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Abstract

We study a two-institution stable matching model in which candidates from two
distinct groups are evaluated using partially correlated signals that are group-
biased. This extends prior work (which assumes institutions evaluate candidates
in an identical manner) to a more realistic setting in which institutions rely on
overlapping, but independently processed, criteria. These evaluations could consist
of a variety of informative tools such as standardized tests, shared recommendation
systems, or Al-based assessments with local noise. Two key parameters govern
evaluations: the bias parameter S € (0, 1], which models systematic disadvantage
faced by one group, and the correlation parameter v € [0, 1], which captures
the alignment between institutional rankings. We study the representation ratio
R(B,7), i.e., the ratio of disadvantaged to advantaged candidates selected by the
matching process in this setting. Focusing on a regime in which all candidates
prefer the same institution, we characterize the large-market equilibrium and derive
a closed-form expression for the resulting representation ratio. Prior work shows
that when v = 1, this ratio scales linearly with /3. In contrast, we show that R (3, )
increases nonlinearly with v and even modest losses in correlation can cause
sharp drops in the representation ratio. Our analysis identifies critical y-thresholds
where institutional selection behavior undergoes discrete transitions, and reveals
structural conditions under which evaluator alignment or bias mitigation are most
effective. Finally, we show how this framework and results enable interventions
for fairness-aware design in decentralized selection systems.

1 Introduction

Stable matching mechanisms are a cornerstone of allocation theory, extensively studied in game
theory, economics, and, more recently, machine learning [48, 49, 50, 8, 21, 41, 32, 33, 39]. These
mechanisms assign agents (e.g., students, workers, users) to institutions (e.g., schools, employers,
content slots) under preference and capacity constraints, ensuring that no unmatched agent-institution
pair would mutually prefer each other over their assigned match. Such matching systems are widely
deployed in admissions practices, labor markets, and digital platforms.

Often, preferences across candidates are determined using evaluations such as standardized
tests, interviews, or aggregate reviews. However, such evaluations can exhibit group-dependent
bias—systematically disadvantaging candidates from certain demographic groups [47, 28, 46, 22,
40, 55, 36]. Further, institutions often rely on overlapping signals (e.g., standardized test scores or
resumes), yielding inter-institutional correlation in how candidates are assessed. These structural
properties of bias and correlation can jointly skew allocation outcomes, compounding access gaps
across education, employment, and economic opportunity [31, 30, 56, 26, 10].

The rise of Al-driven evaluation tools has further amplified these concerns. Predictive scoring models,
automated interviews, and recommender systems are now widely used to rank candidates [43]. While
scalable and efficient, these systems often inherit biases from historical data and reinforce alignment
through shared features or pretraining [44, 54]. As a result, modern evaluations may not only be
biased but also correlated across institutions in opaque or unintended ways.
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A growing body of work has studied the impact of biased evaluations on allocation. For example, [15]
analyzes a centralized matching model where a common evaluation multiplicatively downweights
scores for one group. They show that representation degrades linearly with bias and propose
fairness-preserving mechanisms. In contrast, many real-world systems are decentralized: institutions
make decisions independently, often using correlated but locally processed signals. For instance,
school choice programs use structured tie-breaking rules that induce inter-institutional correlation
[1, 4]. Even in the absence of bias, such correlation can generate disparities across groups [12].
These insights motivate our central question: How do group-dependent bias and inter-institutional
correlation jointly shape group-level representation in decentralized matching markets?

Our contributions. We build on and generalize the centralized model of [15] by introducing
a decentralized stable matching framework that jointly models group-dependent bias and inter-
institutional correlation. We consider a two-institution setting where candidates belong to one of two
groups: (1 (advantaged) and G2 (disadvantaged). A total fraction ¢ of candidates must be matched
across both institutions. Each candidate possesses two latent attributes. Institution 1 ranks candidates
solely by the first attribute, while Institution 2 uses a weighted combination of both attributes. The
correlation parameter v € [0, 1] controls the degree of alignment between the evaluations of the
two institutions. As in [15], candidates from G5 face a multiplicative bias 5 € (0, 1] applied to both
attributes. For our main results, we assume that all candidates prefer Institution 1, reflecting prestige-
driven preferences in many real-world settings (e.g., centralized college admissions [2, 42, 35, 53]).
We extend our analysis to general preference distributions in Section L. Our main contributions are:

1. Equilibrium characterization. We first show that, in the infinite population limit, the stable
matching is governed by two thresholds, s} and s3, which depend on 3, -, and c. The threshold s}
admits a straightforward expression; see Equation (4). In contrast, deriving s3 requires resolving
interdependence between institutions’ rankings and cross-group orderings. We introduce a regime-
reduction technique that collapses sixteen potential case distinctions into three interpretable
~-based regions, determined by analytically derived thresholds 71, vz, v3 (Theorem 3.1). Using
this structure, we obtain a closed-form expression for s5 (Theorem 3.2) and prove that it varies
unimodally with respect to v (Theorem E. 1), capturing a subtle trade-off: increasing correlation can
both enhance evaluator alignment and reduce access to high-scoring candidates due to intensified
competition with Institution 1.

2. Fairness metric and monotonicity. Building on the equilibrium thresholds, we derive a piecewise
closed-form expression for the representation ratio R(3, ), which measures the relative selection
rates between the two groups (Theorem 3.3). We introduce a normalized variant, A/(3, ), which
quantifies fairness relative to the ideal setting with full evaluator alignment. Unlike R, previously
studied in the centralized model of [15], the normalized ratio isolates the effect of evaluator
misalignment and enables scale-free comparisons across regimes. Because both R and A/ depend
on regime-specific thresholds, direct algebraic analysis is intractable; instead, we establish their
monotonicity in 5 and y by examining the equilibrium-defining equations themselves.

3. Studying fairness interventions. Leveraging the structure of N/ (3,~), we identify the Pareto
frontier of minimal interventions that achieve a desired fairness level 7. Specifically, we character-
ize the combinations of evaluator bias 3 and alignment -y that satisfy N'(8, ) > 7, and visualize
these trade-offs via contour plots. This enables system designers—given current evaluation param-
eters (B, 7o) and a target 7—to determine whether fairness can be achieved by adjusting either
parameter and to select cost-effective strategies accordingly; see Section 4.

Together, these results provide a structural and quantitative foundation for fairness-aware design in
decentralized selection systems with biased and partially aligned evaluations.

Related work. Stable matching has been extensively studied in game theory, economics, and machine
learning, with foundational contributions on stability, truthfulness, and decentralized evaluation
[24, 48, 49, 50, 21, 8, 32, 33, 39]. Our work builds on [15], who studied fairness in centralized
matching under group-biased evaluations. We generalize their setting to allow partially correlated,
institution-specific evaluations in decentralized markets. This aligns with recent work highlighting
the role of inter-institutional correlation in shaping outcomes [12, 4, 1]. While prior models focus on
either bias or correlation, we analyze their joint effect on representation. We also connect to literature
on algorithmic fairness in subset selection, ranking, and admissions [29, 16, 25], and to empirical
studies showing persistent disparities in algorithmic selection systems [26, 31, 30]. A full discussion
of related work is deferred to Appendix A.



2 Model

We consider a two-institution matching setting where Institution ¢ has capacity ¢;n for i € {1,2}.
Candidates belong to an advantaged group G or a disadvantaged group G, with group sizes
|G;| = vin. We focus on the demand-exceeding-supply regime, where ¢; + ¢o < v1 + va.

Correlated evaluations. Each candidate ¢ has two independent attributes, v;; and v;2, drawn i.i.d.
from the uniform distribution on [0, 1]. Institution 1 evaluates candidates using v;;, while Institution 2
uses a convex combination:

Uil = Vi1 and uig = yvi1 + (1 —7)via,
where v € [0, 1] controls the degree of correlation between the two institutions’ evaluations. This

model captures, for instance, settings where Institution 2 relies partly on a common criterion and
partly on institution-specific judgments.

Bias in evaluations. We model bias using a parameter 8 € (0, 1], following the framework of
[29, 15]. The estimated utility 4;, of a candidate from group G for Institution ¢ is downscaled
relative to their true utility:
te = uyp ifi € Gy and u; = ﬁuig ifi € Gs.

This captures settings where disadvantaged candidates are systematically undervalued in evaluations,
for example, due to differences in interview performance or standardized tests. Our analysis focuses
on 8 < 1, though it extends naturally to 3 > 1 to model overestimation, to asymmetric bias across
institutions; see Appendix I), or to additive bias (Appendix J). Both institutions evaluate and select
candidates from both groups; the parameter /3 only affects how candidates from G are evaluated.

Stable matching. A matching M assigns each candidate to an institution, subject to institutional
capacity constraints. The matching M is stable if no candidate 7 and institution ¢ form a blocking pair:
that is, if ¢ prefers £ to their assigned institution M (¢), and there exists a candidate j currently matched
to £ such that @, > 1,e, then ¢ must already be assigned to £. Stable matchings can be computed via
the Deferred Acceptance algorithm [24, 50]. We consider a model in which each candidate prefers
Institution 1 over Institution 2 with probability p. The main body focuses on the case p = 1, where
all candidates prefer Institution 1. Extensions to general p are discussed in Appendix L.

Scaling limit. We analyze the model in the large-market regime, where the number of candidates
n — oo. This is a standard approach in stable matching theory for capturing micro-to-macro
behavior. In the finite setting, it is known that stable matchings are characterized by threshold-
based rules; see Proposition B.1. Specifically, for any realization of the evaluation scores 4, the
unique stable assignment is determined by two cutoffs S; and Sy such that M ~1(1) = {i : 43, >
S}, M~Y2) = {i : 9; < Syandd;e > So}. Taking expectations, normalizing by n, and
letting n — oo, we obtain the scaling limit, where the stable matching is described by deterministic
thresholds s; and so satisfying:

v1 Prltn > s1] + va Prii > s1] = ¢, (D
v1 Prlti; < s1,%i2 > so] + va Prily < s1,0i2 > s2] = ca. )
Here, ¢ denotes a candidate from group G and ¢’ from group G2. These equations admit a unique

solution (s}, s3); see Appendix B for formal details. We show in Appendix B.3 that the finite
thresholds (.51, S2) converge to their deterministic limits (s, s3) as n — oco.

