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ABSTRACT

Recent work has documented instances of unfairness in deployed
machine learning models, and significant researcher effort has been
dedicated to creating algorithms that intrinsically consider fairness.
In this work, we highlight another source of unfairness: market
forces that drive differential investment in the data pipeline for dif-
fering groups. We develop a high-level model to study this question.
First, we show that our model predicts unfairness in a monopoly
setting. Then, we show that under all but the most extreme mod-
els, competition does not eliminate this tendency, and may even
exacerbate it. Finally, we consider two avenues for regulating a
machine-learning driven monopolist - relative error inequality and
absolute error-bounds - and quantify the price of fairness (and who
pays it). These models imply that mitigating fairness concerns may
require policy-driven solutions, not only technological ones.
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1 INTRODUCTION

As machine learning has become more integrated into products,
markets, and decision-making throughout society, researchers, prac-
titioners, and activists have identified many instances of unfairness
in predictions or decisions made by machine-learned models (or by
humans influenced by said models). A large and developing body
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of work, which we briefly survey in Section 2, has empirically docu-
mented unfairness in practical machine learning settings, identified
many theoretical sources and mechanisms of unfairness, and con-
structed innovative fairness-aware algorithms. Researchers have
developed many innovative technical solutions to these problems,
yet the issue in practice remains far from solved. This paper high-
lights a simple and important point: while technical solutions to
unfairness are certainly important, mitigating unfairness in practice
may require tackling economic incentives promoting unfairness.

Most of the existing literature assumes that a fixed dataset, pos-
sibly biased, arrives in the hands of a data scientist, and solutions
often revolve around clever ways to mitigate this bias. In practice,
however, economic incentives may create disparities well before
the data scientist enters the picture. Consider, for example, the task
of speech recognition: producing accurate models may require a
large amount of data, and data from speakers with accented or
rarer dialects may be more costly to collect. If the market size of a
minority group is small relative to the costs a firm would expend
in developing accurate speech recognition software, it is likely that
the group will be served with lower quality products.

In this paper, we model the unfairness that arises when data-
driven, profit-maximizing firms choose to differentially invest in
data collection across groups, creating unequal error rates. In order
to focus on this specific source of unfairness, we use a simple
framework that elides the many other sources of bias that can seep
into the machine learning pipeline. For instance, we assume that
firms have unlimited budgets to purchase data at a cost from group-
specific data sources of potentially infinite quantity. We also assume
that both firms and users benefit from more accurate models, so
that incentives are aligned. Furthermore, we assume that firms must
build separate models for each group, to avoid unfairness that may
come from fitting to the majority.

In order to construct our models, we borrow from the tools of
learning theory and microeconomics to build simple, stylized mod-
els with crisp predictions of quantifiable unfairness. We assume
each profit-maximizing firm faces a known demand curve as a func-
tion of the worst-case error rates for each group. Standard results
from learning theory allow us to model worst-case error rates as
a function of the amount of data the firm buys. We investigate
three models of demand: linear demand, demand proportional to
error rates, and (approximately) rational demand. For the precise
description of our models and these assumptions, see Section 3.

We show in Section 4 that a profit-maximizing monopolist will
choose to serve minorities (as defined by their market power) with
lower quality models. Assuming linear demand, an oft-used bench-
mark in the economics literature, we quantify the difference in
relative model quality between groups as a function of their market
size, elasticity, and cost of data.
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We then consider two classical remedies to the ills of monop-
olies: competition and regulation. Under two natural models of
competition — multilinear demand (Section 5.1) and proportional
demand (Section 5.2) - introducing competition does not mitigate
inequality, and proportional demand even exacerbates it. Only a
model in which all consumers choose the firm with (even infinitesi-
mally) smaller error until firms reach sufficient accuracy suggests
that competition will mitigate inequality (Section 5.3); to do so,
however, this model assumes a stringent notion of rationality that
may not be reflective of consumer behavior in the real world.

Given that our most plausible models suggest that competition
does improve the situation, we ask whether regulation could be used
to mitigate error inequality by design. In particular, in Section 6
we examine two simple kinds of constraints: a ‘relative equality’
constraint where error rates across groups must be multiplicatively
close to each other, and an ‘absolute equality’ constraint where
error rates across all groups must be sufficiently small, but may
be far apart from each other. We then formally quantify the costs
to profits (and when relevant, to the majority group’s error rate)
as a function of the threshold chosen. Finally, we conclude with
takeaways, limitations, and directions for future work in Section 7.

2 RELATED WORK

Motivation for our work comes from the many documented in-
stances of disparity in learned model performance between groups.
The existing literature has demonstrated troubling disparities in a
number of domains, including incentive-aligned domains (where
both the firms and users receive benefit from more accurate models)
that are the focus of this work. Wilson et al. [34] studies the per-
formance of state-of-the-art object recognition systems, intended
for applications like autonomous vehicles, and find that systems
fail to recognize darker-skinned persons at much higher rates than
lighter ones. Sweeney shows that search engine queries of black-
associated names generated about four times the likelihood of ads
for arrest records [30]. Blodgett and O’Connor show that on both
complicated tasks like parsing and simple tasks like language identi-
fication, texts from speakers of African American English see vastly
higher error rates [8]. Buolamwini and Gebru show that commer-
cial facial recognition software systems misclassify race and gender
among dark-skinned females at orders of magnitude higher rates
than light-skinned males [9]. Mehrotra et al. [26] and Ekstrand et
al. [13] identify differing satisfaction levels by age and gender in
recommendation systems. The list goes on.

Researchers have engaged in many empirical and theoretical in-
vestigations to understand why these instances of unfairness occur,
with the hope of developing solutions to mitigate them. Much of
this work focuses on the learning algorithm itself as the source
of unfairness, and attempts to incorporate fairness notions into
the algorithm [21]; see e.g. Verma and Rubin [33] for a survey of
fairness definitions. Training data has also been identified as source
of unfairness; for example, Chen et al. identify sample size differ-
ences as a crucial source of unfairness, and decomposes induced
unfairness into bias, variance, and noise [10]. Various feedback
loops stemming from historical bias have also been identified as
sources of unfairness [14, 15, 24]. There are a few others, including
selection bias [20], using the wrong metric [27], or using a single
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model across multiple underlying data generating processes [22].
However, to the best of our knowledge, market forces in data in-
vestment have seen little attention as a source of unfairness. See
the survey of Cowgill and Tucker [11] for an in-depth survey of
perspectives on the sources of unfairness from computer science
and economics.

Our models are built on insights from two extensive, and his-
torically separate, literatures: the formalization of learning from
data embodied in computational and statistical learning theory,
and models of strategic interactions from the theory of industrial
organization (see e.g. Tirole [31]). From learning theory, we apply
fundamental bounds on sample complexity derived from the Proba-
bly Approximately Correct (PAC) framework (see e.g. Kearns and
Vazirani [23]) to relate firms’ costs to worst-case error rates; from
industrial organization, we modify widely used models of demand
(such as linear demand, multilinear models of imperfect substitutes
[6], the Tullock contest [32], and Bertrand competition [29]) to link
firms’ choices to consumer behavior.

Recently, these two fields have drawn closer, as both computer
scientists and economists have begun to model markets for infor-
mation and data. For example, Aridor et al. [1] and Mansour et
al. [25] consider the exploration-exploitation tradeoffs faced by
firms competing to win users in a bandits setting, while Ben-Porat
and Tennenholtz formalize competition in the prediction space that
can lead to models very different than those produced by empirical
risk minimization algorithms [3, 4]. To the best of our knowledge,
however, this is the first work to apply learning theory and indus-
trial organization to explore differing incentives in the context of
fairness. The work of Dong et al. [12] is the closest in form to ours,
and uses a similar high-level abstraction of learning theory, as well
as a proportional-error split in market share, but primarily explores
questions of market concentration.

3 CONSUMER BEHAVIOR AND LEARNING
THEORY

We begin by describing our framework at a high level. In our models,
firms use data to create a classifier (or other machine learning
model) that is then used to serve consumers. Consumers are split
into non-overlapping groups, and choose a firm based on how
well the firm’s model is performing for their group. Firms receive
revenue based on how many consumers they attract, but must pay
for the amount of the data they buy. The more data, the better their
model. The firms aim to maximize their profits. In the case where
there are multiple firms, the goal of each firm is to maximize their
profit at equilibrium, as other firm’s choices affect the number of
consumers that they get, and hence their choices. Here, the firm’s
only (strategically relevant) choice is how much data to buy.

We start with the monopoly case, where there is only one firm.
The firm chooses a number of data points Mg to buy for each group,
where we write M for the vector of these choices; we write e4(Mg)
for the worst-case error the firm can guarantee for group g, and
assume this error is known to consumers. The groups then respond
by entering the market according to a demand function Dy(ey),
where Dy(ey) represents the proportion of g that uses the firm’s
model. Each group has p  total people, so the firm’s revenue is



The Effects of Competition and Regulation on Error Inequality in Data-Driven Markets

2geG HgDg(eg(Mg)). The firm also pays for the data, represented
by a cost function C(M).

We will discuss our choices for ¢, D, and C in Sections 3.1 and 3.2.
But for now, the firm’s profit is just the revenue the firm makes
minus the cost it spends to acquire that data, leading to the following
optimization problem:

DEFINITION 3.1 (THE MONOPOLIST’S PROBLEM). The firm chooses
M to maximize its profit (M), i.e.

mj&x (M) = mﬁxgezgyng(sg(Mg)) - C(M).

Because we will assume in Section 3.1 that ¢; is a deterministic
function of My, we can also rewrite this optimization problem as

max n(e) = max Z tgDg(eg) — Cle),
g9

where ¢ is the vector of ¢5. We define 7(¢) = 34 igDg(eg) — C(e)
as the total profit the monopolist makes. We will have an ad-
ditively separable cost function in g, ie. C(e) = deg Cy(eg),
which will allow us to also refer to the per-group profit: 74(¢4) =
deg .ung(fg) - cg(€)~

On the other hand, when there are multiple firms ¥, maximizing
profit is not longer just an optimization problem, because each
firm’s optimal choice will depend on its opponent’s choice. So in-
stead, we search for a Nash equilibrium, which is the workhorse
solution concept in classical game theory. Under such a Nash equi-
librium, each firm plays their best response, given all the choices
of the other firms. For a more thorough background, see [17].

