly (O(t),jx(t)) +rB;

<‘fA(*~(t)> B;
_gl*réeﬁg 0, A +p+rB;

< inf £ (0* /\<f>) 29 B;
al*ré(_)ﬁg ; +p+2rB;

Therefore:
T

1<, ) o
T;LQ (Q(t),/\(t)> szegéf@ce (9 7/\(1&)) +p+2rBZ

T
1 ~
< inf — (* (t)) 2% B
_91%@ ;2159 0, A +p+2rB;

so the first condition of Theorem 3 is satisfied with the claimed ¢g.

The second condition, on €y, follows immediately from Lemma 8 of Appendix C.1 of Cotter et al. (2019), taking m =
m+ 1. O

Lemma 4. [f we take 6 := {9(1), . ,G(T)} as in Theorem 3, where 0 ... 0T) are the result of Algorithm 1, then with
probability 1 — § over the sampling of S(val)..

In (2m |Cy| /)

(val) (A
G (@) < By 9 ‘S(val)’

where By > max;c(y,) (b; — a;) assuming that the range of each (; is the interval |a;, b;).
Proof. Since each 0 is uniquely associated with a 2D ¢ C,. (Definition 3), we will have that 6 C Oc¢,., where:

60, = {0, (£, (-1)) A e}

Because the oracle call defining O ¢, depends only on Ly, which itself depends only on S we can apply Lemma 2 to
Oc,, yielding that, for each ¢ € [m], the following holds with probability § /m for all § € O, :

In(2m|O¢,.|/9)
2 |S(Val)|

L ST 4 (50) — Eeen [l (1:0)]| < B,

The claimed result on G (8) then follows from the union bound and the facts that ©® C O¢, and |O¢ | = |C,|. O
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Theorem 1. Given any € > 0, there exists a covering C,. such that, if we take T > 4B% (m + 1)In(m + 1) /e? and
= +/(m+1)In(m+ 1) /TBZ, where Bx > max;e(r] ‘
where © := {9(1), ceey G(T)} is the set of results of Algorithm 1.

A(;) H is a bound on the gradients, then the following hold,
o0

Optimality and Feasibility: Let 0 be a random variable taking values from 6, defined such that 6 = 6) with probability
)\gt)/ Zle )\gs), and let \ := (Zle /\(t)> /T. Then 0 is nearly-optimal in expectation.:

_ 1 . .
s [0 (150)] < Eavm [l (230°)] + = (-4 26 4200 (0) + G0(@)) @
1
where 0* minimizes E,..p [lo (x;-)] subject to the proxy-constraints E,.p [l@ (z; 9*)} < 0. It is also nearly-feasible:
max E , p [ (:0)] < /_\i + G () @)

1€[m] 1

Additionally, if there exists a 8’ € O that satisfies all of the constraints with margin «y (i.e. Exp [¢; (2;6")] < — for all
i € [m]), then:
1

¥+ By,
where By, > supgcg Eznp [lo (2;0)] — infoco Exp [€o (2;0)] is a bound on the range of the objective loss.

A

Y

(v p—2e 260 (@) - 6+(6)) )

Generalization: With probability 1 — § over the sampling of SV :

G () < Bg\/

mIn (10B;/€) + In (2m/§)
9 ‘S(Val)’

(6)

where By > |€(z,0)| for all £ € {Eo, 0, ... ,Em}, and By > max;c[y) (b; — a;) assuming that the range of each {; is the

interval [a;, b;].

Proof. The particular values we choose for 7" and 7, come from Lemma 3, taking r = €/2B;, g = p+ 2rB; = p + ¢, and
ex = €. The optimality and feasibility results then follow from Theorem 3.

For the bound on G(vaD (@), notice that by Lemma 1, there exists a radius-r covering C,. w.r.t. the 1-norm with |C,.| <
(5/r)™ = (10B;/ e)m. Substituting this, and the definition of 7, into the bound of Lemma 4 yields the claimed bound. [J
E.2. Algorithm 2

Lemma 5. Suppose that © is compact and convex, and that { (x; ) is u-strongly convex in 0 for all { € {EO, 0, ... ,Zm}
If we take 1y := \/(m + 1) In (m + 1) /T\ B2, then the result of Algorithm 2 satisfies the conditions of Theorem 3 with:

BQA (1 + In Tg)
2/LT9

. ZQBA\/(m—f—l);i(m—&-l)

€p =

where Bx 2> maXg sc [Ty x[Th] ’Aét’s) H is a bound on the subgradients, and BA > maxe(r,] Ag\t) H is a bound on the
2 00

gradients.