Metrics. To quantify fairness in selection outcomes, we use the representation ratio introduced
by [15]. Let p; denote the fraction of selected candidates from group G, and define: R(M) :=

%. This metric captures disparity in group-level representation, with R(M) = 1 indicating

perfect proportionality across groups. In the scaling limit, the representation ratio can be expressed in
closed form in terms of the stable matching thresholds (s}, s3) derived from equations (1)—(2):
) gt B st dyn st
R(8.7) = Pt 3)
While R(5,y) is useful for quantifying raw disparity, it is not always scale-free: for fixed 5,
it may attain a maximum below 1 depending on the alignment parameter v. This complicates
comparisons across systems with different baseline levels of bias. To address this, we introduce the

normalized representation ratio N(67 'y) = %, which measures the fraction of ideal
~/€[0,1 s

representation achieved at the current alignment level. Unlike R, this normalized metric allows us
to isolate the impact of misalignment independently of the underlying bias and supports principled
intervention analysis.




3 Main results

We characterize the representation ratio R(3,) (and thus N'(3,~)), which quantifies how equitably
candidates from advantaged and disadvantaged groups are selected under a stable matching. Under
the scaling limit introduced in Section 2, the matching is determined by two thresholds s7 and s3,
which are solutions to Equations (1) and (2). For clarity, we focus on the symmetric case ¢c; = c3 = ¢
and v, = v = 1, providing a complete piecewise characterization of s}, s3, and the resulting R (3, 7)
as functions of the bias parameter S and the correlation parameter v. We focus on the demand-
exceeding-supply regime ¢ < 1, where the thresholds determine partial selection. Our analysis centers
on the regime 8 > 1 — ¢, where both groups are eligible for selection by Institution 1—capturing
cases where bias is moderate and fairness is nontrivial. Extensions to 8 < 1 — ¢ and to more general
preference models are deferred to Appendix K and Appendix L respectively.

Step 1: Computing the threshold s3. We begin by solving equation (1), which determines the
threshold s used by Institution 1. Since Institution 1 evaluates candidates using their first attribute
v;1, and a bias factor of (8 is applied to candidates from group G, assuming v; = v = 1 and
c1 = cg = ¢, the left-hand side of (1) becomes the average admission probability across both groups:

L Prldyn > s1]+ § Prldin > s1)=3(1—s1) + 3 ( - %) Setting this to ¢ yields:

i = 2 @

This expression shows that s} increases with /3: as bias decreases and evaluations of group G2
improve, the institution can raise its threshold while maintaining its target capacity. For this threshold
to admit candidates from both groups, it must satisfy s7 < 3, ensuring that the effective threshold for
group G2 does not exceed their maximum possible score. Moreover, when 3 > 1 — ¢, one can show
that s3 < s7 (Proposition C.2). This yields the condition 8 > 1 — ¢, which defines our main regime
of interest. When 8 < 1 — ¢, Institution 1 selects only from group (1, resulting in a degenerate
matching; we defer this case to Appendix K. Finally, note that s} depends only on 5 and ¢, and is
independent of ~y, which influences only the threshold s3 used by Institution 2.

Step 2: Computing the threshold s3. The threshold s3 satisfies the second matching equation (2),
which captures the fraction of candidates not admitted by Institution 1 but accepted by Institution 2.
That is, s defines the acceptance region for Institution 2 over candidates rejected by Institution 1,
based on a potentially different evaluation criterion. As a warm-up, consider the case v = 1,
where both institutions evaluate candidates using the same biased attribute v;;. This corresponds
to a centralized setting previously studied in [15]. In this case, Institution 2 selects candidates
whose (biased) utility falls in the interval [s}, sT), so the selection probabilities for each group are:
Prli;y € [s2,81]] = s1—s2, Pr[tinn € [s2, 51]] = #15°2. Using equation (2), the capacity constraint

becomes: 1 (s1—s2)+3 (%) = ¢. Solving yields the closed-form expression: s = s} — ﬁ
This expression serves as a benchmark and reveals a useful structure: when both institutions are
aligned in evaluation, s is simply a shifted version of sj.

In the general case v € (0, 1), Institution 2 evaluates a convex combination of the two attributes:
w2 = yv;1 + (1 — v)vse. A candidate is selected if they are rejected by Institution 1 (d;; < 1) and
accepted by Institution 2 (@i;2 > s2). The key term in (2) is the joint probability Pr[i;o > so A ;1 <
1], which corresponds to the area above the line L(7, $3) := yx + (1 — )y = s2 inside the rectangle
[0, s1] x [0, 1]. Depending on how this line intersects the rectangle, we distinguish four cases:

Case I: s5 < min(s1y,1 — ~). The line intersects the y-axis at 19_—27 < 1 and the z-axis at ;—2 < sy,
2
. . o~ ~ S
yielding Pr[t;1 < s1,Uiz > $2] = 81 — PaTgE—g

Case II: s5 > max(s17,1 — 7). The line intersects the y-axis at 15_—27 > 1 and the z-axis at 572 > 51,

A~ ~ _ (A—y—s9+vs51)®
0 Pr[u; < s1,Ui2 > s2] = W

Case Ill: s17y < sy < 1 —~. The line intersects the y-axis at

leading to Pr[ﬂﬂ < 81, ﬂig > 82] = %1 (2 — 28?:%) .

2= < 1 and the line z = s at 3251,
= =

Case IV: 1 — v < s9 < s17. The line intersects the y-axis at

S 3 S
= > 1 and the z-axis at = < s,

giving Pr[ﬂil < Sl,aig > 52] =81 — 572 + 12_77
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Figure 1: (Left to Right) Cases I, II, III, I'V that arise in the probability computation.

We now repeat the analysis for group G2, whose evaluations are rescaled by /3. That is, the decision
boundary becomes Lg (7, s2) := yx + (1 —7)y = s2/3, and the relevant domain is [0, s1 /3] x [0, 1].
The same four cases apply, denoted I'-IV’, depending on how the line intersects this rectangle. A
brute-force approach would guess the correct pair of cases for groups G; and G (16 combinations
total), and solve (2) under that assumption. However, this yields little structural insight into the
behavior of s} or the resulting representation ratio R(3, ). In the next step, we characterize this
structure piecewise by regime.

Step 3: Identifying structural regimes via ~-thresholds. Remarkably, our next result shows that
only four of the sixteen case pairs (I-IV x I’-IV’) arise in equilibrium, and that each occurs over a
contiguous sub-interval of [0, 1] characterized by three values 0 < 3 < o < 3 < 1.

Theorem 3.1 (vy-thresholds). For any fixed B > 1 — c, there exist unique values y; < v < 3 €
[0,1] such that: (i) s5(v)/8 < 1 — v ifand only if v < 1, (ii) s5(v) < 1 — v if and only if
v < 9, (iii) s5(y) > sy if and only if v < 3. Moreover, these thresholds are given by: (i)

_ 251 (811/8) ~4(1-¢) i)
N = SEEA -t epRares (i) =

2/ %2 * §* 2
(1+5712) z2(s1) —l—a:(%l—‘ﬂ—g—c)—i—%(l—%) — 0; (iii) 3 = 1=

At a high level, the reason why only four out of the possible sixteen cases arise is as follows. When
~ = 0, L(+, s2) is horizontal and hence, we are in Case III (see Figure 1). We show that s5(v)/1 — v
and s%(y)/~ are monotonically increasing and decreasing functions of ~y respectively. Thus, as we
raise +, the y-intercept of L(+y, s2) increases and its z-intercepts decreases. Therefore, we transition
from case III to case II and eventually to case IV (when v = 1, L(7, s2) is vertical) — note that
case I never happens because in this case, the relevant area above L(+y, s2) is more than 1/2, but the
capacity at Institution 2 is at most 1/2. The line Lg(y, s2) also goes through these transitions as we
raise . Since these two lines remain parallel (and Lg lies above L) as we change -, their transitions
happen in a coordinated manner. Theorem 3.1 shows that the pair of cases corresponding to these two
lines goes through the following transitions: (III, IIT"), (ITL, IT"), (I, IT"), (IV, IV’), and these regimes
are separated by three critical thresholds—;, 2, and 7s.

w47, Where x is the unique root in (v1,73) of

These thresholds also mark qualitative changes in how the institutions evaluate candidates and balance
the two attributes. For instance, when v < v, disadvantaged candidates can qualify based solely on
their second attribute v;2, but for v > ~;, they must also meet performance on v;;, making admission
more stringent. Likewise, above 3, both groups may qualify based on v;; alone. Between these
values, the selection regime reflects blended dependence on both attributes, with differential effects
across groups due to bias.

The proof of the first part of Theorem 3.1 relies on monotonicity of the scaled thresholds and

5’1%(1) that arises due to the structure of the equilibrium condition and the convex combination of

attributes. The values of the ~-thresholds are derived as follows: for each i € {1,2, 3}, the definition
of ; also yields an expression for s3(7;). For example, s5(v1) = B(1 — ~1). Since the threshold
s5(7y) also satisfies the capacity constraint (2), we get equations for solving +;.

Note that, while v3 = ﬁc remains fixed for all 3, we show in Proposition D.1 that the threshold

functions 1 () and 2 (/3) are strictly increasing and decreasing in j3, respectively, and both converge
to a common limit as § — 1. In particular, limg_,; 71 (8) = limg_,1 12(8) = m < 3.

This implies that even in the absence of bias (5 = 1), structural phase transitions in the equilibrium
threshold s3 (and hence the representation ratio R) still occur as evaluator alignment +y increases. Our



framework thus provides insights not only into the compounding effects of bias and misalignment,
but also into the residual impact of evaluator disagreement in the fully unbiased regime.