Extending our notation, we have the same components as in the
monopolist case, except now we write My; for the number of data
points the ith firm buys for group g, &4; is the error rate of the ith
firm on group g, and Dyi(eg) = Dyi(egi, £g,i) is the demand for
the ith firm from group g, given the vector ¢5 = (¢4;); e of error
rates.

DEFINITION 3.2 (THE COMPETITOR’S PROBLEM). Firms simulta-
neously announce their choices, resulting in a matrix M = (Mgy;) of
data points purchased. Each group in the market responds according
to eg(My).

Then a (pure) equilibrium under profit-maximizing firms is a set
of vectors M} chosen with a best response:

For all i,
M = argmax m;(M;, M ;)
where for any M,
7i(Mi, M=) = lengi(fgi(Mgi), eg.-i(Mg,-i)) — C(M;).

g

We will only consider pure strategy Nash equilibria in this work.
Again, we can write an equivalent definition of the competitor’s
problem in terms of error:

max 7 (g, £2;) = max Z HgDgi(egis ey _;) = Clei),
' ' geG
where ¢} is the vector of error rates given by the associated equi-
librium choice M}. We also use 74i(gi, s;_i) = ugDyi(egi, E;_i) -
Cy(&;) to refer to the profit i makes on group g.
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Note that a firm i only enters a market in the first place if 77;(¢*) >
0. In this work, we do not consider the case when ;(¢*) < 0, as our
goal is to show that even when firms do enter the market for each
group, market forces may still create a disparity between groups.

Finally, in Section 6, we discuss imposing regulation on a monop-
olist to ensure some kind of ‘fairness’ across groups. We consider
two different kinds of constraints a regulator could impose on a
firm. The first is what we refer to as relative error equality, which
roughly corresponds to group fairness in binary classification [5]
Forall g, g’ € G, we require

€9
— < (1+)),
g
for parameter y > 0. On the other hand, we could ask for an absolute
error guarantee, requiring that the error rates for both firms are low,
regardless of how close to each other they are: For all g € G, we
require instead

£g < X.
This roughly corresponds with maximin notions of fairness, e.g. [5,
7, 16].

We investigate what happens when a monopolist satisfies one
of these two constraints. Because error is the relevant quantity
from the regulator’s perspective, and error and data investment are
so tightly linked, we write the regulated monopolist’s problem in
terms of the choice of error:

DEFINITION 3.3 (REGULATED MONOPOLIST’S PROBLEM). The firm
chooses M to maximize its profit w(M) subject to a constraint:

max () = mgaxzyl,ung(eg) —C(¢e) st. fr(e) <0OVreR,

where either R = G X G and fg g/(¢) = eg — (1 + x)eg, orR= G and
fole) = &4 = x.

Just as is the case in binary classification, where different settings
may call for different notions of fairness, which version of fairness
regulator should impose will depend on the context and the ethical
assumptions she maintains.

3.1 Data, Costs, and Learning Theory

A key component to our model is how choices in data investment
drive error rates. We assume that firms build a model to provide
a product to consumers, and that this model is learned from data.
The firms have access to independent and identically distributed
data from fixed data sources that reflect the same distribution that
consumers care about.

In the PAC model of learning [23], there is a class of hypotheses
H, and each hypothesis h € H has an associated risk R(h), typically
representing the error rate of h. For example, in binary classification,
R(h) = Ex,y~plh(x) # y], though our model will be applicable to
other settings as well. With only access to data drawn from D,
rather than D itself, the learner cannot guarantee its risk, but can
achieve high probability upper bounds on its risk. In the agnostic
PAC setting, there is a learning algorithm that upon seeing a sample
of size M, except with probability &, returns a hypothesis h such

that
log(1
R(h) — min R(K) < K [M,
heH M
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where miny/ gy R(h’) is the Bayes error, dpy is the VC dimension
of H, and K is a universal constant. (See [28] for more on PAC
learning, VC dimension, and the various kinds of PAC learning.)

To model the fact that getting appropriate data can have group-
dependent sources and thus costs, we assume data for each group is
drawn separately from distributions Dy. The firms choose Mg, the
number of data points to draw, and will use a learning algorithm
with a PAC guarantee for each data set and give to a consumer of
group g the output of the corresponding hypothesis.

Achieving such bounds would not be useful to the firm unless
consumers make decisions based on these bounds. Here, we assume
that the consumers have no more access than the firms: they do
not have access to the distribution, so they cannot make decisions
based on the true group-level error rates. Given this, we assume
that the consumers use firms’ bound on the excess error R(h) —
miny ¢ R(h'), which we refer to as the worst-case excess error
rate. Of course, in reality, consumer decisions are not necessarily
based on the worst-case error rate. However, given that consumers
often do in practice have to make choices using relatively little
information about firms, and have trouble predicting how well
exactly a firm will treat them, we believe this is a natural place to
start. In particular, bounds on the the excess error rates represent the
minimal amount of information consumers need to make informed
decisions.

Thus, we set
RC

Ta®
My

fgi(Mgi) =

for constants y; > 0 and g > 0. For example, in agnostic PAC
learning, ¢ = 2 and y; = /K(dy +log(1/9)). Note that we are
assuming § is fixed ahead of time, but we allow in general for y4 to
be group-dependent. Agnostic PAC learning is far from the only
type of learning to have this form; the realizable PAC setting, the
multi-class setting, and many regression settings all have this form
[28].

This set-up does ignore the possibility of transfer learning, i.e. us-
ing the data from Dy to help with learning for another group g’. We
avoid this scenario so as to concentrate on the ‘unfairness’ gener-
ated via the market incentives instead of the unfairness generated,
for example, when an assumption about the similarity between Dy
and D fails to hold.

The choice of M, determines not only the worst-case error rates,
but the cost to the firm of generating that data, either by collecting
it in the wild or buying it from another source. As mentioned above,
we permit the costs to be group-dependent. We assume the cost is
additively separable and linear in Mg:

Cgi(Mgi) = ¢gi + cgiMyi and C;(M;) = Z Cgi(Mgi),
geg

for constants @g;, cgi, Where ¢g4; represents the fixed cost of enter-
ing the market.

Since we can rewrite Mg; = (yg/£4i)?, this model is equivalent
to first choosing a worst-case error rate £4; and then paying a cost

)¢
Cyi(egi) = dgi + Tg

gi
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for each group g, where yy is redefined to minimize the number of
constants we employ.

So now
Vg
4
Cgity;
This version is the one we will use for the remainder of the paper.
Note that the cost function is convex, which means that whenever

the demand is concave, so is the profit function.

My; =

3.2 Models of Consumer Choice

The firm’s revenue is driven by how demand for its product reacts
to its choice of worst-case error guarantees. We consider several
models of this demand, each inspired by well-studied models in
microeconomics. While firms are primarily concerned only with ag-
gregate changes in demand, rather than the decisions of individual
consumers, each of our models can be founded on natural models
of individual consumer behavior, and we provide such models in
several cases.

In the monopoly case, we use a simple model of linear demand;
while an idealization, linear demand is often used even in econo-
metric estimation (see e.g. [18]). In the competitive case, there are
a variety of natural demand models, each embedding different as-
sumptions about how consumers choose between firms and how
stringently they react to differing error levels. We study three mod-
els along a spectrum of rationality: a multilinear demand, generaliz-
ing the monopoly case; a parameterized proportional demand; and
an approximately rational demand, where consumers exclusively
use the firm with lowest error (up to some tolerance).

We give the details of these models of demand in each appro-
priate subsection in Sections 4 and 5. Under each model, there are
parameter regimes where firms choose not to invest in data collec-
tion for some groups at all ; while this may reflect some real-world
scenarios, the purpose is of this paper is to highlight economic
incentives that create inequality even aside from such extreme sce-
narios. As such, we will focus on interior optima or equilibria. In
an interior optimum, the monopolist must make positive profit (so
that it enters the market) and choose error rates strictly smaller
than 1 for each group (so that it is investing in data collection for
each group). Similarly, interior equilibria require that profits for
both firms must be positive and each error rate strictly smaller than
1. Our theorems statements will highlight this focus.

4 MONOPOLY

We start with the case where there is one firm in the market and
demand is linear:

DEFINITION 4.1 (LINEAR DEMAND). A linear demand function for
each group g is given by:

Dy(eg) = ag = Pgtqg.
where0 < f < a < 1.

A linear demand curve can arise from a simple model of con-
sumer behavior: suppose utility-maximizing consumers consider
whether or not to use the product, and only use it if it is above some
threshold (equivalent to being better than some ‘outside option’).
If these thresholds are uniformly distributed over some interval,
then demand will be linearly decreasing over an interval. Strictly



The Effects of Competition and Regulation on Error Inequality in Data-Driven Markets

speaking, this is a piecewise linear demand, but this does not greatly
affect optimal behavior of the firm - it merely means that it will
never choose outside the linearly decreasing range unless they
are choosing not to invest in providing quality products at all. For
simplicity of our theorem statements, we will assume that parame-
ters are such that the firm’s achievable errors are a subset of the
linear portion of the demand curve, here 0 < f < a < 1, butin
Appendix A, we generalize to arbitrarily large «, f§ to ensure that
our results still qualitatively hold.
Our main result here is the following:

THEOREM 4.2 (MONOPOLY INEQUALITY). Suppose a monopolist
with learning rate q faces linear demand. Then in any interior opti-
mum, for every pair of groups g and g’, the error inequality is given
by:

* 1
£g B yglﬂgryg q+1
& \ by |

g HgBgyy

Again, we focus on an interior optimum. Three factors affect the
error gap between the minority and the majority: the size of the mi-
nority as a share of the total market; the marginal cost of gathering
data on the minority vs. on the majority; and the elasticities of the
populations with respect to the error. It is also worth noting that
the fundamental nature of the learning problem, via the learning
rate g, affects the magnitude of error inequality.