Proof. By Lemma 1 of Shalev-Shwartz et al. (2011), the fact that Lg (6, \) is p-strongly convex in 6 (because £ (z; ) is
u-strongly convex in 6 for £ € {Ko, 0, ... ,Em}, and A € A := A™ C RT“), and Jensen’s inequality:

BQA (1 + IHTQ)

T (13)

£ (00,00 358 (10900) < iy £ (r00)
s=1
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the above holding for all ¢. Therefore:

T
1 ~ (1 +In Tg)
L <9(t)7 A(t)) < Ll Ny (9* ,\(t)) AV T
T ; 0 mln Z 0 2uT9
so the first condition of Theorem 3 is satisfied with the claimed ¢g.

As in the proof of Lemma 3, the second condition, on €y, follows immediately from Lemma 8 of Appendix C.1 of Cotter
et al. (2019), taking m = m + 1. O

Lemma 6. In addition to the conditions of Lemma 5, suppose that { (z;0) is L-Lipschitz continuous in 0 for all { €
{1,...,Lm}. If we take © = {9(1), e ,G(T)} as in Theorem 3, where 0V ... 0T) are the result of Algorithm 2, then
with probability 1 — § over the sampling of SV :

2 |S(V€L1)‘

where B; > |0 (x,0)| for all { € {50,61, il } By > maxepy, (bi — a;) assuming that the range of each (; is the

interval [a;, b;), and C, is a radius-r covering of A :== A™ C RT_C'H w.r.t. the 1-norm.

Proof. Define A = argming H/\(t) — :\H for all t. Since C,. is a radius-r covering of A := A™ w.r.t. the 1-norm, we

must have that Hj\(t) —\® H < r, which implies by Definition 1 that:
1
20 (1.30) = £2 (0.09) | <15,

the above holding for all # € ©, and all ¢. Take #(**) := argming. c g Lo (0*, )\(t)) and (%) = argming. .o Lo (5*, S\(t)).
Then, by the above result and the triangle inequality:
20 (09,30 - 2, (509, 30) | <05,

60 (010,30) - £ (39,50 <2r5,
so by the fact that Ly (6, A) is p-strongly convex in 6 for all A:

< 4TBZ

2 I

Ho(t*) _ gt

Again by strong convexity, but applied to Equation 13 in the proof of Lemma 5:

B2 (1+1InTy)
2 n2Ty

2
o [aBr B2 (1+1nTy)
2 jz 2Ty
and by L-Lipschitz continuity:
_ 4rB; B2 (14 1nTy)
..(t)_,.<t*>‘< 7 A
Z(m,@ ) &(x,@ )_L N . +1/ e (14)

the above holding for all ¢, and all i € [m)].

Hg(t) _ gt

so by the triangle inequality:

H@(t) _ gt
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Define © := {5(1*), e ,é(T*)}. Observe that since 6(**) is uniquely associated with a A e C,, we will have that

2) C O¢,, where:
Oc¢, = { argmin Lo <§*,5\> e C,
6 €O

Because the argmins defining © ¢, depend only on Ly, which itself depends only on S we can apply Lemma 2 to Oc¢,.,
yielding that, for each ¢ € [m], the following holds with probability § /m for any 6 € O, :

In(2m B¢, | /9)

Z Ui (2;6) — Eznp [4i (2:0)]| < By 2’5(%11)‘

‘S(Val)’ et

By the union bound, we could instead take the above to hold uniformly for all i € [m] with probability 1 — ¢. Substituting
Equation 14 and using the facts that © C O¢, and |O¢, | = |C,| yields the claimed result. O

Theorem 2. Suppose that © is compact and convex, and that {(x;0) is p-strongly convex in 6 for all { €
{Eo,él, . ,Zm}. Given any € > 0, if we take Ty > (B3 /ue)In (B% /ue), Tx > 4B} (m+1)In(m +1) /e* and

= +/(m+1)In(m+ 1) /T\BZ, where Ba is as in Theorem 1 and Bx > maXg 1e(7,]x[T]

‘Aét’s) H2 is a bound on
the subgradients, then the following hold, where 6 := {0(1)7 . ,H(T*)} is the set of results of Algorithm 1.

Optimality and Feasibility: Let 0 be a random variable taking values from 6, defined such that 0 = 0 with probability
gt)/ Zle /\ﬁs), and let \ 1= (Zle /\(t)) /T. Then 0 is nearly-optimal in expectation:

Eg.oup [fo (2:8)] < Epup [ (2:67)] + % (26 26 (0) + G<Va1>(é))
1

where 0* minimizes E.~.p [(o (; )| subject to the proxy-constraints E,.p [[71 (z; 9*)} < 0. It is also nearly-feasible:
max E9 x~D [fi (JU; é)] < i + G(val)(é)
i€[m] A

Additionally, if there exists a 0’ € © that satisfies all of the constraints with margin ~y (i.e. Ep.p [(; (x;0")] < —v for all
€ [m]), then:

_ 1 ~ N
Y (72— 260 (0) - G0(8))
> 5 (0 (6) - G (6)
where By, is as in Theorem 1.
Generalization: If, in addition to the above requirements, { (x;0) is L-Lipschitz continuous in 0 for all € € {{1,...,{y},

then with probability 1 — § over the sampling of g(val).