Finally, when 8 < 1 — ¢, the equilibrium admits a richer structure: there is an additional threshold
~v4 wWhere 4 = s3(v4)/8. Further, there is a critical value 3. € [0,1 — ¢| such that if § < S, the
relative ordering of these thresholds is 71, 73, 72, v4; otherwise it is 1, 2, Y3, V4. At this critical
value of /3, o equals s, i.e., both the groups never satisfy the conditions in case II for a given value
of . We defer a full treatment of that regime to Appendix K. We now use the threshold structure
above to derive explicit expressions for s3(y) in each regime.

Step 4: Solving for s;(v) in each regime. The thresholds 7,72, 73 partition [0, 1] into four
intervals, each corresponding to a fixed pair of geometric cases for groups G; and G5, namely
(II1,IIT),(III,11"),(I1,1I"),(IV,IV’). In each such regime, the expression for Pr[;s >
s2 A ;1 < $1] is known from Step 2, and we can solve equation (2) to obtain s3(7).

Theorem 3.2 (Equations for s%(v)). Assume 8 > 1 — cand c < 3. Then s3(v) satisfies:

2s5F sk — *)2 * 25%s* — *\2
[0l o = R 4 G - S =
) 26* % —m(s*)2 L—~y—s% /B+ys® /B)?
* [y,7e)e st - Glgr‘()ljv()ﬂ) + U= 2?(/1777)91/ L=
1—~y— *+ *\2 1—~y—s* + " 2
. [72,73].. ( ;7(512_"7)81) _|_( y—s5/B+vysi/B) —©c

2v(1—7)

* [ st 1+ 1/8) - 2 - 2+ S =c

The piecewise equations above yield a unique value of s3 for each . In particular, even when the
defining equation is quadratic, the interval-specific constraints on s} (e.g., bounds derived from
geometry or feasibility) ensure a single consistent solution. As -y varies, s5 transitions through
qualitatively distinct behaviors—decreasing, convex, and increasing—reflecting a subtle interplay
between evaluator alignment and group-based access. We show in Theorem E. 1 that s3(-y) is unimodal
(and, hence, non-monotone w.r.t. ) and continuous, with matching slopes at regime boundaries. Note
that when 8 < 1 — ¢, due to the emergence of an additional threshold 4, Theorem K.5 shows that
s5(7y) can now have several local minima or maxima (see Appendix K.3). These characterizations of
s5 now allow us to derive the representation ratio R (8, v), which we analyze in the next step.

Step 5: Closed-form expression for representation ratio R (3, v). Using the expressions for s}
derived in Step 4, we now give piecewise closed-form expressions for R (S, 7).

Theorem 3.3 (Representation ratio). Fix c < % and 8 >1—c

Define A(By) = st + \J(sD2(p2 + 1) - MDD g () =
207(1+,82)
—B—p)+\)—(1—p)2+ ZUEE)
=9 \/ i+ﬁ2) =Y Then:
(l—c —ot? . 1- 42226 .
Lo =t iy € [0,m), — s fvebunl
R(B,v) = . THiteTa
’ o s v —(1-B)(Aty) ey
175{«%07(177)292([3”” lffy € [72773]7 A+ (1—B)+4vBc lf’Y € [737 1}
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The proof of this theorem uses the expression (3) for R(f3, ) in terms of s7 and s3. For each of the
regimes defined by 1, 72, y3, we use (3.2) to eliminate the explicit dependence of this expression
on s3. The monotonicity of R(8,y) with respect to v follows from analyzing these closed-form
expressions. Details are given in Appendix F. As an example, consider the regime y € [72, y3]. Using

the equation for s} in this interval (Step 4), we define A := %, and observe that the mass of
(1—)

group (G; candidates selected by Institution 2 is TM. This expression, together with its analog
for group G, yields an explicit formula for R(, 7) in each regime.

We present a summary of the results in this section in Table 1. While our main focus is on representa-
tion, the framework also supports closed-form expressions of institutional utilities (see Appendix H).
In the next section, we leverage these results to examine how R (3, y) behaves jointly with £ and -,
and explore design strategies that mitigate bias while maintaining institutional efficiency.



Structural property Result and location

Closed-form expression for s} s1 = % (Eq. (4))
Monotonicity of s} w.r.t. 8 increasing in 3 (follows directly from Eq. (4))
Four regimes of Y12, Y3 (Theorem 3.1)
piecewise expression for s via characterization via 1, v2, v3 (Theorem 3.2)
Unimodality of s5 w.r.t. s3 is continuous with at most 1 minimum (Theorem E.1)
Monotonicity of s w.r.t. 8 increasing in 3 (Proposition C.1)
piecewise expression for R 4-case formula (Theorem 3.3)
Monotonicity of R in 3 increasing in 3 for fixed ~y (Proposition F.1)

Table 1: Summary of structural properties of thresholds and representation metrics for 3 > 1 — c.

Extension to general preferences. We also extend our analysis to the general preference setting,
where candidates prefer Institution 1 with probability p € [0, 1], as described in Appendix L. In this
setting, the equilibrium thresholds s and s3 satisfy coupled nonlinear equations that lack closed-form
solutions. In Appendix L.1, we derive these equilibrium conditions and prove the existence and
uniqueness of the solution, ensuring that the model remains well-posed for all p. Using the probability
expressions developed earlier, we show in Appendix L.2 that these thresholds can be computed
efficiently through numerical evaluation. Building on these results, Appendix L.3 provides closed-
form formulas for key outcome metrics—the representation ratio and institutional utilities—expressed
directly in terms of s} and s3. Analytically, we establish in Appendix L.4 that both thresholds vary
monotonically with p, although not necessarily strictly: s}(p) remains constant up to a critical
point p* and increases thereafter, corresponding to a regime where the selection probability Pr[u;; <
sT(p) A wig > s3(p)] is zero. We formalize this structural break in Appendix L.4.1 and confirm
it numerically. Consequently, both R and A decrease with p and exhibit a clear phase transition:
they remain constant for p < p* and decline sharply thereafter. Finally, numerical experiments
in Appendix L.5 and Figures 8—14 reveal how thresholds, representation ratios, and utilities co-evolve
as p and the correlation parameter «y vary. The qualitative behavior of R(3,~) and N'(3,v) remains
monotone in 5 and v even under general preferences, while varying p introduces the new structural
effects described above—monotone yet piecewise regimes and distinct phase transitions that extend
the continuum-limit analysis.

4 Analysis and intervention

A central goal of this work is to guide interventions that improve representation for disadvantaged
groups. Toward this, we study how fairness metrics vary with two systemic levers: evaluator bias
() and institutional correlation (). While our main structural result yields closed-form expressions
for the representation ratio R(f, v) (Theorem 3.3), its policy relevance depends on understanding
how R and its normalized counterpart A evolve with these parameters. This section is organized
into four parts. We begin by analyzing how R (8, ) varies with § and ~, highlighting regimes of
monotonicity, sharp transitions, and diminishing returns. We then study the variation of normalized
ratio N'(3, ) with respect to 3 and . Building on these insights, we formulate a framework for
intervention planning under fairness targets and show how to use it.

Monotonicity, transitions, and concavity of the representation ratio. We begin by asking: How
does R(f3,y) vary with the bias level 5 and evaluator correlation ~? For any fixed -y, the dependence
on [ is predictable: as bias decreases (i.e., 5 increases), selection thresholds s7 and s5 become
stricter for the advantaged group, yielding a higher representation ratio (see Appendix F.2). The
variation of R (S, ) with «y (for a fixed 5 > 1 — ¢), however, is more subtle. Since -y controls how
correlated the two institutions are in their evaluation criteria, one might expect that decreasing
allows for more diverse evaluation and improves access for disadvantaged candidates. While s7 does
not change with v, s3(y) can increase or decrease with + : it follows a U-shaped trajectory as
increases (see Theorem E.1). This raises a natural question: can R(8, ) be non-monotonic with + as
well? The answer is no in the regime ¢ < 1/2and § > 1 — c.

Corollary 4.1. Fixc < 1/2and B > 1 — c. Then R(B,~) increases monotonically in +.

In particular, R(8, ) is maximized when v = 1: R(8,v) < R(8,1) forall « € [0, 1]. The proof
heavily relies on the piecewise formulas derived in Theorem 3.3 and is deferred to Appendix F.1.
Figure 2 illustrates the contrast: while s3 dips and then rises with -, the representation ratio R (S, )
increases steadily—more sharply so for larger values of 5. Note, however, that this monotonicity



may not hold outside the (less relevant) regime 5 > 1 — c¢. In particular, when § < 1 — ¢, no one
from G5 can be admitted to Institution 1, and this equilibrium structure can reverse the fairness trend
with increasing -y; see Proposition K.8 for details.

Importantly, using the piecewise characterization from Theorem 3.3, we can generalize prior results
by [14] on representation ratio. [14] considered the case v = 1 and showed that R(3, 1) varies
approximately linearly with 5. Theorem 3.3 shows that the behavior of R w.r.t. 5 can be highly
non-linear in the presence of . We highlight this with phenomena with two examples.

Example 1 (Quadratic decay). Let ¢ = 1/2 — . On the one hand, when v = 1, the last case of

Theorem 3.3 implies R(3,1) = zl(iz)ﬂ&(_lg)llié()lg((ll //22:;) = 16—_22585’ which scales like /3 for small

enough €. On the other hand, when v < 73, from the first case in Theorem 3.3, we obtain that

R(B,7y) = fj;; 2;2 ~ (32 for small enough . Thus, R degrades from being linear in 3 when v ~ 1

to quadratic in § when ~y = 0.