Theorem 4.2 is a consequence of the following lemma:

LEMMA 4.3. Suppose a monopolist with learning rate q faces lin-
ear demand. Then in any interior optimum, error levels set by the
monopolist are given by:

Bl
q+1
e = (—qyg ) .
HgBg
ProoF. Recall that

Yy
() = Z g (g — Bgeg) — Z (¢>9 + E—q) :
9eG 9€6 g
Now, we notice that this profit function is separable into the sum

of profits from each market. Differentiating with respect to ¢4 sep-
arately and setting to zero,we arrive at the first-order conditions:

or qYg

o= = pgby+ 5 =

859 g;I+1

1
Solving this equation yields S; = (ﬂqyﬁg )qﬂ. This is indeed a
gPg

maximum because profit is concave, so the only alternative is an
exterior optimum. ml

Notice that if, for all g, 774 (8;) >0, 74 ((9;) > 7m4(1), and 6‘; <1,

then the interior optimum exists and is unique.

5 COMPETITION

In this section, we show that under most reasonable models of
competition, the introduction of competition does not mitigate
error-inequality compared to the monopoly equilibrium, and may,
in fact, increase it. Only under Bertrand-like competition, which
assumes consumers are strictly rational, is inequality significantly
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mitigated. In particular, we show that under both the Tullock and
the multi-linear models of demand, the inequality between groups
as measured by the error rates does not improve relative to the
monopoly case. In the case of the Tullock model, as a function of
the relative size of the groups, inequality is actually worse.

5.1 Multilinear Demand

Next, we consider a simple generalization of linear demand to
the two-firm case. This model can be interpreted as a model of
competition in identical products with differing quality levels as
in [2], but can also be interpreted (as well as microfounded, and
used to estimate structural parameters, as in [6]) as markets for
imperfect substitutes.

DEFINITION 5.1 (MULTILINEAR DEMAND). The multilinear linear
demand function is, for firms i and j, and for each group g,

Dyi(egi» €gj) = agi = Pgegi + Agegjs
where 0 < g < By < agj and agi + g < 1.

We require g > A4 so that demand reacts more strongly to a
firm’s own error rates than its opponents — this ensures that if both
firms increase error, total demand decreases. The other conditions
on the parameters are to ensure that the demand is truly (multi)-
linear, as opposed to piece-wise linear.

Note it is not the case that all consumers choose the firm with
lower error, as one might expect if the products of the firms were
perfect substitutes. Instead, users switch between firms depending
on their error rates, and even if firms achieved perfect accuracy, the
split of the total market might not be even, as captured by differing
agi. This could represent brand loyalty, for example, or perhaps
that firms’ products are not perfectly identical.

Our main result for this case states that the gap between error
rates is the same as in the monopoly case:

THEOREM 5.2. Suppose that two firms with learning rate q compete
under multilinear demand. Then in any interior equilibrium, for every
pair of groups g and g’, error inequality is given by

* 1
i _ (yg,/sg/yg,.)qﬂ
epi \HgPgvgi

Theorem 5.2 is a consequence of the fact that the firm’s opti-
mal choice does not depend on its opponent’s error rates; that is
they have a dominant strategy. This is formalized by the following
lemma, which is enough to prove Theorem 5.2:

LEMMA 5.3. Suppose that two firms with learning rate g compete
under multilinear demand. Then in any interior equilibrium, error
levels are given by

1
& = (qui )q”
gt HgPg

Proor. This proof will be very similar to that of Lemma 4.3, only
now, the behavior of the other firm will affect profit. Recall

Ygi
7i(egis €gj) = Z Hg(agi + =Pgegi + Ageq)) = Z g
9eg 9¢6 “gi
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We can see that even though the behavior of the other firm will
affect profit, firm i still has a dominant strategy. This is because the
first-order conditions do not depend on the other firm:

o ) qYgi
P HgPg 471
gi

This is the same first order condition as in the monopolist’s case,
1
qYgi )ﬁ

with the same implication: 5;1. = (pg 5,

Similar to the case of the monoplist’s, notice that if, for all g, i,

. * * . * * . * *
Tgi (ggi,ggj) > 0, 7gi (Egi’ggj) > ngl(l,sgj), and £ < 1, then an
interior equilibrium exists.

5.2 Proportional Demand

In this section, we consider a model inspired by [12], and thus,
indirectly, by the Tullock contest [32]. In particular, firms split the
market proportionally to the other firms’ error:

DEFINITION 5.4 (PROPORTIONAL DEMAND). In a multi-firm mar-
ket, we say that demand is proportionally split with competition
exponent p if

p p
fgi Ljri b
Dgi(e)=1- 2 = Y

P P
Yjegi  Xjg

Here, we focus on the two-firm case, in which case we can write

E‘p- €p<

Dyi(egi, gi) =1 — > = 2
R A
gi = “gj gi " “gj

Now we can write our inequality theorem:

THEOREM 5.5 (INEQUALITY UNDER PROPORTIONAL DEMAND). Sup-
pose two firms with learning rate q compete under proportional de-
mand. Then in any interior equilibrium error inequality is given by

 frgirvei9)
f(Yg’iv Yg'js 9’

E* 1
gi (Pg’ﬂg’)‘l
Egi \ Pghg
where
2
q 9\qg
(vgi +vg))"
1-1 q
q
Ygi " Vgj

fygisvgj-@) =

Recall that in the monopoly case, the exponent was 1/(q + 1)
instead of 1/q, meaning that introducing competition under this
model has actually exacerbated the effect of minority status on
inequality. Note also that the relative inequality between two groups
based on the results from a particular firm depends not only on that
firm’s cost structure for the two groups, but also on the opposing
firm’s cost structure for the two groups.

Proving Theorem 5.5 requires finding the equilibrium:
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LEMMA 5.6. Suppose two firms with learning rate q face propor-
tional demand with competition exponent p. In any interior equilib-
rium, error rates are given by:

1,9 . 92 1,9 o 9 \E
. (qyg,- )q (Ygi +)’gj)‘7 B ( q )q (Ygi+)/gj)q
gi -1 :

9.9
Pgkg Ygi¥yj Pgtg a4
gt 9]
Ife;i < 1 for all g and i then there exists a setting of parameters for
which (E;i, E;j) is the unique equilibrium.

For brevity, we relegate the full proof and the characterization
of when these conditions hold, to Section C. Below, we detail the
instructive portion of the proof for the special case in which g =

p=1

LEMMA 5.7. Suppose two firms with learning rate 1 face propor-
tional demand with competition exponent 1. In any interior equilib-
rium, error levels are given by:

_— i ) (Ygi + ng)z

£
i :
g Ygj
Sufficient conditions for existence are that for all g and i: ¢g;

llyygzj & o<1 (vgitvgs)
(vgityg)?’ 91 ? HgYgj
(maxy ygk)z, then (521" sgj) is the unique equilibrium.

IA

\

< 1. If, moreover, ming y i

The conditions of Lemma 5.7 are stated in terms of Ygis recall,
though, that y4; is not a primitive of our model, but rather the prod-
uct of the per-datapoint cost and learning theory constants. These
conditions thus imply conditions on these underlying constants. In
the symmetric case, this asks that the per-datapoint cost ¢ satisfies:

o < dy + log % '
97 124

which merely requires that the per-datapoint cost is not too large
relative to the desired hypothesis class and success probability. In
the asymmetric case, we require that firms do not face ratios of
data cost to learning constant that are too different from each other.
If either of these conditions is violated, then one or both firms may
have an incentive to stop investing completely in data acquired for
a group. Such non-interior equilibria can obviously lead to severe
error inequality, but again, Theorem 5.5 demonstrates the existence
of incentives to unfairness even ruling out these extreme cases.

Proor oF LEMMa C.1. We can write Firm i’s profit from each
group as:
&qj Ygi
9] 9
wgilegiseg)) = pg—t— — L2 _ g
gi\tgr<gj g egi +€gj £gi 9]
The strategy space of the firm is to select an ¢4; for each group in
(0, 1]; we search for a pure strategy Nash equilibrium. At a high level,
our strategy to do so is as follows: first, we fix the opposing firm’s
action ¢4;. Optimizing Firm i’s profit gives a best-response to the
fixed action £g4;. An equilibrium pair must simultaneously satisfy
both firms’ first order conditions, given the other, so we obtain
two simultaneous equations that yield the equilibrium relationship
between the two firms’ actions. Solving this yields a candidate
solution. Then, we can show that the candidate solution is indeed
a maximum via the concavity of the profit function. Finally, we
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need but check that there are no solutions at the endpoints, and we
provide conditions when this is ruled out.

Now, fixing Firm j’s choice ¢4;, the profit function 4 is just a
function of ¢4;. Differentiating this gives:

Ongi

_ . . N2 a2
degi —gjkg(egi + €g))"" + Ygity; -

We set this equal to zero. Since satisfying this condition is required
for £4; to be a best-response we can plug in 8; 7 whatever that may
be, requiring:

2 %
gi‘gj

HgYgi

and in particular, this must apply to the best-response ¢ ,. We

= (egi + €))% 8

can apply similar logic to Firm j. Hence, for (5; i 52 j) to be best-
responses to each other - that is, to be in (interior) equilibrium -
we must have that

&t 2 % * 2 %
9 9] _ o« «\2 _ 9] gi
HagY. - (ggi +£gj - . (z)
gYgi HgYgj
This implies that
&= Yg]
9] 9 )/gl

Substituting this condition back into Equation 2, we obtain that

* 3Yg) 2

91 Ygi — (&t e YgJ )2 o (Ygi +Ygj)

HgYgi gi foi HgYgj
(Ygi+}’gj)

. . .
Symmetric logic yields €95 = " igVer
Now, to show that this candidate solution is indeed an equi-

librium, we must show that these actions are best-responses to

_ (ygitygi)?
each other. Fix ¢*. = £ 977
X gj HgYgi

as a continuous function on (0, 1]. By construction, evaluating

. sk
. Then we can view ngi(egi,ggj)

a9 . L ¥ * : . .
Fﬂ'gl(é‘gl, egj) at e/; must give zero. (It is also easy to verify

that this is indeed the case.) If 7; & (egl) is concave at ¢, then

g

that is a local maximum of the proﬁt function (given ¢ p j)

To see that it is concave, note that
(92 Ygi
o¢2, —5ngilegi egj) = 2eqipg(eg) + egi) :

sgi
Evaluating thlS quantity at e ; gives:
62
9 2 ”gz(fgz,fgj) .
€9i=€gi
-3
” (Ygi + ng)z (Ygi + ng)z . ()’gi + }’gj)z
I HgYgi HgYgj HgYgi
Ygi

(()’gz + }’gj) /(Hg)’gz))
Straightforward, if tedious, algebra lets us rewrite the right hand
side and conclude that

2

3.3
2HgYy;Yqi
9e 2 ”gl(fgz,fgj

- (vgi +v4j)°®

L —1].

egi=ey; Ygi +Ygj

FAT™ °20, January 27-30, 2020, Barcelona, Spain

But notice that this quantity is always negative if costs are posi-
tive; hence, E; ; is indeed a local maximum of 7; .« .
’Tgj
To ensure that this point is a global maximum, we must com-
pare it with the profit at the endpoint. For brevity, we defer this
calculation to the Appendix in Section C
Finally, note that equilibrium profits are positive if 74 (5; P 8; i)z
0; this is true whenever
2
HgYgj
(}’gi + Ygj )2
i.e. fixed costs are not extremely large. Positive profits and the
fact that ¢* i . globally maximizes profit given y ensures that the
putative equilibrium pair forms an equlllbrlum
To identify conditions in which this equilibrium is unique, we
need to eliminate the only other possible equilibrium (both firms

choosing ¢ = 1). Again, for brevity, we defer this calculation to the
appendix.