(7

A 2 160L2B; |S(val) In (2
G (0) < B, |S(:l)|max{171n <M>} B n(2m/9)

muB? 2] 5an]
where By and By are as in Theorem 1.

Proof. The particular values we choose for Ty, T and 1) come from Lemma 5, taking ¢y = €) = €. The optimality and
feasibility results then follow from Theorem 3.

For the bound on GV (é), notice that by Lemma 1, there exists a radius-r external covering C,. w.r.t. the 1-norm with
|C\-] <max{1,(5/r)™}. Substituting into the bound of Lemma 6:

GO (6) <2I arBg 2LBA\/m mmax {0,1n (5/7)} + In (2m/6)
H 2’5 val)|

<9I 4TBZ—|—B mmax {0,In (5/r)} ZLBA 1+lnT9 In (2m/9)
17 2 ‘S(val)| 2 |S val)
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Taking r := (mpB}) / (32L?B; |S™]):

A 1,In(5/r)}  2LBx [1+1InTy In (2m/9)
GO (&) <2, | T AL, = By, [\ 29)
( ) ¢ 2 ‘S(Val)‘ + " Ty R 2 ‘S(val)’

2m 160L2B; |S(val|
<By W max {1, In (mﬂB}

In (2m/9d) N 2LBx [1+1InTy
2 |Stva| I Ty

+ B,

Substituting the definition of T} then yields the claimed result. [

F. One-dataset Lagrangian Baseline Approach

In this appendix, we’ll analyze the most natural theoretical baseline for our proposed approach, namely using a single
training dataset, and optimizing the empirical Lagrangian:

L6, = |5(t1m>| > (EO(x;H)—i-;/\i&(x;@)) (15)

zEeg(trn)

This is essentially a minor extension of the approach proposed by Agarwal et al. (2018)—who proposed using the
Lagrangian formulation in the particular case of fair classification—to the slightly more general setting of inequality
constrained optimization.

Theorem 1 of Cotter et al. (2019) characterizes the optimality and feasibility properties of Nash equilibria of the in-
expectation Lagrangian (Equation 2). The analogous result for the empirical Lagrangian of Equation 15 is given in the
following theorem:

Theorem 4. Define A = {\ € R : ||A|; < R}, let 0; »= {; for all i € [m], and consider the empirical Lagrangian of
Equation 15. Let 6 ... 0T) € ©@ and XV ..., \T) € A be sequences satisfying:

T T
pa g oL (000) = jut, 2 3L (07 00) < 0)

Define 0 as a random variable for which 6 = 0 with probability 1/T, and let \ = (Zthl /\(t)> JT. Then 0 is
nearly-optimal in expectation:

Eg . l :0)] < inf E.up [0 - 9* QG(trn) o)
0,2~D [ 0 (5177 )] - Q*EG:VZ'.E,TH}J[&;(I;Q*)]SO P [ 0 (37, )] et ( )

and nearly-feasible:
_ . N € ~(trn)
{2% Egoup [Gi (2:0)] < TR H;\Hl + G ()

Additionally, if there exists a 8’ € © that satisfies all of the constraints with margin 7y (i.e. Exp [¢; (2;6")] < —v for all
i € [m]), then:
€+ Bgo

v — G (0)

assuming that v > G (@), where By, > supyee Exnp [lo (x;0)] — infgee Exnp [lo (2;0)] is a bound on the range of
the objective loss.

1ALl <

Proof. The empirical Lagrangian is nothing but the in-expectation Lagrangian over the finite training sample .S (trn) 50 by
Theorem 1 of Cotter et al. (2019), 6 is nearly-optimal in expectation:

E; .. trn) |4 ,é < inf EN trn) £ ;9*
Q,LNs( ) [ 0 (w )} - Q*GGIVi»EZN;(Itlrn) [27(19*)]§0 xS (trn) [ 0 (:L‘ )] +e
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and nearly-feasible:
max Eg [0 (230)] < —
2o (trn) £ X S ——————
iclm] 08 ' R— ||\l
Since 0’ satisfies the constraints with margin -y in expectation, it will satisfy them with margin ~ — G(trm) (©) on the training
dataset, so the same theorem gives the claimed upper-bound H)\Hl < (e+ By,) /(v — G (©)) when v > G (@),

Notice that the above expectations are taken over the finite training sample S (trn) ' rather than the data distribution D. To fix
this, we need only define £; = /;, and appeal to the definition of G(*™) (©) (Definition 2), yielding the claimed results. []

Here, R is the maximum allowed 1-norm of the vector of Lagrange multipliers (such a bound is necessary for Cotter et al.
(2019)’s proof to work out). Notice that we have assumed that 0; := {; for all 5. This is purely for notational reasons (the
Lagrangian does not involve proxy constraints at all)—it allows us to re-use the definition of G(trn) (©) (Definition 2) in the
above Theorem, and causes y to have the same definition here, as it did in Theorems 1 and 2.