Example 2 (Amplification in low-selectivity regime). Consider a highly selective regime, where ¢

is small and 8 =~ 1 — ¢. For v < 74, Theorem 3.3 yields: R(1 — ¢,v) = S g o s B c/4. In
—2c+4c c ~ 1 for

2c+4c(l—c) 3c—2c? 3

small enough ¢. Thus, while R(1,~) = 1 for all , a slight decrease in 8 (from 1 to 1 — ¢) results in

a huge gap in representation ratio near the two extremes of v in a highly-selective setup.

contrast, when v = 1, using Theorem 3.3, we obtain: R(1 — ¢, 1) =

To summarize, Theorem 3.3 and Corollary 4.1 imply that R(/3, ) is piecewise-defined across four
structural regimes, separated by thresholds 1, 2, v3. It remains flat in the low-v regime (v < 1),
non-linearly increases through [y, 1]. Taken together, these insights underscore that the representation
ratio may not be uniformly responsive to interventions changing 5 and - due to the compounding
effect of these parameters on R.

entation Ratio R(B,y)

Repres:

o6 o8 10 0o 02 o4
v 12

Figure 2: Variation of (left) selection threshold s} and (right) representation ratio R(3,) as a
function of ~, for fixed ¢ = 0.2.

Measuring fairness loss: Normalized representation and its response to interventions. Re-

call that the normalized representation ratio is defined as N'(8,v) := %
~'€lo, ’

R(B,v) < R(B,1) for v € [0, 1], this simplifies to R(3,7)/R(5,1). Note that 0 < N(8,v) <1
quantifies the fraction of the maximum achievable fairness retained for a fixed 5. There are two
key intervention levers: increasing 3 (reducing bias) and increasing correlation (vy) to increase N.
However, these interventions, in the least, require that V' is monotonically non-decreasing in 3 and
~v. From Corollary 4.1, we already know that R(/3, ), and hence N (8, v), increases monotonically
with . What is less obvious—but follows from the closed-form expressions in Theorem 3.3 is that
N (B,7) is also monotonically increasing in 3 when ¢ < 1/2; see Theorem F.2. Figure 3 (left)
illustrates this trend. The growth of A/(3,) is phase-dependent: flat in the low-alignment regime
(v < 1), sharp in intermediate phases, and nearly linear for vy € |3, 1]. The most severe degradation
occurs when both 8 and v are small—highlighting the importance of addressing both alignment
and bias in fairness interventions. Extending Example 1 above (the case ¢ ~ 1/2. When vy = 1,
we have N(3,7) = 1 by definition. But as v — 0, R(3,7) ~ (2, while R(j3,1) ~ 3, implying
N (8,7) =~ . In summary, even after normalization, fairness never deteriorates when bias is reduced
or alignment improves, and 3 and - jointly exert a compounded effect on N'. These properties
imply that the normalized representation ratio is both stable and directionally reliable—ensuring that
interventions targeting either parameter will monotonically improve fairness.

Since




Target-based intervention planning. We can now leverage the structure of AV(3,v) to design
and evaluate intervention strategies that improve representation. One may consider two classes of
interventions: (1) continuous interventions that incrementally reduce bias or increase correlation,
and (2) structural interventions such as capacity reservations. In the fully aligned setting (y = 1),
[15] shows that reserving seats in each institution proportional to group sizes, and applying stable
matching within each group, guarantees perfect representation. A similar strategy can be shown (by
extending their approach) to achieve a representation ratio of exactly 1 for arbitrary values of 8 and
~. This yields a non-parametric, structure-based intervention that ensures fairness independently of
bias mitigation or evaluator alignment.

In contrast, interventions that modify the evaluation process, by increasing (/) or increasing (vy), may
provide additional flexibility in real-world selection systems. For instance, in Al-mediated settings, 5
can be increased through debiasing or anonymized scoring; + can be increased using standardized
models, calibration protocols, or shared training data. In human-mediated settings, increasing 3
might involve structured rubrics, blind evaluation, or bias training; increasing ~y could be achieved by
coordinated evaluation guidelines, common score sheets, or centralized vetting frameworks.

We now show how a system designer, given current parameters (g, 7o) and a fairness target 7 € [0, 1],
can use our framework to plan interventions. Since A/(3,+) is increasing in both 3 and -, any target
7 < 1 is attainable by increasing either parameter. We compute the Pareto frontier—the set of
minimal (3, ) pairs that just achieve N'(3,v) > 7, using Theorem 3.3. This frontier reveals all
efficient tradeoffs between bias mitigation and evaluator alignment that meet the target. Figure 3
(right) illustrates this frontier for 7 = 0.8, with a heatmap of N'(8,~). The red contour shows the
threshold N = ; points above meet the goal, while those below do not. The shape of the frontier
reveals which direction—{ or yv—yields more efficient gains. Notably, the frontier becomes vertical
when v < v1(8), reflecting the fact that NV is flat in this region. Since 7, increases with 3, this
insensitivity band widens as bias decreases. Overall, the frontier offers practical guidance: starting
from (8o, 7o), one can locate the nearest feasible point above the contour to meet the fairness target.

We illustrate this with a concrete example (Appendix G). Fix 5y = 0.85, 79 = 0.40, and ¢ = 0.20.
We first compute s7 ~ 0.8276 using Equation (4), and then use Theorem 3.1 to identify the applicable
regime for . Applying Theorem 3.3, we obtain the values R (5o, v0) =~ 0.329, R(B,1) ~ 0.510,
and N'(Bo,7v) =~ 0.644. From Figure 3 (right), we observe that achieving a fairness target of
7 = 0.80 requires either v ~ 0.640 or § ~ 0.911. This demonstrates that modest improvements in
either evaluator alignment or bias reduction are sufficient to meet the desired fairness level.

Finally, note that the baseline parameters (Sy, 7o) may be estimated directly from observed data.
The bias parameter B can be recovered from the observed threshold used by Institution 1 via

60 = m as follows from Equation (4). Holding 8 = ,60 fixed, the correlation parameter + can

be estimated by numerically inverting the monotone relation y — R(ﬁm ~) (or equivalently N):
Yo = argmin,eo,1] [R(Bo,y) — R| which admits a unique solution by Theorem 3.3.

Normalized Representation Ratio T8, y)

oo 02 oa o6 o8 To 0.800 0825 0.850 0875 0900 0925 0950 0975 1,000
12

Figure 3: (Left) V'(8,~) and (right) Pareto frontier of (3, ) pairs achieving V'(3,~) > 7 = 0.8, for
¢ = 0.2. Starting from (5y = 0.85,79 = 0.4), the minimum interventions required to exceed the
threshold are: 5 > 0.911 (with o = 0.4) or v > 0.640 (with Sy = 0.85).



5 Conclusion, extensions, limitations, and future work

We introduced a mathematical framework to study the structure of stable matchings in a two-institution
setting where candidate evaluations are partially correlated and one group experiences group-level bias.
Our focus was on how fairness—measured via the representation ratio—evolves with evaluator bias
(B) and correlation (y). Our key technical contributions include: (i) a closed-form characterization of
the equilibrium thresholds s7 and s3(-y) that govern the stable matching (Equation (4), Theorem 3.2);
(ii) a piecewise expression for the representation ratio R(3, ) (Theorem 3.3); and (iii) an analytic
description of the structural v-thresholds 71, 2, 7y3 that govern transitions in selection (Theorem 3.1).

Despite the non-monotonicity of s3(y), we show that R(/3,~) and its normalized variant N'(3, )
increase monotonically in « (Corollary 4.1). These findings support the design of fairness interven-
tions: we use N(3, ) to compute the Pareto frontier of bias—correlation combinations that achieve a
target representation level 7. Our main analysis focuses on the regime 5 > 1 — ¢ and full candidate
preference for Institution 1. In Appendices K and L, we extend the model to handle stronger bias
(8 < 1 — ¢) and partial preferences, and show that several key structural properties persist.

The model makes several simplifying assumptions to ensure analytical tractability. Candidate
attributes are drawn independently and uniformly from [0, 1], following standard assumptions in prior
work on fairness in matching and screening [18, 29, 15]. While this enables clean derivations and
actionable intervention design, it does not capture the full heterogeneity or noise present in real-world
evaluations. Some generalizations are straightforward. For example, our techniques extend naturally
to settings with asymmetric capacities (c; # c¢) or candidate masses (v; # v2). Additionally,
results from [4] can be used to transfer our continuum-based analysis to finite n, with approximation
error O(1/4/n); see Appendix B. The framework and techniques also extend to several richer
settings beyond the symmetric, independent case. First, allowing asymmetric bias across institutions
(81 # B2) shows that greater evaluator alignment () continues to improve representation, as less-
biased institutions can “rescue’” disadvantaged candidates who narrowly miss selection elsewhere
(Appendix I). Second, in the additive-bias formulation (Appendix J), where disadvantaged candidates
face a fixed evaluation penalty rather than a multiplicative discount, the equilibrium structure and
existence of y-thresholds persist with only quantitative changes to the cutoff equations. Third,
when candidate attributes are drawn from a smooth but non-uniform distribution with cumulative
distribution function ®, the equilibrium thresholds satisfy ®(s7) + @ (%1) = 2(1 — 1), generalizing

the uniform case (4). Although closed-form expressions are no longer available, the expressions
used to compute probabilities such as Pr[u;; < s1,u;2 > $2] can be written in terms of ®, and the
resulting thresholds and fairness metrics remain numerically tractable. We omit the details. That said,
if candidate attributes exhibit strong dependence—for example, if all candidates have identical or
highly similar profiles—the concentration results needed for the finite-to-infinite reduction may not
apply. In such cases, convergence to a deterministic limit could fail, and our monotonicity guarantees
may no longer hold. Nonetheless, we expect the qualitative trend—that increasing -y improves
R—to persist under weaker assumptions, such as mild correlations or clustered attribute structures.
Extending the convergence analysis to such settings remains an open and valuable direction for future
work.