2 ¢gi, (3)

O

Again, we pause to highlight several intuitive properties of the
equilibrium. First, Firm i’s choice of error for group g is decreasing
with the market size of Group g as well as the ferocity of competition
in Group g. These results are similar to those of Lemma 4.3, with
a different functional form and the competition exponent of the
Tullock game replacing the error elasticity of demand. It is also,
intuitively, increasing in y4; and decreasing in yg;, though this is
harder to see due to the functional form of f.

5.3 Approximately Rational Demand

Now we consider markets where consumers behave rationally. If
we allow consumers to behave fully rationally, in the sense of
always picking the firm with (even infinitesimally) smaller error,
we obtain a model similar to the Bertrand model of competition
[19]; accordingly, no equilibrium exists, as we show in Section B.3.
Hence, we instead consider a slight relaxation of the fully rational
model: Suppose consumers behave rationally, except that they do
not care about excess error up to {; over the optimal error. That
is, the lower firm will capture the whole market for errors that are
not too small, but for £gir€gj € [0, gvg], firms again split the market.
We formally define this demand function below:

DEFINITION 5.8 (BERTRAND-LIKE TOLERANT DEMAND). In a multi-
firm market, we say demand is {-tolerant rational with { > 0 if

1 ming egx > §g and egi < rjnm £gj

1

W mlnk ggk > évg and Egi =

mm £gj

Dyi(e) =
gl

min egx > {g and egi > I]Il;ll’l sgj

1[5gi5§g]

Sitleg<g]  MMkegk <l

We will show that there exists a unique equilibrium here (for ap-
propriate parameters) in which groups’ error levels are determined
not by their sizes, but by their optimal errors and their tolerances.

THEOREM 5.9 (APPROXIMATELY RATIONAL INEQUALITY). Suppose
that two firms compete under { -tolerant demand. Then in any interior
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equilibrium, error inequality is given by

9_%

gg/ gg/
where {g,{y is users’ tolerance threshold (assumed to be strictly

positive). Moreover, if ygi < g}# for all g, i, the unique equilibrium
is interior.

In particular, Theorem 5.9 shows that under this approximate
Bertrand-like model of competition, the dependence on group size
in the error inequality is eliminated. Instead, inequality depends
merely on the optimal error achievable under the hypothesis class
used by firms and groups’ tolerances.

Note that the conditions of Theorem 5.9 is just asking that

()

Cgi = E———
It 2 dH,» +log%

As before, we can interpret this as a condition that the per-datapoint
cost is not too large relative to the total market size and the learning
theory constants.

Theorem 5.9 follows from the following lemma:

LEMMA 5.10 (APPROXIMATE RATIONAL EQUILIBRIUM). Suppose

that two firms compete under { -tolerant demand, and yq; < gg# for
all g, i. Then an interior pure strategy equilibrium exists in which

*
E‘gi = évg’

and this equilibrium is unique.

Proor. We posit that the profile ({4, {y) is an equilibrium. To see
this, note that a firm deviating to some £ > {5 would lose its entire
market share, and so would end up with negative profit. Under the
conditions of the theorem, though,

Hg _vi
2 &y

so deviating to a higher error, with negative profit, cannot be a
profitable deviation. On the other hand, deviating to ¢ € [0, {y)
would result in the same market share, but with increased costs.
Hence, deviating to decreased error is also not a profitable deviation.

To see that there can be no other equilibria, notice that if both
firms were setting error in € [0, {;), they would have an incentive
to deviate to §g; if one firm’s error were in that range and the
other’s were above, then the firm with higher error would have an
incentive to deviate to {g; and finally, if both firms were above lgs
either firm could profitably deviate to slightly lower error. ]

”i(évg,gg/) = >0

Unfortunately, even this relaxation of full rationality may not
be a realistic model of competition in many cases; it still requires
that outside of the range of [0, {y], all consumers are perfectly
discerning. This is unlikely to be true in practice. Without such an
assumption, the conclusions of this model do not hold. Models like
the proportional split and multilinear demand are more likely to
capture salient market features in practice.
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6 REGULATION

In this section, we consider the perspective of a regulator with the
power to require one of two kinds of error equality, and analyze the
response of the monopolistic firm to each. These constraints that
the regulator may impose are relative error equality and absolute
error equality. We quantify the direct cost associated with imposing
these constraints, in terms of increased error to the majority group
under the first kind and lost profit to the monopolist in both. This
serves to give a sense of the direct tradeoffs involved in regulating
machine-learning driven markets. We highlight, though, that there
may be non-quantifiable benefits to equity across groups, and only
societal deliberation can evaluate these tradeoffs.

Which of these two types of regulation is preferred will depend
on the context. Requiring errors across groups to all be similar —
relative error equality — may not be sufficiently strong if large error
is harmful regardless of another group’s error rate, but also may be
too strict when small absolute errors are perceived as approximately
equivalent. On the other hand, absolute error equality — where
we require all errors to be below a threshold — treats all small
absolute errors as equivalent, but still allows a large relative gap
in error rates across groups. An absolute error bound shifts the
‘burden’ of fairness entirely to the firm, which may be preferable
from a consumer standpoint; at the same time, decreasing profits
for monopolies may reduce the incentive to innovate, which may
also be undesirable.

We make the following assumption for the rest of the section for
ease of exposition:

AsSSUMPTION 6.1. There are two groups G = {A, B}, there is an
interior optimum s%, eg/l < 1 (i.e. the unconstrained monopoly enters
the market), and B has lesser market power and higher data costs, i.e.

uBBB < paPa and YB 2 YA

We refer to group A as the majority group and B as the minority
group. We also define (5%, sg’I) and (¢&, elg) to be the monopolist’s
and regulated monopolist’s optimal choices, respectively.

Note that an immediate consequence of Assumption 6.1 and
Theorem 4.3 is that 5%4 > EfXI . Finally, we defer omitted proofs from

this section to Sections D and E.

6.1 Relative Error Equality

In this section, we imagine that a regulator requires the monopolist
to achieve error rates within a bounded ratio. We will show that a
monopoly responds by investing less in majority data collection and
more in minority data collection than it otherwise would, resulting
in worse error rates for the majority, better error rates for the
minority, approximate equality between groups, and lower profits
for the firm. In particular we quantify by how much error rates
worsen for the majority and by how much profits are lowered for
the monopolist, which we refer to as the ‘price’ of fairness.
We formalize the regulator’s constraint as follows:

DEFINITION 6.2 (RELATIVE ERROR EQUALITY). The regulator forces

the firm to achieve error guarantees of bounded ratio:
€ €
A+ X and B+ X
EB EA

where y is a positive constant.
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As in Section 4, we consider a profit-maximizing monopolist. As
before, each group has linear demand with market sizes 4 and pp.

Now, if the regulation has ‘bite’ — that is, if it changes the outcome
- the regulated monopolist does the minimum it can to satisfy the
constraint; that is, it sets eg = eﬁ(l + x). Formally:

LEMMA 6.3 (SATURATION). Suppose that the unregulated monopoly
sets sgd > 5%(1 + x). Then the profit-maximizing monopoly facing
the relative error constraint sets

R R
eg = e, (1+ ).

The proof follows from concavity and Jensen’s inequality; we
provide details in D.

Lemma 6.3 allows us to characterize the regulated monopolist’s
optimal choice of errors under this regulation:

THEOREM 6.4. Suppose that the unregulated monopoly sets er-
ror eg/l > (1+ )()eff. Then in any interior optimum, the regulated
monopoly sets the errors as

1
&= (g ya+yp/(1+x)? \at
A paPa+pBPe(1+ x)

and eg =(1+ X)eﬁ.

Proor. By Lemma 6.3, £§ =01+ )()eﬁ. Thus, the profit maxi-
mization problem can be written solely as a function of e4:

7(ea) = palaa — faea) + pp (ap — Ppea(1 + x))

_ YA _ __¥B
(¢A+ezl l¢3+ei(1+x>ql’

Then, the first order condition is

q
HAPA + pBfB(1+ )) = 20t Yl;lr(ll 0 )
£

A

and hence we must have that

B
R (q(m +yp/(1+ )9 ) a1
A \paPa+ P+ x)

Concavity guarantees that this is a global optimum. O

These together provide insight into to what the regulation is
doing. The monopolist’s problem can be written as:

max 71(¢) = maxpaaa + ppap — (pafa + ppfp(1 + x))e

— (§a+9m) — —g 4 +rB/(1+ ).

This is equivalent to facing a single population of with demand
function paas +ppap —(uafa+upPp(1+ x))e, fixed cost g4 + P,
and marginal cost (y4+yp/(1+ x)9). We later use this interpretation
to quickly calculate the constrained monopolist’s profits.

One might worry that imposing fairness requires making both
groups worse off in an absolute sense. It turns out that this is not
the case; if the regulation has bite, then it necessarily increases
the error of the majority group, and necessarily decreases the error
of the minority group. That is, equality comes at a price for the
majority group, but does not require a Pareto deterioration.

Our first result is that the monopolist will respond to regulation
by increasing majority error rates.
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COROLLARY 6.5.
eﬁ ffXI and Eg < sg/l .

At this point, members of the majority group may be concerned
because their error rate increases. We refer to the gap between their
error rates under the constrained and unconstrained monopolies
as a price of fairness for this reason, even though imposing this con-
straint may be on the whole desirable from a societal perspective:

R

_A
TR

€A

Fortunately, we can show this price is relatively small:

P0F1+X =

COROLLARY 6.6 (PRICE OF FAIRNESS UPPER BOUND).
1
YB 1 q+1
ya 1+ )1
Unsurprisingly, this bound is increasing in the ratio of minority
cost to majority cost and decreasing in the leniency of the regulator.

Bs

Also unsurprlslngly, decreasing the ratio /1_ or g and increasing

POF1+X <|1+ —

the ratio ¥& Ya B all increase the price of fairness for the majority.
If regulation changes the monopolist’s behavior, it must weakly
decrease profits. This loss is quantifiable as another price of fairness:

DEFINITION 6.7 (MONOPOLIST PRICE OF FAIRNESS, RELATIVE ER-
ROR). We define the price of fairness as the ratio between the uncon-
strained monopoly profit and constrained monopoly profit under the
relative error constraint, i.e.

M M
MonPoFss . — (o4 n(ey ep)
onPoFy 4, = = .
n'( i’fg) max, . ep:Z Aciey, Btry (€A, €B)

We can write down this price of fairness as a function of the
parameters of the model:
THEOREM 6.8. The Monopolist’s price of fairness is given by
MonPoFi+, =

9

q
paaa + ppoap — Q(uafa)ly | 7 _ Q(#BﬂB) ly q”

4 1
Haaa +ppoap — Q(pafa + psP(l+ X)) 7 (ya+vys W) a*t!

1
— 1 1
where Q = g9+ +—qq/(qﬂ).

Proor. The optimal solution to the monopolist’s problem with
parameters iy, &g, Bg, Yg for g in G = {A, B} is the following:

7= gag - (1ghg) 7Ty Q
g€{A.B}
(See Appendix D.) Using this form and plugging in the market
parameters, we obtain the optimal profit of the unconstrained mo-
nopolist for the numerator. The denominator is derived using the
interpretation of the constrained monopolist’s problem as optimiz-
ing its profits against a single market with parameters modified by
regulation, and plugging these parameters into the same form. O

Theorem 6.8 provides a quantitative price of fairness in terms of
monopoly profits. However, it is somewhat unwieldy; Proposition
6.9 provides some clarity on the limiting behavior of this price of
fairness as a function of the minority group’s size in absolute terms.
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PROPOSITION 6.9 (MONPOF LIMIT - RELATIVE ERROR INEQUALITY).
Let up/ua = r for constant ratio r. Then

lim MonPoFy4+, = 1.

HB—®

On the other hand, for constant 4,

1- &M
lim MonPoFy 4, = Q/a) A 1
p#B—0 q+1
1—(Q/q)€ﬁ‘f 1+%%
(1+x) 91

where Q is as above.

6.2 Absolute Error Equality

In this section, we suppose instead that the regulator imposes an
absolute upper bound on error rates for each group. We show that
the monopolist responds by purchasing just enough data to meet
the constraint using the profits from the majority to subsidize the
minority. In this case, minority error rates can be improved without
increasing error for the majority; the regulator can even improve
error rates for the majority as well, up to a point. We characterize
the price of fairness for the monopolist and the minimum error the
regulator can guarantee. We formalize this constraint as follows:

DEFINITION 6.10 (ABSOLUTE ERROR EQUALITY). For y < 1, the
regulator forces the firm to achieve error of:

EAS x and eg < x.

We have another saturation lemma for this kind of constraint
too: either the unconstrained error was already less than y, or the
profit maximizing error subject to regulation is exactly y. Formally:

r.R M R _
LEMMA 6.11 (SATURATION). Vg € {A, B}, ifeg # ¢4 theney = y.

Lemma 6.11 lets us reason very simply about the behavior of the
regulated monopolist: for any group in which imposing regulation
requires the firm to improve error rates, the firm will use up the
entirety of this ‘error budget. Profit will decrease, of course, because
imposing constraints can only decrease its objective. In this scenario,
if the firm enters the market at all, it must enter the market for both
groups so as to achieve the constrained error rates. A regulator then
has to choose y so as to still induce the firm to enter the market at
all if they want to ensure the constrained error rate for the minority
group. Of course, a regulator may also wish to choose the smallest
such error rate, which we refer to as the minimum achievable error.
Lemma 6.11 let us characterize the minimum achievable error:

PROPOSITION 6.12. Let yo be the smallest y € [0, 1] which solves
KT + Ko x1 - Kz =0, (4)

where K1 = —(uafa + pBPB), K2 = paos + ppap — ¢4 — ¢p, and
K3 = ya +yB. xo exists and is the minimum achievable error, i.e. the
minimum y € [0, 1] for which the monopolist still enters the market.

Equation 4 can be solved via the quadratic or cubic formulae in
the realizable and agnostic cases, respectively, and learning rates
in between can be accommodated numerically. This leads us to the
monopoly’s optimal error rates as a function of y:

THEOREM 6.13 (ABSOLUTE OUTCOMES). Outcomes fall into one of
the following possibilities:

1) Ify = 511;/1 then (sg, 51};) = (81]4\4, sg/l).
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(2) Ifsg’f <y < sg’f then (sg, sg) = (EXI, X)-
B) Ifro<y< sﬁ/l then (eg, sg) =(x, x)-
(4) If x < xo then the firm exits the market.

Proor. Case 1 is trivial. Case 2 and 3 follow from Lemma 6.11.
Case 4 follows by the definition of yg. O

Theorem 6.13 contrasts starkly with Theorem 6.5: as long as the
constraint is not so strict the monopolist exits the market, outcomes
either improve for the minority and remain just as good for the
majority, or improve for both groups. In other words, this style of
regulation does not impose a price of fairness on the majority. Note
that unless gp < y < EEXI , the regulator is not guaranteeing relative
equality. Which type of equality is preferable will depend on the
context. Of course, this regulation does still impact profit:

DEFINITION 6.14 (MONOPOLIST PRICE OF FAIRNESS). We define
the monopolist’s price of fairness under absolute error constraints as:
M M
s (5 AR )
MonPoF,, = =

7 (e8.K)
Notice that given the market parameters, Theorem 6.13 allows
the regulator to evaluate the monopolist’s price of fairness for each
potential choice of error threshold via straightforward calculation.
Proposition 6.15 characterizes the limiting behavior of the monopo-
list’s price of fairness as a function of absolute size of the minority
group under absolute error guarantees, and these are qualitatively
similar to limiting behavior under relative error guarantees.

M M
n(ey €5

MaXey, ep:ea<y,eB< ) 7(eas€B)

PROPOSITION 6.15 (MONPOF LiMIT - ABSOLUTE ERROR GUARAN-
TEES). For fixed y, and for uyg — oo at a constant ratio pa/up = r:

lim MonPoF) = 1.

HB—00

On the other hand, let yo be the minimal achievable error when
up = 0 (i.e. when the firm faces group A alone). Then if y > yo, then
MonPoF), converges to a parameter-specific constant as ug — 0.

7 DISCUSSION

In this work, we identify economic incentives leading to unfairness
in data-driven markets. At a high level, we show that monopolists
are incentivized to invest less in minority groups (as measured
by market size, elasticity, and data costs) because they are less
profitable; that competition does not mitigate this incentive towards
inequality, under reasonable models; and that judicious regulation
can improve outcomes, potentially at a cost in terms of profits or,
depending on the regulation, error rates for the majority group.
We view this paper as highlighting an important and understud-
ied point of view, but certainly not as the last word. We made many
choices that situate our models in particular contexts; for example,
the assumption that firms and users benefit from improved accuracy
does not capture many settings that currently are or will soon be
urgent domains of adjudicating fairness concerns - machine learn-
ing in loans, insurance, and facial recognition systems are obvious
cases, but the potential, and consequent scope for unfairness, is
vast. We hope that future work will further clarify the possibility
- and perhaps necessity- of leveraging policy tools in addition to
algorithmic solutions to combat unfairness in machine learning.
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A PIECE-WISE LINEAR DEMAND

In this section, we consider the possibility of a piece-wise linear
demand function. Such a demand has the same spirit of the linear
demand function, in that market share declines linearly with worst-
case error rate, but allows for a more general parameter range.
In particular, a firm with piece-wise linear demand may capture
less than the full market (but, logically, not more) with perfect
accuracy, and may lose the entire market even at relatively high
accuracy. Imposing a cap and floor on a linear demand function
whose parameters fall outside the restricted range described in
Section 4 allows us to accomplish this.
We formally write piece-wise linear demand as follows:

0 ifeg > ag/pByg
.o 0g—1
Dy(eg) = 1% — Bgeg if 7, <eg < ag/By
-1
1 ife, < 22—
g9 ﬂg
ay—l

where ag,ﬁg > 0, and <1.

g

Finding the optimal choice of the monopolist under this demand
requires slightly more care than linear demand but is substantively
similar. We provide an outline below.

LEmMA A.1. For convenience, let

1
g+« ag —1
£g = max {min (ﬂ)q ,—g,l s g .
HgPg Bq Bq

A monopolist, under linear demand enters the market for group g
if and only if

7 (£g) > 0,
and if they do, the equilibrium error rate g; is:
£ =&
PRrROOF OUTLINE. Since the profit is additively separable over g,
we consider each 7, separately. For ¢5 > a/f, note profit is always

. ag—1 .. . .
negative. And for ¢ < 2—, demand is increasing as ¢4 increases,

which can be seen by checking the derivative. Then if profits are
e ag—1 * . .

positive, b, < &5 < ag/fgy. Thus either £* is one of those end

points, or £* satisfies the first order condition 52 =¢gg: g_;; e 5= 0,

as in Lemma 4.3, and thus é‘; =&g.

Moreover, if the maximum profit is positive, it must be attained
with E; < ay /Py, so it must be the case that the profit obtained at
&g is positive, and vice versa.