Several directions remain open for future work. First, incorporating strategic behavior—such as
candidates adjusting effort or signaling based on perceived bias—would enable a game-theoretic
analysis of incentives. Second, extending the evaluation model to include multi-attribute correlation,
group-dependent score distributions, or asymmetric institutional preferences could better capture
practical complexity. Beyond the static analysis presented here, a natural next step is to examine
how the representation ratio R might evolve over time in systems that repeat or adapt across
cycles—such as admissions, hiring, or promotions. In such dynamic environments, past matching
outcomes could shape future candidate preferences, group participation, or institutional strategies.
This feedback could lead to rich temporal effects: higher representation might enhance perceived
fairness or institutional reputation, creating a virtuous cycle, whereas persistent underrepresentation
might discourage participation and reinforce disparities. Capturing these dynamics would require
an explicitly game-theoretic or behavioral model with endogenous feedback, a direction we see
as particularly promising for future work. Finally, integrating this framework with empirical data
to estimate or learn (3, 7), and adapting interventions based on observed outcomes, could support
adaptive fairness mechanisms in real-world deployments.
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A Detailed related work

The game-theoretic study of assignment and selection problems, initiated by [24], has expanded into
a broad literature exploring stability, truthfulness, incomplete information, and machine learning
approaches to preference inference [48, 49, 50, 21, 45, 34, 8, 32, 33, 39]. Comprehensive overviews
are provided in [51, 37].

Several empirical studies examine biases in algorithmic assignment and selection systems across
real-world contexts, including centralized admissions and online labor markets [56, 26, 31, 30].

Our work builds on and extends the framework of [15], which studies a centralized multi-institution
matching model where a single entity evaluates candidates. Their model assumes a uniform evaluation
process across institutions and systematic bias against disadvantaged candidates, leading to unfair
and inefficient outcomes. They propose fairness-aware selection algorithms to mitigate these issues.
We generalize this setting by introducing correlated institutional evaluations and analyzing how bias
and correlation jointly shape fairness and representation.

A related line of research examines the role of correlation in candidate evaluations (e.g., [6, 5, 3,
12]). [12] studies a model where institutions assign correlated scores while maintaining unchanged
marginal distributions. Unlike their work, which focuses on emergent statistical discrimination due to
varying correlation across demographic groups, we analyze explicit biases in evaluations and their
compounded effect with correlation on stable matching

A parallel and complementary line of work studies correlated evaluations in continuum matching
markets using stylized models of noisy signal generation. In particular, [57] and [58] analyze how
shared or idiosyncratic noise across institutions shapes diversity, efficiency, and learning dynamics.
While their models abstract away from institutional selection rules and stability constraints, they
highlight how evaluation noise and correlation can lead to monoculture outcomes or suppress
informative distinctions between candidates. Our work differs in modeling two-sided stable matchings
with explicit score-based thresholds, but shares a broader motivation: understanding how evaluation
design influences representational and welfare outcomes.

Other studies explore decentralized selection systems where institutions evaluate candidates using
multiple criteria. [18] examines decentralized matching but focus on institution-specific fit measures
and strategic behavior, whereas our model incorporates both correlated evaluations and biases.
Despite these differences, both approaches highlight inefficiencies in decentralized allocation.

Our work also connects to research using a continuum model of students and institutions, which
simplifies analysis by treating admissions as a supply-and-demand problem. [17] study noisy
priorities, while [7] develop a framework for characterizing stable matchings. [4] refine these models
to improve approximations in finite markets. We apply similar techniques to analyze equilibrium
thresholds under bias and correlation.

The role of correlation in student priorities has been examined in school choice, particularly regarding
tie-breaking lotteries and welfare outcomes. [1, 4] compare settings where institutions share a
common lottery versus independent lotteries, corresponding to v = 1 (fully correlated) and v = 0
(independent evaluations) in our model.

Beyond school choice, other studies analyze the correlation between student preferences and priorities.
[11] examines one-to-one matching mechanisms that avoid systematic disadvantages, while [19]
study how correlation affects the stability-efficiency trade-off when comparing Deferred Acceptance
and Top Trading Cycles.

Our work also relates to empirical studies on biases in real-world allocation systems, including school
admissions and online labor markets [56, 26, 31, 30]. [12] theoretically analyzes selection under
differential noise, showing that increased noise for disadvantaged groups can harm both groups by
reducing the probability of securing a preferred match. In contrast, we model bias as a systematic
downscaling of scores and analyze its effect on representation and fairness metrics.

Finally, we discuss related work on bias in algorithmic decision-making and corresponding interven-
tions. Several studies investigate core algorithmic problems when inputs are subject to bias, including
subset selection [29, 23, 52, 13, 25, 38], ranking [16], and classification [9]. Another line of research
focuses on fairness constraints in selection problems, such as ensuring proportional representation
[29, 20, 27], with the goal of mitigating bias through explicit constraints.
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B From finite to infinite: A continuum stable matching game

Equations for thresholds. We consider a two-institution matching setting, where the institutions
have capacities c;n and con, respectively. Candidates belong to either an advantaged group G or
a disadvantaged group G, with group sizes |G1| = vin and |G2| = van. Here, c1, ca, 11, V5 are
constants. Recall that every candidate prefers Institution 1 to Institution 2, and that the observed
utilities ;1 and ;2 are generated as described in Section 2. In a deterministic setting, the following
result holds. The proof appears in Appendix B.1.

Proposition B.1 (Thresholds in the deterministic case). Consider a deterministic setting with
two institutions and two groups such that the observed utilities ;¢ are all distinct. Then, there

is a unique stable matching M that can be described by two thresholds si and s2 as follows:
M_1(1> = {’L Dy > 81}, and M_l(Q) = {’L Dy < 81 and Ui > 82}.

The key intuition behind the proof is that since all candidates strictly prefer Institution 1, any stable
assignment must first allocate the top c;n candidates—ranked by 4;;—to Institution 1. Among the
remaining candidates, Institution 2 then selects the top con candidates based on their 4,5 values.
The thresholds s; and so correspond to the lowest ;1 and ;2 values among candidates assigned to
Institution 1 and Institution 2, respectively.

In the stochastic setting, the observed utilities are random, and so are the thresholds S; and S,

that determine the matching. The stability conditions in the finite setting require that exactly con

candidates are assigned to Institution 1 and con candidates to Institution 2. That is, conditioning on
the thresholds S; and Ss, we have

Yica, Wtin > 51) + D icq, L > S1) = cin, 6)

Yica, Wiz > 82, i1 < S1) + Y icq, Lz > Sz, 4 < S1) = can. (6)

Taking expectations conditioned on S1,S5 (and then over the joint distribution of (S7, S3)), we obtain

E [Ziegl Prla; > S1 | S1,82] + > ieq, Prlta > Si | Si, SQ]] =cin,
(7N
E [ZiEGl Pr[ﬁn > S, U1 < S1 | Sl,SQ] + Zier Pr[ﬁig > So, U1 < 51 | Sl,SQ]] = CaMn.
(3)
Dividing by n, we have
v E[Pr[ay > S1 | S1, S]] + 1o [Pr[ay > Sy | S1,8]] = c1, )
UlE [Pr[ﬁ,ig Z SQ, ail < Sl | SlaSQH + VQE[Pr[ﬂiQ Z 52; ﬂi’l < Sl ‘ 51752]] = C2, (10)
where i € G1,1" € G5. [7] show that as n — oo the random thresholds S; and S5 concentrate and
converge almost surely to deterministic limits s; and so respectively. Therefore, in the large-market
(mean-field) limit, the conditional probabilities can be replaced by the probabilities evaluated at the
limits, so that the above equations reduce to
vy Pri; > s1] + vo Priay > s1] = ¢, (11)
v Prliyy > 59, 1 < 81] + v Prliyg > 52, G < 51] = ca. (12)
Equations (1) and (12) are the continuum or mean-field equations for the thresholds s; and s5. [4]
extends the mean-field analysis by establishing finite-sample concentration bounds for the thresholds.
From his result, one can deduce that for finite n the random thresholds S; and S, approximate the

deterministic limits s; and s, with high probability, with all errors being of order 1/+/n. We now
give the conditions under which these equations have a unique solution.

Proposition B.2 (Existence and uniqueness of thresholds). Assume that c1 + co < v1 + vo. Then,
a solution (s}, s3) satisfying (11)-(12) exists. Moreover, the solution is unique, provided that the
probability distributions of U;1 and ;o are strictly decreasing and continuous.

The conditions of this proposition hold when the underlying distribution is uniform on [0, 1], ensuring
the existence of a unique solution s7, s3 as functions of the model parameters. The proof appears in
Appendix B.2. For a fixed 3, we also define s7 5 = min(1, s7/) and s5 5 = min(1, s3/83).

Expressions for metrics in terms of thresholds. Given thresholds s7 and s3 for the two institutions
respectively, the ratio of the measure of candidates from G that are assigned to one of these
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institutions to the measure of GGy is given by (here ¢ € G1): Pr[u;; > s3] + Pr[ue > s5, 4 < st
The corresponding quantity for G5 can be expressed similarly. Thus, if i € G1,i € Go, then
representation ratio is equal to

_ Pruy >s7)4+Pr[t;5>85 U, <s7]
R = Prlu;1 >s7]4+Pr[ue >3, 051 <st] ° (13)

Given the threshold sj, the (observed) utility derived by Institution 1 from a candidate ¢ is O if
;1 < $%; Uy otherwise. Therefore, the utility of Institution 1 is given by (here i € G1,4' € Go):

U =1 fol slis > syldps + v2 fol slis > syldus, (14)

where (15 is the measure induced by the distribution of @;; for ¢ € G (and similarly for ). The
utility of Institution 2 can be expressed similarly.

Continuum game interpretation. We end this section by interpreting equations (11) and (12) as
stability conditions in an infinite matching game, where GG; and G2 represent continuous populations
rather than discrete candidates. Consider a setting where candidates belong to two groups, G and
G4, with population measures v and v, respectively, so that the total population is 14 + v = 1.
Institutions 1 and 2 have fractional capacities c¢; and co, satisfying the feasibility constraint: ¢; +co <
v1 + vo = 1. Admissions follow a threshold-based rule:

* Candidates with %;; > s7 are assigned to Institution 1.
* Among the remaining candidates, those with ;2 > s are assigned to Institution 2.

¢ All others remain unmatched.