]

B CONSUMER MODELS

In this section, we show how natural models of consumer behavior
give rise to the demand functions we assumed for our analysis.

B.1 Linear Demand

First, consider the following interaction between one firm and a
representative user: The firm sets its error levels; the user uses the
service if they will receive an accurate answer with probability
higher than some threshold corresponding to their outside option
(i.e. the payoff they would get if they decide not to use the service).
While the user knows her outside option, the firm does not; a

Hadi Elzayn and Benjamin Fish

standard approach is to assume the firm makes decisions as if
the user’s outside option were drawn from a distribution. If this
distribution is uniform over some interval, then there is a linear
relationship between choice of error and probability (from the firm’s
perspective) of the user choosing to use the service (and thus the
firm’s expected revenue). If the firm interacts with many users, and
these threshold are uniform throughout the population, then this
representative interaction captures the aggregate interaction the
firm faces.

We formalize the interaction as follows: A firm provides a service
to a user wishing to answer some query. If the response is accurate,
the user receives a payoff of 1; otherwise, 0. The firm’s worst-case
error rate ¢ is known to the user, and the user chooses whether or
not to use the firm’s service based on their expected utility under
the worst-case error. The user has some parameter, 7, describing
their payoff from choosing not to use the service. This parameter
is drawn from the uniform distribution over [z, 7], that describes
their outside option distribution.

To see the correspondence between this model and linear de-
mand, we claim that any linear demand function D(¢) := a — fe
can be mapped to the probability that a user uses the service under
some particular choice [z, 7]. Formally:

ProOPOSITION B.1. For any linear demand function D(¢) = a — fe,

there exists a uniform outside option model with choicer = 1 — %,

T=1+ 1‘7”‘ that justifies it.

Proor. To see this, first note that the user will use the service
if and only if the expected payoff is less than his outside option.
Since the user receives a payoff of 1 if the service answers correctly
and 0 if it answers incorrectly, the expected payoff is merely 1 =
Pr[correct] + 0 * Pr[incorrect] = 1 — ¢. Hence, the user will use
the service if and only if 1 — ¢ > 7. Now, since the user’s outside
option is, from the Firm’s perspective, a uniform random variable,
the probability that the user will use the service, as a function of ¢,
can be written as:

Pr[user uses](¢) = Pro.y[q, g)le < 1-17]
= Prr~U[a,ﬂ] [T <1- 6‘]

_1l-e-1 1-1 £

B T—7T B T—T f—g'.
Letting a = % B = # and solving for 7 and 7 yields the
claim. O

Notice that the truth of the claim is a matter of algebra and holds
even beyond sensible choices for a and f. That is, choosing a > 1
would still map to a plausible instance of linear demand, but a > 1
would not be sensible as the intercept for a linear probability model.
Finally, notice that the simple case of @ = 1, § = 1 corresponds to
the uniform random variable over [0, 1].

B.2 Proportional Split

Consider the following Markov chain representing plausible user
behavior in the presence of competition: at any time ¢, a user who
is currently using Firm i stays with Firm i into time ¢ + 1 if the firm
does not make a mistake; otherwise, the user switches to Firm j
with probability « and leaves the market with probability 1 — a. A
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user outside the market re-enters it with probability f, and then
chooses uniformly from the firms.

The steady state distribution of this Markov chain solves the
following equations:

p1=(1— e + aegpp + gﬂs

B
pe = ey + (1 —ex)pp + SHs

w3 = (1= a)erpr + (1= a)eapiz + (1 = Bps.

Viewing the firm’s market share as the proportion of times the user
chooses the firm over a long enough horizon (or over many enough
consumers) yields a correspondence between the market share and
the stationary distribution. The form of this correspondence follows
from the following lemma:

LEMMA B.2. Firm i’s market share under this Markov process is
given by
&

j = .
K & + & + TEE)

_ol-a
where t = 2 7

Proor. We first the original three equations characterizing the
steady state distribution as:

1= — [alelz + ém]

£1 2
1 B

o = g [afllll + 5113]
1-a

p3 = 5 [e1p1 + eapu2] .

Solving the first two equations for p3 and setting equal to each
other requires that

261 £ 2e2 £2
—lm—a—pml=—le—a—ml = eam = e
I € B €
Substituting this into the first rewritten equation for y3 gives that

1-«a
H3 =
P

2e1/1.-

Finally applying the constraint that y1 + p2 + p3 = 1 implies that

1-a 1
ﬂlzl = =

£
H1+ —p1 + 26 _
£ 1+ z—; + ZlTaé‘l
Now, we can reparameterize 212% as 7, and apply the symmetric
logic to the other firm to obtain the general result:
&

pi = —————.
£ +£j + TEEf

Thus, viewing the market share of Firm i as its share of the station-
ary distribution gives the result claimed. O

Notice that the case of @ = 1 recovers the case in which firms split
the complete market, and we can again consider integral competi-
tion exponents as requiring p mistakes in a row before switching.
In this paper, we only consider the case in which & = 1.
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B.3 Fully Rational Demand

The Bertrand model of competition considers firms competing on
price with fully rational consumers. These consumers will always
pick the firm with (even infinitesimally) lower price. It is known
that a Nash equilibrium exists when firms have identical constant
marginal costs in quantity and can produce an unlimited quantity.
In that case, firms set equilibrium price equal to marginal cost
(that is, the lowest price that firms could charge without losing
money). We modify the Bertrand model to apply to our setting.
Firms do not set prices in our model; instead, they change error
rates. This is not a perfect analogy — changing error rates is itself
costly — but captures the spirit of the Bertrand model. However,
as we show in this section, equilibrium need not exist in the fully
rational model (just as a pure-strategy equilibrium need not exist
in canonical Bertrand competition when firms face non-constant
marginal costs).

Informally, we say that demand is fully rational, or Bertrand-like,
if firms with the minimum error capture the entire market (with
ties broken by splitting the market equally).

DEFINITION B.3 (FULLY RATIONAL DEMAND). In a multi-firm mar-
ket, we say that demand is fully rational if

1 £gi < min g4
g9 j#i 9]

Dyi(e) = Egi = TN £g)

1
2 1[€gj=mkin £gk]

0 £gi > min &4
gt i 9]

A proposition we will show is that there is no equilibrium in
pure strategies when considering this fully-rational demand.

PropoSITION B.4. The game induced by fully rational demands
as described in Definition B.3 has no equilibrium in pure strategies
whenever cg; < ”79 Vi for some group g.

PRrOOF. Suppose there existed such an equilibrium. Consider
a single group and let (521" é‘; j) be the putative equilibrium error
choices. Note that these correspond to equilibrium choices of data
(M; P M; j). We claim that a profitable deviation will exist regardless
of what these choices are. There are two cases: in the first, firms
have different errors, while in the second, firms have the same error.
If firms have different errors, without loss of generality suppose
that é’;i < S;j. Then Firm i receives pg — ygi/ Egl. — ¢gi, while Firm j

attains zero revenue. But notice that Firm i can unilaterally deviate
toe’ € (E;i, E;j) and capture the full market while paying less, thus
improving profits. Hence, we cannot have an equilibrium when
firms are choosing different error rates. On the other hand, suppose

firms are choosing the same error rates, that is, e; i = .E‘; = Now, we

. . dp+log + . .
can link ¢*. to M*. via £*, = (H—Ogl‘s). In this case, each firm is
gt gt gt N
earning ’u?g —ch;  ~9gk- Consider Firm i buying an additional data
point, i.e. M ; i = M; ; + 1.Then because worst-case error guarantees
are strictly decreasing in the number of datapoints purchased, we
must have that s; ;< é‘; ;» and thus the firm deviating to M, ; ; would
capture the whole market at a cost of cgi(M; ; +1). This deviation
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will be profitable if
Hg = Cgi(Mgi +1) > - _Cgngi — > > cgi.
. Hg ). e
Thus if ¢g; < Tg Vi, (5; i 52 j) cannot be an equilibrium. O

A natural way to relax full rationality is to allow consumers
to be rational up to a point. That is, above some threshold &, they
can perfectly discriminate between error rates, and always will
choose the firm with (even infinitesimally) smaller error. But below
&, increasing accuracy does not materially improve their utility of
the project, and rather than attempt to ferret out small differences,
they pick randomly among firms with error below &. This leads to
our ¢-tolerant rational demand as discussed in Section 5.3.

C OMITTED PROOFS FROM SECTION 5

REMAINDER OF PrROOF OF LEMMA 5.7. The profit of playing g;i
given that j chooses s; ;1

2
B Hg¥gj
(Ygi + ng)2

On the other hand, if the firm chooses ¢4; = 1, its profit can be
upper bounded as:

_¢gi~

K *
”gi(fgiyfgj)

(Ygi + ng)z
Ygi + (vgi + ng)2

Hence, their difference is at least:

_¢gi'

ngi(l,eéj) < g

2
Vgj _ (rgi+ygy)?
(Ygi +vgi)?  vgi+(vgj +vgi)

”gi(‘?;is 5;]') - ”gi(l, E;j) =2 g
Thus, a sufficient condition that ﬂg,(é‘gi, €gj) > 7gi(1, egj) is:

2
(vgi + vg))* Ygi
Ygi + (ygi + ng)z (ygi + ng)z

This is true if and only if:

4 2 2
(vgi +vg1)" <vg; [vgi + (vgi +vg)*] - (5)
On the other hand, to ensure that ¢* y is a best-response to €;i’ we
carry out the symmetric logic for Firm j. This will require that

(vgi + va))* < vgilvgs + (vgi + vg)’1- (©6)

Both inequalities must be satisfied if our purported equilibrium
is to be truly an equilibrium. Characterizing possible simultane-
ous solutions to Inequalities 5 and 6 is tedious, so instead we note
that it suffices to ensure miny yg > 12(max ygk)z; to avoid en-
cumbering the current argument, we defer the proof of this fact to
Appendix C.0.1. These are not the only solutions conditions that
satisfy Inequality 5, but they are sufficient conditions convenient
to write down.

Finally, note that equilibrium profits are positive if 74; (521., é‘; i)z
0; this is true whenever

2
Hg¥gj
(ygi + ng)z

i.e. fixed costs are not extremely large.

2 ¢gi’ (7)
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Thus, (52 i 5; j) satisfy these three conditions- Inequality, 5, In-
equality 6, and Inequality 7 - and 6‘; ; < 1; hence (5; i é‘; j) is truly
an interior equilibrium.

To identify conditions in which this equilibrium is unique, we
need to eliminate the possible equilibrium in which both firms
choose ¢ = 1. Thus, we must show that there exists a choice £gi
such that:

ngi(egi> 1) > 7gi(1, 1);
that is, if one firm chooses ¢y = 1, and so abandons hope of serving a
good model to group g, we want to show that there is always a more
profitable choice for the other firm than also giving up on them.
One possibility, though not necessarily the optimal one, is that
the other firm could choose £4; = s;, i.e. the interior equilibrium
choice we found above. This being more profitable is asking that
ﬂg,-(a";i, 1) = 74i(1,1) > 0. But this requires:

: bgi ~Ygi > g5 —
S R RS PR A
Ygj
. This is true if and only if ——Y%—_ > 1 So notice that a
y ng“’(Ygi‘*‘ng)z 2

sufficient condition is % > (ygi + ygj)?. Similar logic applies to

J’s perspective.

Hence, if we have (yg; + ygj)z < % min{ygi, yg;} both firms will
not stop investing in Group g even if the other were to unilaterally
deviate to do so. Thus, this non-exiting condition will be satisfied
for both firms if

(2 max vgk): < % iy < mkin()/gk) > S(m]?X Ygr)-
This condition is weaker than Inequality 9. In the case that y,; =
Ygj =V, this is asking that % >2y) = y< %.

Thus, if ming ygr > (maxy ygk)z, then the interior equilibrium
is the unique equilibrium.

O

C.0.1 Technical Lemma for Simple Tullock Case. We now supply
the missing algebra from Lemma C.1:

LEmMA C.1 (TEcHNICAL LEMMA). The inequalities:
4 _ 2 2
(rgi +vg)" < vgj [vgi + (vgi +vg))°|
4 _ 2 2
(vgi +vgj)" <Vgi [vgj + (vgi +vg))*]

(inequalities 5 and 6) will be satisfied if miny ygr > 12(maxy ygk)z.
In the symmetric case, then yg < %

Proor. The set we are interested in is the intersection of two
solution sets to polynomial equations, and is hard to characterize
precisely; however, we can give sufficient conditions on yg;, yg4; so
that both inequalities are simultaneously satisfied.

We begin with the symmetric case, where y4; = yg; = vy, as it is
easy to see: this is asking that

1
Mt <2yl = 1yt <y? =y < o (8)

If, instead, yg; # ygj, then we need to examine the algebra

more carefully. We claim that the if max yk < 1—16 and mkin Yok >

(m]?x Yy )% will suffice.
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To see this, note that Inequality 5 expanded out is:
2 2 4
0 <vygi(vgi +(vgj +vgi)") = (vgi + vgj)
= Ygzj}’gi + Ygzj()’gzi + Y_;j + ZYging)
4 3. 2 2 3 4
= (vgi + 4vgiVgj +6YgiVgj + 4YgiVy; +Vg;)
2 2 2 4 3
= YgjYai ¥ Ygj¥gi Vg + 2gi¥g;
4 3 2,2 3 4
= Vgi ~ 4¥gj¥ai ~ O¥giVgj ~ Hgi¥gj Yy
2 2.2 3 4 3
= YgjYgi = SVgj¥gi = 2gi¥gj = Ygi = HgiVgj-
Now, notice that by replacing whichever of yg; or yg; with the
larger of the two, we make the negative terms larger. So a sufficient

(though again, not necessary) condition for the inequality to be
satisfied is:

Vojtoi = 12(max vy,
But now notice that this is asking that either
(max ygp)” min yg > 12(max ygr)",
or
(min ) max ygr > 12(max yge)*, ©)

depending on whether y4; > yg4; or vice versa. Since we can repeat
the logic from equilibrium from Firm j’s perspective, we will actually
need both these conditions to hold for this point to be an equilibrium.
But since maxgy ygx < 1, it is sufficient that

min ygp > 12(ml?X)/gk)2,

which is simply asking that the firms are not too far apart in their
marginal costs. O

C.0.2  Proof of General Tullock case. Our goal is to show the fol-
lowing:

Lemma C.2. Suppose two firms compete for proportional demand
with parameters q and p. Suppose further that g;i < 1 forall g and

i. If the nondeviation condition (as defined below) holds, then both
firms playing (é‘;i, E;j) is an equilibrium

2 2
1.9 UBY 1,9 9v\q
o (qrgi |7 Ugi g g \7 Ugi *1g)"
fgi = 7.9 - P :
PgHg Vgi¥yj PgHg 9,9
gt 9]

If, furthermore, the investment condition (as defined below) holds,
then this equilibrium is unique.

Proor. Under the proportional split model of demand, each
firm’s profit depends not only on its own action, but also that of
the other firm. Again, this calls for a game theoretic notion of
solution. We look for a pure strategy Nash Equilibrium. Recall that
in an equilibrium, both firms must be best-responding and have no
incentive to deviate.

To find an equilibrium, we first find the best-response of Firm i,
given the choices of Firm j. Fixing ¢j, the profit of Firm i given the
choice of ¢ is as follows:

Po Vi
1

w(ei, f) = Z ﬂgﬁ - Z dgi + g%-
9eG gi " g9j | 9€G gi
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Taking the derivative:

or p -1 qYgi
_ 9 (. Pg Pg\—2 Pg gl
degi 9% (egi +247) (pgggi )+ g+’
E.
gi
Setting to zero yields the first-order condition:
Pg=1 pg Pg*q Pg
Qg _ PaH9%qi %) Pokelqi  fqj _ (29 + P9Y?
g+l Py, Pay2 ; gi gji’ "
£gi (5gl. +ey ) qQYgi

Applying symmetric logic to Firm j and using the fact that the
first order condition for each firm must hold simultaneously in
equilibrium, we have that

« \P9td [ . \Pg « \P9td [, \Pg
Pakg (Sgi) (Eyf) _ Pats (591) (Egi)

qvgi qYgj

Solving for £4; in terms of £gi yields:
1
i\4q
%9 = gi (yﬂ) -
Ygl

Substituting this back in, we have that

Pa*a [ \Po (vo\'a ,
9Hg \Cgi gi Yoi (E* )Pg +( . )Pg (ng) q

qYgi

I

o

Q ¥
\'/
Do
heY

=

+
—_——
NN
SIS
S —
<}

Solving and rearranging gives that

[ rg Py 219
&= %(YL)" 1+(Yﬂ)q
Pgkg \Ygj
2

| 9ygi (@)7 Ygi j
Pgkg \Ygj

. N2 P £g\ 2
e )L
Pgkg \Ygj
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Now, notice that the profit can be written as

2

1 ,9,,9\G

( q )q(Ygiﬂ/gj)
PgHg -1

q.4q
Vgi ~ Vgj Ygi
Toiet 68 ) = gi Ygj _ Y9
9190 ") L d, 8 L4, q, 5 « 7
() S g gt
PgHg 1—% q PgHg 17% q
Ygj Ygi Ygi  Ygj
P
1
_Pg.
7 9
_ Ygi = Vgj _ Ygi
- P P ( R )q
£* .
1 1 gt
+
- g -
Ygi = Ygj Ygj = Ygi
_ 1 _ Ygi
- 1-pglq_q P9 q
Yoj — Ygi €9
14|29t
Pgld_q
gi gi
_ 1 Ygi
- 1-pglq-q P9 ( B )‘1'
Yo £* .
9J gi
1+ 1/’9/‘1‘1]
Ygi
o . «\9 ., .
Substituting back in £g) »itis:
Pg  Pg
) q ., q
1 Yglpgllg}’gi ng
Yl—pg/q—q Pg Pg pg\2 "
T — 7 4y 9
1+ 1-pg/q-q q(ygl Yg])
Ygi

For this interior equilibrium to hold, it must be that 71; ; (5; i E; j) >
n;i(f’ , £; ;) for all other choices ¢’. Note that 7g; e, (¢) is contin-
uous away from 0. Moreover, for small enough ¢, Tgi, e (e) <0,
since the market size is bounded by costs can be come arbitrarily
negative. Hence, we can consider maximizing this function on the
compact set [9, 1], where ¢ is the point at which profit becomes
negative. Since 7, € (¢) is continuous on this set, and S;i satisfies
the first-order condition, the only possible maxima of this function
are £ or 1. At ¢, the firm is making zero profits, so any choice with
positive profits eliminates it. At ¢ = 1, the firm can also choose to
not invest anything in data (and receive the same revenue but no
data costs), so the condition that makes 7 ;, &, (g;.) > 7y, e;j(l)

will be sufficient to make this an equilibrium.

This condition holds if
Pg P9
1 YgiPglgY Ty,
- P I > mgi(l,eq5).  (10)

yl—pg/q—q Pg Pg. £g\2

9J q q
1+ ylfpg/q*q q(ygi *Yyj )

gi

Hadi Elzayn and Benjamin Fish

We call Inequality 10 the nondeviation condition. We can write:

2
1 2
( q )aw;’iﬂ/;’j“'
PgHg l*é q
Ygi Vgj

2

19, 4\G

1+ (_ q )‘1 (Ygiﬂ/gj)q
PgHg

mgi(1, 6gj%) =

)
_1 a9, 9\G
+( 9 ) a (Ygi+ygj)q

PgHg L1

q -q
Ygi Vgj

so Inequality 10 asks that
Pg Py

1 Ygipgllg)’gg Yg;{

yl,,,g/q,q Pg Pg Pg\2
7 q q
ylfﬂg/frq q(ygi +ng )

gi

1+

1

=2
_1 .9, 9\g
1+(_‘1 ) q (Ygi+ygj>q

PgHg 1

q -q
i Vgj

=

We have shown that if the nondeviation condition holds for
each group and each firm, then (¢ ;, E*j) is a Nash Equilibrium in
pure strategies under proportionally split demand with competi-
tion exponent py in each group and learning rate g. If a further
condition holds, namely that there exists a preferred strategy to
non-investment if the opponent invests, then the equilibrium is
unique.