The thresholds (s1, s2) must satisfy Equations (11) and (12). Equation (11) ensures Institution 1
selects exactly ¢y candidates, while Equation (12) ensures Institution 2 fills exactly ¢y positions from
candidates not admitted to Institution 1.

In finite matching models, stability requires that no candidate—institution pair forms a blocking
coalition, where both would prefer to be matched to each other over their current assignment.
In the continuum setting, stability is implicitly enforced by the threshold structure and capacity
constraints. Candidates assigned to Institution 2 or left unmatched cannot move to Institution 1
unless s decreases. However, decreasing s; would admit more than c¢; candidates, violating capacity
constraints. Similarly, Institution 1 cannot replace a lower-ranked candidate with a higher-ranked one
without exceeding c; or displacing an admitted candidate, contradicting its ranking rule. Candidates
assigned to Institution 1 or left unmatched cannot move to Institution 2 unless so decreases, which
would admit more than cy candidates, again violating capacity constraints. Since each institution
fills to capacity with the highest-ranked available candidates, and no candidate can move to a more
preferred institution without violating constraints, the resulting assignment is stable by construction.
The equilibrium equations (11)—(12) thus encode the continuum equivalent of a stable matching.

B.1 Proof of Proposition B.1

Proof. Since the number of candidates is more than the total available capacity, it is easy to check
that any stable assignment must fill all the available capacity, i.e., it must assign c¢;n candidates to
Institution 1 and con candidates to Institution 2. Let S; be the top ¢1n candidates according to the
utility value u;; (observe that we are using the fact that observed utilities are distinct and hence this
set is well defined). We first argue that any stable assignment M must assign S; to Institution 1.
Indeed, suppose i € S is not assigned to Institution 1 by M. Then there must be a candidate i’ ¢ S;
that gets assigned to Institution 1. This creates an instability: Institution 1 prefers ¢ to ', and 4 prefers
its assignment in M (which could be Institution 2 or unassigned) to Institution 1. Thus, M must
assign exactly .Sp to Institution 2.

Similarly, if G denotes the set of all candidates and Ss is the subset of G \ S; containing the top con
candidates according to ;2 values, then any stable assignment must assign S5 to Institution 2. This
establishes the uniqueness of a stable assignment. The thresholds s; is the minimum %;; value of a
candidate in .S7, and similarly for so. O
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B.2 Proof of Proposition B.2

Proof. Step 1: Continuity and monotonicity of allocation functions. Define the allocation
functions:

Al(sl) =1 Pr[ﬁil Z 51] + Vo Pr[ﬁirl Z 81],
As(s1,82) = 11 Prte > s9, U1 < 1] 4+ v2 Pridye > so, 01 < s1].

Since Pr[t;; > s] is the survival function 1 — F;;(s), where Fj;(s) is the cumulative distribution
function (CDF), it follows that:

» A;(s1) is a continuous, strictly decreasing function of s;.
» Ay(s1, s2) is continuous in both s; and ss.

Step 2: Boundary conditions. Consider the extreme cases:
 If s; = 1, then Pr[t;; > 1] = 0,50 A;(1) = 0.
e If s; =0, then Pr[d;; > 0] =1

) = 0.
)

reaches its maximum possible value v; + vs.

e If s, =1, then Ag(sl, 1
e If s5 =0, then AQ(Sl,O

Thus, for any feasible capacities ¢y, co satisfying ¢y + c2 < v1 + vo, the thresholds s1, so can be
adjusted to ensure feasibility.

Step 3: Existence of a solution. Define the function:
F(s1,82) = (A1(s1) — c1, Aa(s1, 82) — ¢2).
Since A1 (s1) is strictly decreasing and continuous, and Az (s1, s2) is continuous in both variables, the
Intermediate Value Theorem (applied in R?) guarantees the existence of a solution (s}, s3) satisfying
F(S{,SE) = (070)'
Step 4: Uniqueness of the solution. To prove uniqueness, assume two solutions (s}, s5) and (s7, s5).
Since A;(s1) is strictly decreasing, it follows that:
Ay (s1) = Au(s)) = 51 = s
Similarly, for a fixed s}, As (s}, s2) is strictly decreasing in s3, implying that:
Ap(s7, 85) = Aa(s], s5) = 5 = s5.

Thus, (s7, s3) is unique. O

B.3 Thresholds in the finite-population setting

In the finite model, each candidate 7 in a group G, where j € {1, 2}, has latent attributes (v;1, v;2)
drawn independently and uniformly from [0, 1]2. These attributes are transformed into observed
utilities 7;;, which determine candidate preferences and institutional choices. A realization w
corresponds to a specific draw of all (v;1, v;2) pairs in the population. Once w is fixed, the utilities
1i;; are fixed as well, and the resulting stable matching is deterministic.

In this setting, Proposition B.1 establishes that for every realization w, the stable matching is
characterized by thresholds S} (w) and S3 (w), such that Institution 1 selects candidates with t;; >
S7(w) and Institution 2 selects those with ;5 > S5 (w).

Assuming candidate attributes are i.i.d., the fraction of candidates in each group satisfying these
threshold conditions concentrates around their expectations by standard concentration inequalities
(e.g., Chernoff bounds). Consequently, the empirical thresholds S} (w) and S3(w) converge to
deterministic limits s} and s as n — oo, satisfying the equations derived in the infinite-population
model.

While our main analysis characterizes the equilibrium thresholds (s7, s3) in the continuum limit, it is
natural to ask how close the thresholds in a finite population are to their limiting values. The following
result shows that these thresholds concentrate sharply around their deterministic counterparts.
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vy Representation Ratio (mean =+ std) vy Representation Ratio (mean = std)

0.0 0.48 £0.16 0.0 0.44 £0.10
0.1 0.44£0.14 0.1 0.45 £0.10
0.2 0.44 £0.15 0.2 0.41 £0.10
0.3 0.49 £0.16 0.3 0.44 £ 0.06
0.4 0.53 £0.25 0.4 0.53 £0.09
0.5 0.55£0.19 0.5 0.56 £0.10
0.6 0.61£0.19 0.6 0.58 £0.10
0.7 0.64 £0.28 0.7 0.58 £0.12
0.8 0.64 £0.16 0.8 0.63 £0.12
0.9 0.62£0.17 0.9 0.67 £0.16
1.0 0.73 £0.42 1.0 0.63 £0.13
n = 100, Cc = 0.2, ﬂ = 09, G1| = |G2| = n = 250, Cc = 0.2, ﬂ = 09, Gl‘ = ‘G2| =
100. 250.

Table 2: Representation ratios for different values of v and finite n. The standard deviation decreases
as n increases, indicating closer agreement with the continuum predictions.

Proposition B.3 (Concentration of finite-population thresholds). Given parameters c, 5, and
~, let (s7, s5) denote the unique solution to (11)—(12). Consider a finite stochastic instance T with
|G1| = |G2| = n, and two institutions of capacities cn each, bias parameter (3, and correlation
parameter . Then, with high probability, there exist thresholds s, so governing the stable assignment

in T such that
lse — 87| = O(\/ 105”) foreach £ € {1,2}.

Proof. The proof follows by a standard Chernoff-bound argument. Given ¢, 3, «y, Proposition B.2
ensures a unique solution (s7, s3) to (11)=(12). In the finite instance Z, random thresholds s, s2
define the unique stable assignment as in Proposition B.1.

For each candidate i € G1 U G, define the indicator X; = 1{a;; > s7 — ¢}, where £ > 0 is small
enough that s7 —e > 0. Let X = ). X;. If i € Gy, then E[X;] = Pr[u;; > s}] —¢,andif i € Gy,
then E[X;] > Pr[u;1 > s}]. Hence,

E[X] > n(Pr[t; > s7] + Prty > s7]) — ne = ney — ne,

where i € G1,1’ € G, and the last equality follows from (11). Let £ denote the event that X < nc;.

By the Chernoff bound, Pr[€] < e=¢""/4. Setting £ = O(4/ 10%) gives Pr[€] < n™? for some
constant ¢ > 0. If £ does not occur, then s; > s7 — ¢; otherwise, s; < s7 — ¢ would violate the
capacity constraint at Institution 1. A symmetric argument yields s; < sj + €.

An analogous argument for sy (using expressions for Pr[t;a > s2 A @;1 < s1] from Section 3) shows
that |sy — s3| < ce with high probability, for some constant ¢ depending on ¢, 3, . This completes
the proof. O

Finite-sample validation. To corroborate the theoretical results and illustrate their practical rel-
evance, we implemented our model for finite sample sizes (n = 100 and n = 250 per group) and
conducted 30 independent trials for each value of . The results, summarized in Table 2, show that
even for moderately sized systems (100-250 candidates per group), the continuum thresholds provide
an excellent approximation to the empirical representation ratios. As expected, the standard deviation
of the observed representation ratios decreases with increasing n, indicating convergence toward the
continuum-limit predictions.
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C Monotonicity of thresholds with respect to 3

In this section, we prove the monotonicity of s7 and s} with respect to the bias parameter 5. This
also implies that the representation ratio is monotone with respect to 3 (Proposition F.1). We restrict
the discussion to the symmetric setting vy = v = 1 and ¢; = ¢y = c¢. We further prove a useful
result showing that the threshold s3 always remains at most sj.

Proposition C.1 (Monotonicity of s} and s; w.r.t. 3). For any fixed value of y, the thresholds s}
and s are non-decreasing functions of the bias parameter (3.

An easy proof of the monotonicity of s} with respect to 3 considers the expression for s7. Recall from

Section 3 that s7 = 13_%% if 3 > 1 —¢,and 1 — c otherwise. This expression is clearly monotone in

8. However, we provide a more intuitive proof that also extends to the monotonicity of s3.

Suppose we increase 5 while keeping s7 fixed. The measure of selected candidates from G2 increases
(while that for G; remains unchanged). Since the capacity of Institution 1 is fixed, s7 must also
increase. The argument for the monotonicity of s3 is a more involved version of this idea. As a
corollary, we find that the representation ratio is monotone in [3: increasing (3 raises both thresholds,
thereby reducing the admission probability for candidates in G;.

Proof. Given a value 3 and threshold sy, let f(53, s1) denote Pr[d;; > s1] + Pr[d1 > s1], where
i € Gy,7 € Go. Then f(8, s1) is a non-decreasing function of 3 and a decreasing function of s;.
Further, Equation (11) implies that f(53, s7(5)) = c.

Now consider two values 81 < 32, and assume for contradiction that s3(81) > s7(532). Then:

¢ = f(Br,51(61)) < (B2, 51(1)) < f(B2,57(B2)) = ¢,

which is a contradiction. Therefore, s%(32) > s3(51).
We now prove the monotonicity of s3(/3). Rewriting Equation (12), we have:
PriyX+(1-7)Y 2 55 | X < s]]Pr[X < s{]+PriyBX+8(1-7)Y 2 s5 | X < s]]Pr[fX < s7] =c,
where X, Y are independent and uniformly distributed on [0, 1].
Let Zg be a uniform random variable on [0, s7]. Then we can rewrite the equation as:

PrivZs + (1 — 7)Y > s3] Pr[X < sj] +Pr[yZs + B(1 — 7)Y > s3] Pr[X < si] =c.
Let: A(B) := PriyZs +(1=7)Y > s3], B(8) := Pr[yZs+5(1-7)Y > s3], p(B) := Pr{X < si],
q(B) :=Pr[fX < s3]

Suppose 81 < (2 and assume s5(/51) > s5(/52). Then using monotonicity of s7(5), we verify: (i)

A(B1) < A(B2), (i) B(B1) < B(B2), (iid) p(B1) < p(B2), (iv) A(B) = B(B) forall g € [0, 1],
Since A(B)p(B) + B(8)q(8) = c, the difference becomes:

A(B1)p(B1) + B(B1)q(B1) — A(B2)p(B2) — B(B2)q(B2) = 0.

This difference can be rewritten as:

A(B1)(p(B1) — p(B2)) + p(B2) (A(B1) — A(B2)) + B(B1)(a(B1) — q(B2)) + q(B2)(B(B1) — B(B2))-

From Equation (11), we have p(8) + ¢(8) = ¢, s0 p(81) — p(B2) = ¢(B2) — q(B1). Substituting and
simplifying, we get:

(A(B1) = B(B1))(p(Br) = p(B2)) + p(B2) (A(B1) — A(B2)) + ¢(B2)(B(B1) — B(B2)) <0,

which contradicts the assumption. Therefore, s5(31) < s5(532). O
The following result shows that when the two groups have equal size and the capacities at both
institutions are equal, the threshold s} is always at most s7. The proof follows from the observation

that if s5 > s7, then a candidate in G'; must satisfy v;2 > s5 to be assigned to Institution 2, effectively
reducing the problem to a single-institution setting, which leads to a contradiction.
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Proposition C.2 (s} dominates s} in the symmetric case). Suppose v1 = vp = vandc; = co = cv.
Then, for any fixed 3, c, and vy, we have s5 < s7.
Proof. Let X and Y be i.i.d. uniform random variables on [0, 1]. The threshold s} satisfies:
Pr[X > s7] + Pr[X > 57 5] = ¢,
where s7 5 := min(1, s7/83).
The threshold s3 satisfies:
PriyX + (1 =7)Y > 55, X < s8] +PrlyX + (1 = 7)Y > 55 5, X < s7 4] =,
where s3 5 1= min(1, s3/).
Assume for contradiction that s5 > s7. Then:
Pr[Y > s3] > Prly X + (1 — )Y > 85, X < s3],
and similarly for s7 ;. Adding both terms yields:
PrlY > s3] + Pr[Y > 55 5] > c.

But since s} < s3, this implies:
Pr[Y > 5] 4+ Pr[Y > s 4] > ¢,

contradicting the definition of sj. Therefore, s3 < s7. O

D Proofs of results for ~-thresholds

In this section, we present the proof of Theorem 3.1 that establishes the existence of the ~-thresholds
71, Y2, and 3 when 5 > 1 — ¢. By definition, these thresholds characterize the transitions in the
evaluation probabilities Pr[yX + (1 — 7)Y > so] and Pr[vX + (1 — )Y > so//] as y increases
from O to 1. Specifically, the system passes through the regime transitions: (IILIIT*), (IIL,IT"), (ILIT),
and (IV,IV’).

We also describe how to compute the values of 71, 2, and 3, and establish monotonicity properties
of these thresholds with respect to the bias parameter 3. We restate the theorem here for convenience.

Theorem 3.1 («y-thresholds). For any fixed 8 > 1 — c, there exist unique values y; < vy < 73 €
[0, 1] such that: (i) s5(v)/B8 < 1 —~ ifand only if v < 71, (ii) s5(y) < 1 — v if and only if
v < 9, (iii) s5(y) > «ysT if and only if v < ~y3. Moreover, these thresholds are given by: (i)

257 (B+1/B)—4(1— .. . ) )
Y = 231(6+1/%)(leéﬁg)+((s{)26()1+1/B2)’. (ii) v2 = ILH where x is the unique root in (v1,73) of

2 *\2 * * 2
(1+ &) 25 o (- —c)+ 1 (1-4) =0; i) 95 = 14,

We break the proof into two parts. In the first part, we show the existence of thresholds. Subsequently,
we derive expressions for them.

Proof of existence of ~y-thresholds. We show that # is a decreasing function of y. Consider values
% < % By definition of s3(v1),

PriyiX + (1 =m)Y =2 s5(n), X < sl +PrinX + (1 -m)Y > s35(7), X <sigl =,

where X and Y are independent random variables with values in [0, 1]. The above condition can be
equivalently written as

v1 < v2 where v1,v1 € (0, 1). Our goal is to show that

Sg,ﬂ(%)
71

s3(71)
7

Pr {X—l—(l/’yl—l)Yz ,X<8f}+Pr {X—&-(l/Wl—l)YZ ,X<si6] =c.
Now observe that  + (1/v1 — 1)y > x4 (1/72 — 1)y forany z,y € (0,1). Thus, a simple coupling
argument shows that

ﬁ(’h)

* sx
)y o s{} +Pr [X + (1) -1y > 2

7

Pr {X + 1/ -1)Y >
7

,X < 5)]:,@:| <c.
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Assume for the sake of contradiction that s20n) < % Then, sg*‘; iﬂ“) < s;"f/ iw) as well.
Therefore, the above inequality implies that

s3(72) s3,5(72) .
Pr|X + (1/y, — 1)V > 22 X <si| 4P X+(1/72—1)Y2i72,X<51ﬁ

Rearranging terms, we get

PryX + (1 —72)Y > s5(72), X < s7] +Pr[02X + (1 — 7)Y > 55 5(12), X < s7 5] <c.
But this contradicts the definition of s%(72). Thus, we see that = 2( )
Sg.ﬁ('Y)

is a decreasing function of v. In
52 5(7)

. . 6
a similar manner, we can show that is a decreasing functlon of v, and and 2£ (J) are

increasing functions of ~y. Since the distribution from which the attributes of a candldate are drawn
(in this case, the uniform distribution on [0, 1]) is continuous, it follows that s5(+) is a continuous
function of ~.

2[3() ()

When ~ approaches 0,

52 B('Y)
1—y

such that

approaches 0 and when ~ approaches 1, approaches co. Since

is a monotonically increasing continuous function of -, there is a unique value ~, call it 4,

M = 1. This first statement in the lemma now follows from this observation and the

f 2;3(7)

monotonicity o . Other statements in the lemma can be shown similarly. O

Proof of expressions for ~y-thresholds. In the regime 8 < 1 — ¢, we know that s7 < 3. We also know
that s3 < st (Proposition C.2). Thus, s%,s5 < 3 forall v € [O 1]. Hence, sj*ﬂ = Sj forj € {1,2}.
It now follows from the definition of 3 and 74 that y3 =
Y1 < 7y2. We now show that o < 3.

We first argue that v; < ~3. Suppose not, i.e., v3 < 1. For v € [0,~3], we are in case 1] and I11'.
Therefore, s; satisfies:

o 2818 = a(sD)? st 28785 —q(sD)? (15)
1 2(1—7) B 25%(1 =)

By definition of 3, s5 = 357 when v = 3. Substituting this above, we see that

s(1+1/8) — m (1+1/8%) =c

Since 3 < 71, we know by monotonicity of 8'12%(1) that sTv3 = s5 < B(1 — 73). Thus, we get

2

where the last inequality follows from the fact that 5 < 1. But we know that s7 =

C>SI(1+1/B)—528{(1+1/B2):s{(1—ﬁ+1) st

2 c
T 2 3t >

if ¢ < 1/2. Thus, we cannot have 3 < 7;. Thus vy; = min(vy1, 2, 3) and hence, (15) holds for all
v € [0,71]. Substitution s5 = (1 — 71) for v = 77 in (15) yields the desired expression for ;.

Now we show that 2 < 3. Suppose not, i.e., 73 € (71,72). We are in cases ITT and I’ in [y1,7y3].
Therefore, s5 satisfies:

o _ 2s1s5 —(s1)* | (1=~ —s3/B+s1/B)? _
1 2(1— ) 2y(1 =)

For v = 3, we know that s5 = y357. Substituting this above, we get:

(16)

L 7s(sy)? -7

S
bo2(1— ) 273

Since v3 < 72, sTv3 = s5 < (1 — 73). Using this, we see that ¢ > s¥, which is a contradiction (as
argued in the previous case above). Thus, v2 < 73. The expression for evaluating -5 in the statement
of the lemma follows from substituting s5 = 1 — 7, for v = 72 in (16).
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Finally, we show the desired expression for 73. In the interval y € [z, y3], we are in case I and I1'.
Thus, s3 satisfies:

(L= —=s3+7s1)? + (1= —s3/B+7s1/B)" = 2e7(1 — 7).
Aty = 3, 5 = y3s]. Substituting this above, we get the desired expression for ;. O

0500
B

Figure 4: Variation of thresholds 1, . . ., y3 with § for a fixed value of ¢ (Left) and with ¢ for a fixed
value of 8 (Right). Note that 5 > 1 — c.