Call this the investment condition: there exists ¢ € (0,1) such
that:

) A
_Yoi _Hg

Hg ((eP9 + 1)e)
eg +1 & 2 ‘

2

= T —y4(ef9 +1) >
(11)
Equivalently, we need to ensure that there is an ¢ € (0, 1) such that:

(P9 + 1)eT)

= 9 —yyi(ePs +1) - % >0 (12)
has a solution in (0, 1). This will not always be the case, of course;
when it is not, then there is an equilibrium in which both firms
prefer not to invest in collecting data from one group at all, which
certainly exacerbates inequality. O

D OMITTED PROOFS FROM SECTION 6.1

OMITTED ALGEBRA FOR OPTIMAL PROFIT. Recall that we would
like to show that the optimal profit achievable by the monopolist
facing parameters yig, ag, g, v4 for gin G = {A, B} is:

4 oy
(") = Z Hgag_(.ugﬁg)qﬂ)’gq Q.
ge{AB}

For clarity, write 14 for ygf;. Then we can write the optimal
profit for a group as a function of the parameters using the result
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that the profit optimizing choice of error is 8 =(qvg/ng yH/arn),

”;(l—’g, Yg> ag,ﬂg) = OgHg — ’795; - Y/gzq

1
Mg
— gy * qq*‘yg"“—yg( )

= agp
9rg qvg
—a q+1 q+1 q-IH _ q+1 ; q?—l
- gllg r]g Yg q Yg q/(q+l) ”g
qu q}%-l L 1
— 1 [
=gy ~Ng Vg [q e qq/(q+1)] '

i
Then writing Q = g9+ + m, substituting back g By for ng,

and summing over groups yields the claim. O

Proor oF LEMMA 6.3. Fix a solution (g4, ¢g) to the constrained
profit optimization problem. We will show that unless eg = (1 +
X)€As (€4, €B) is not a constrained profit maximizer.

Since by assumption 81];4 > g%(l + y)buteg/(1+ x) < e <
(14 x)ea, we can’t have both EgI = ¢pg and s% = £4. Without loss
* €B.

There are three cases. In the first case, sg/f > (14 y)ea. We
can increase the profit achieved by (e4, ¢g) by increasing ¢p, as in

of generality, assume that e

this case, eg < eg/[. To see this, let ¢4 = (eA, aeg’l +(1- a)eB) for
a € [0, 1]. By Jensen’s inequality, there is an « such that

m(eq) = (1 —a)m ((ea,€B)) + ax ((é‘A, ng)) > n((ea, €B))-

The first inequality holds for any @ € [0,1], so we set @ so that
eq = (€4,(1 + y)ea), in which case this is still a feasible solution,
and by the separability of the profit function, the second inequality
holds.

In the second case, eg/l < €4/(1 + ). Then by the same logic
using Jensen’s inequality, we can increase the profit by decreasing
egtoea/(1+ y), ie n((ea,eB)) < m((ea,€4/(1 + y))). But we can
increase the profit even more in this case because EIIXI < eg/l /(1 +
X) < €4/(1 + )%, so now we can decrease ¢4 to see that profit is
maximized at (e4/(1 + % gA/(l +x).

Otherwise, e4/(1 + y) < e < (1+ y)ea. This is very similar to
the previous case: Jensen’s mequallty along with the separability

of 7 shows that 7((¢a,¢p)) < & ((sA, eg/[)) < (eg’r/(l +x), sg/[).
O

M.
ZEA,

Proor oF COROLLARY 6.5. First, we show that £§

R\9t+1
fal _aatys/(+ ) [(paPa + psPe(1+ X))
M qyal(paBa)

_ paPa ya+ys/(1+ )4

paPa + ppP(l+ x) YA
_ HaPaya+paPays/(1 + X)q

paPaya + psPya(l + x)

Notice that
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Now using the elementary fact that for positive x, y, z, (x + y)/(x +
z) > 1 & y >z, we can see that

R\9q+1
(—ﬁ) >1 & paPays/(1+ )T = ppPrya(l + x)

€A

YB YA “
—_ > (1 + )q
BB ~ paPa

1
But recalling that the monopolist’s optimal solution is ¢3! = (%) 7+

we can rewrite the previous inequality as

M+l Mg+l 1 M
g >, 1+ 97" — ¢ >5A(1+)()

which is exactly Assumption 6.1.
Now, we show that slg < 62’1:
1
L+ )T ya +yp(1+ )| 77
paPa +ppBe(l+ x)

=1+ ek = (q

Then

puaPa+upfp(l+y)  qys

_ #PBYa(l+ )T + ppPB(1+ X)vB
yapaPa + psfeys(1+ x)

So again using the elementary fact tha Z +

£

R\9+1

(S_B) _ya(l+ 0% +yp(1+ x) pePB
Bl =

B

ER q+1
B
(W) <1 < upPpyB(1+ x) < paPaya
B
YB +1
————(1+ )1
HBYB ﬂAﬁA X
= M Marts . qul(1 + y)9tl

= e > M+ ).

O

ProoOF oF COROLLARY 6.6. Returning to the second equation in
the proof of Corollary 6.5 :

(PoFyy ) 7" = pafa va+ys/(+ )1
“ HaPa + pBpB(1+ x) YA
< ratys/(+ 01
B YA
Taking the (q + 1)th-root yields the claim. O

PRrROPOSITION 6.9. We can write

9 [ a _1 q q 1

+1 +1 +1 +1 +1
uaaq+rupag-Qud g Iy I e r T p Ity 1
MonPoFy 4 y = q 7 :
- 1 +1 _1 4yg+1
HAGA +THACR Q#A Ba+rPp+ )T (YA +YB gy )

Factoring out y4 and using the fact that if yg — oo, g — o0, we
have:

uéhg MonPoF 4 5 = u Xﬂ oo MonPoF 4 5
17 4 1 g 49 _L
aA‘*'rU‘B_QﬂAqH ﬁXJrl yAqH gt ﬁgﬂ yéprl
e &1 q_ 1
ap+rag-Quy T |(Ba+rAp+ ) T (v +vp iy DT
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But then
lim MonPoFq4+y =1,
HB—00
since ,u;{l/ @) _, ¢ s 1A — oo and its multipliers are constants.

For the second claim, we can simply substitute in yg = 0 and
factor out ppan to get

1

1

nacall - 0 (7145) ™1
lim MonPoF = Haga

pB—0

HAQA

L\
paaall -=Q (—YAWB/(HX)(I : ) ]

[1—Q(,,§;;A)ﬁ]

1

A
1-0 [YA+YB/(1+X) ]

HACA

1-Q/qel!

q+1
1
1- Q/qe% 1+ % T
(1+y) 9+

E OMITTED PROOFS FROM SECTION 6.2

Proor oF LEMMA 6.11. First, note that the absolute error con-
straints are separable, so that the firm’s profit maximization prob-
lem is simply max,, 74(¢g) subjectto eg < y, for eachofg € {A, B}.
So fix a group g € {A,B}. If 55 # 6‘94, it must be that séw > y,as
otherwise the constraint would have already been met by 6‘94 . Now
we show that for any feasible error rate ¢y < x, mg(eg) < mg(x)
with equality holding only at ¢ = y. So suppose that ¢4 < .

Let g0 = (1 - a)eg + 0{59’1 for a € [0, 1]. Since 74 is concave,
Jensen’s inequality implies that

ng(eg,a) = g ((1 —a)eg + 0(52/1)

> (1-a)mg(eq) + amng (594)

> 74(eg),

with the second inequality holding when a > 0 because 74 (894 ) >

74(¢4)- Then choosing a = 5)5”_:999 suffices as then ¢4, o = y. (Notice
that ),{4759 € (0, 1] since 59’1 > yand y > ¢4.)
é‘g *Eg

O

PROOF OF PROPOSITION 6.12. First, by Lemma 6.11, when y <
sﬁ’[ , then the optimal choice for the monopolist is (Eﬁ, eg )= (s x)-

In this case, the profit is
A B
7(x, x) = palea — Bax) + uplas — fex) — a — ¢5 - y—q - Y—q-
X X
Since 7 is concave, the global optimum is at (s%, sg/l), and as the

error rate goes to zero, profit goes to negative infinity, there must
be a minimum error rate yp > 0 where the profit is zero. Since this

Hadi Elzayn and Benjamin Fish

error rate must be smaller than efXI , the above formula for profit
holds and this error rate is the solution to

A B
pa(ea = fax) + uplag = Ppx) — da— ¢ - y_q - Y—q =
X X
Multiplying by y9 and re-arranging gives the claim. o

PrROOF OF COROLLARY 6.15. For g — oo, note that we can write
the price of fairness as:

M

1 (eXD+7p(efh) =

TA(E Y +7B £p M M

— L= ¢ < y<e

maleiDns(n A =X B

(el )+mp(eg') M

TratormsGo. XS X<

o0 X < Xo
Since s% s sg’f — 0 as up, ga — oo, as the population grows, even-
tually sg’f and eﬁ‘{[ will be less than y, so that gg = ggj and e§ = ei‘{l .

Thus limy; 00 MonPoF,, = 1.

For g — 0, given our assumption on y, we will be be in either
Case 1, Case 2, or Case 3. Note that as yg — 0, ngr will eventually
be larger than y, so the limit will be obtained at either Case 2 or
Case 3. In Case 2, we can substitute in 0 for yg; combining this
with the fact that for small enough pp, the optimal choice for the
unconstrained monopolist eventually becomes to set eg/l =1, we
can write the price of fairness as:

M
wa(ey ) —vB — ¢B
lim MonPoF, AI?I ! 9 >
pp—00 ma(eA)™ —yB/ X1 - ¢B

L a
paca —Qy I (uaPa) —pa —yB — ¢B

L a_
paaa —Qy " (uaPa)a —pa —ys/x1 - ¢B

1-— YB_¢B
1 9
ﬁ(#AﬁA) T —¢a
= > 1.
1— yB/x9-¢8
q

1 (HaBA) T =4
since y <1 = yg/x? > ys.
Alternatively, if Case 3 obtains, then we can write:
lim MonPoF), = 7AX) ~vB — ¢B > 1.
p—0o ma(x) —vB/x9 - ¢B
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