We now show monotonicity of ; and 7y, with respect to 3 — observe that -3 is independent of /.

Proposition D.1 (Monotonicity of ~y-thresholds w.r.t. (3). Assume ¢ < 1/2. Then v1(8) is
monotonically increasing and 2 () is a monotonically decreasing function of 8 as [ varies from
1—ctol.

Proof. We first consider ;. Using Theorem 3.1, we know that v, is equal to
251(8+1/8) —4(1 —¢)
251(8 +1/8) —4(1 — ) + (s7)°(1 +1/5%)
a(B) b(B)

The above can be written as Wg(ﬂ) The sign of the derivative of 7, is given by a’(8)b(83) —

a(B)b'(B), where o’ (5) and b’ (3) denote the derivative of a(/3) and b(/3) with respect to (3 respectively.
It is easy to verify that a(3) > 0: indeed, this is same as verifying 2s7(5 + 1/8) > 2(1 — ¢). Using
57 = 111/5’ this is same as verifying

2-aB+1/8) =201 —c)(1+1/8) 20
Simplifying, the above is the same as verifying
20+ B-1)+c¢/B—cB =0,

which is true because f +c¢ > land g < 1.
Now recall that the sign of the derivative of 47 with respect to 5 is same as that of o’ (3)b(3) —
a(B)V'(B). Since a(B),b(B) > 0, it suffices to show that a/(§) > 0 and b’(8) < 0. Using the
definition of s}, a/() is 2(2 — ¢) times

d <B+1/,B) CB428-1  (1+8)?—

g \1+1/8 (1+5)? (1+p)?
because 1 + 3 > /2 (recall that 3 > 1 — ¢ > 1/2). Thus, a’(3) > 0. We consider ¥'(3). Now,
b (B) =2s filsﬁl —2(s%)?/B3. Thus, ¥/'(B) < 0 if dsl(ﬁ) < 81 . Using s = 1+1/ﬁ’ this inequality is
equivalent to 1/8 < 1+ 1/, which is clearly true. Thus Wl(ﬂ) is an increasing function of /.

>0,

We now show the monotonicity of v2(3). Suppose for the sake of contradiction that there are values

B < (' such that y2(3) > ¥2(f’). Now, by definition of 2, we know that 22122 (72) = 1. Now, we have
the following sequence of inequalities:

s5(12(8),0)) _ s5(02(8),6) _ s5(72(6'), 5)
)

1= L—v(B) — 1—7(p) 1 — (B

=1
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Here the first inequality follows from the fact that for a fixed g, 912%(1) is an increasing function of 7,

and the second inequality follows from the fact that for a fixed , s5(/3) is a monotonically increasing
function of 8. This leads to a contradiction, and hence 2 (/3) is a monotonically decreasing function
of 5. O

E Proofs of results for s}

In this section, we present the proof of Theorem 3.2 and analyze the behavior of the selection
threshold s3 as « varies. Our approach is to examine the governing equation for s3 in each sub-
interval of [0, 1] defined by 71, y2, 3, Where the selection dynamics transition. Using these equations,
we then study the non-monotonic variation of s3 with ~y: as  increases, s3 initially decreases but
eventually starts to rise again. The proof of this result relies on analyzing the equations governing s
from Theorem 3.2. Unless this turns out to be a linear equation, analyzing a closed-form solution for
53 is highly non-trivial. Our approach involves studying the equations satisfied by the first and second
derivatives of s5 with respect to . This enables us to infer its behavior across different regions of .
We now prove Theorem 3.2. We restate it here for convenience.

Theorem 3.2 (Equations for s3(v)). Assume 8 > 1 — cand c < 3. Then s5() satisfies:

_ 2s7s5—(s7)? 25785 —(s7)? _

0wl st = TR+ - ey = ¢

* 2s% sk —~(s*)? 1—~y—s%/B+~vys¥ 2
. [71’72}.. s — 12%1:/’5)1) + (I— 23{1577"; i/B) =c

. L (Q=y=s3+ys1)? | (l—y—s3/B+vs1/B)? _
[72773}‘ 27(127'\/) -t 23(177) ’ o

c

b 1 si(1+1/8) = F - g+ 5 =

Proof. These equations follow by definition of v1, ..., y4 and the corresponding cases described
in Section 3. For instance, when v € [0, 1], we are in case 111 and I1I’. Other cases can be argued
similarly. O

We now show that s(+y) varies in a non-monotone manner, but has only one local minimum.

Theorem E.1 (Variation of s} with ~). Assume that the bias parameter (3 satisfies § > 1 — c and
¢ < 1/2. Then, sk exhibits the following behavior as -y varies from 0 to 1:

(i) For~y € [0,7v1], s} decreases linearly with ~.
(ii) For v € [y1,72), s} is unimodal: it initially decreases and may subsequently increase.
(iii) For~y € [y, 73], 5 is convex.
(iv) For~y € [y3,1], s3 is increasing.
Furthermore, the slope of s% at v, matches that at ’y; . Thus, s5 is unimodal.

Proof. Case v € [0,~1]: Here, Theorem 3.2 shows that s} varies linearly with . In fact, s is
equal to

1
2(s1 +51/5%)

The coefficient of y is equal to m times
<1

(2571 +1/8)(1 —7) — 2c(1 —7) +(s1)*(1 +1/8%)) .

2
2+ (s7)?(1+1/8%) —2s7(1+1/8) = dc—4+ (12+_1;B> (1 + ;2) <dc—4+(2—c)?)/2.

The above is negative if ¢ < 1/2. Thus, s} is a decreasing function of 7 in [0, 71].
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Case v € [y1,v2]: We rewrite the constraint in Theorem 3.2 for this case as follows:
29(1 = 7)(s1 =€) = 2ysys5 +7°(s71)* + (1 — v — s5/B + 7s1/6)* = 0. (17)
Differentiating this, we get (here (s3)’ denotes the derivative of s5 w.r.t. 7):

2(1 = 27)(s7 — ¢) — 2783 + 29(s7)?

(o350

2 5 i

We first show that (s3)’ < 0 at y = ;. For this, we substitute s5 = (1 — 1) in the equation above.
Since the coefficient of (s3)’ is negative, it suffices to show that the remaining terms not involving
(s%) is negative, i.e., we need to show:

2vs7
B

The Lh.s. is a linear function of ;. Since y; > 0 and S(1 —~;) > s}~1 (because v; < ~3), it suffices

to check the above condition for vy = 0 and v; = ﬂ% For 71 = 0, the above condition holds
1

+
because s} < 8. When v, = 5%1, ~v1 > 1/2 because s} < S. Therefore, (1 — 2y1)(sT —¢) < 0.
Using this value of v1, 8(1 — 1) = 7s}. Thus, the above condition holds here as well. Thus, we

have shown that s5 < 0 aty = ~;. It remains to show that s3 is unimodal. This follows from the
following general fact:

(1= 2m)(s7 = ¢) = 2s1B(1 — m) +27(s7)* — <0.

Fact E.2. Ler f(v) be a twice differentiable function of y on a closed interval [y, 2] such that the
following condition holds:

AN " () +B(f'(1)*+Cf'(7)+ D =0,

where B, C, D are independent of v, C # 0, and A(v) is a continuous function of v and there is
a positive constant E such that A(y) > E. Then f(7) is unimodal on [y1,72), i.e., if f'(va) =
f'(v) =0, then f'(y) = 0 for all v € [yq, Vb)-

Proof. First, consider the case when D > 0 (the case D < 0 is analogous). Let u(~y) denote the f/(~).
Assume that there are two distinct values V4,7 € [¥1,72], Yo < b such that u(y,) = u(y) = 0,
but u(yo) # 0 for some ¥y € [Ya, Vo). Since u(7) is continuous, we can assume, by suitably selecting
Yo and 7y, that u(7) is non-negative in [y4, 7). By the equation stated in the condition above, we see
that there is a constant £ > 0 such that if |u()| < e, then «/(y) < 0. By continuity of u(7), there
exists a 0 > 0 such that for all points v € I := [ry,, min(vy, + 6,70)], 0 < u(7y) < . Now, consider
a value v € I, where v # 7,. By mean value theorem, there exists a value . € [Y4,7] such that

w () = "(73:2(7“) = "7—(1) > 0. But this is a contradiction, because u(7.) < € and hence, u'(7,)

must be negative.

Finally, consider the case where D = 0. Assume that C' > 0; the other case can be handled similarly.
It follows that there is a constant € such that if 0 < u(y) < &, then u/(y) < 0. The above argument
now carries over analogously. O

Let us verify that the conditions stated in the above fact hold in our setting. Differentiating (17) twice
and grouping terms, we get (here (s%)’ and (s3)” denote the derivative and the second derivative of
55 W.I.t. ¥ respectively):

27 2. 4
(%5 + 25t ) 53" (37 (451 = 50— s1/8) ) si=2st—)2(s0 20151 /5) = .
Here A denotes 1 — v + % — % Note that A > 0 because s3 < s}, and hence,
*

A21—7+7;T —%:(1—7)(1—5{/,8)20.
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We also note that 4

B(l —s1/B) #0.

Indeed, if the Lh.s. is equal to O, then 8s7 = 1 — s7/5, i.e., s7(8+1/8) = 1. Now, B+ 1/5 > 2

and s > 1/2. Therefore, this cannot happen. Thus, the conditions stated in Fact E.2 hold with f(-y)
c)

denoting s3(), a(y) % + 2517, b = 5—22 c= (45’1* - %(1 - s{/ﬁ)) andd = —2(s] —¢) +
2(s7)% +2(1 - s1/8)%.

We now claim that (s3(-y))’ can be 0 for at most one v € [vy1,72]. Indeed, suppose it is 0 at two
distinct points 7, and v, where 7, < ;. Then, Fact E.2 shows that s3(7) is a constant during the
entire interval [v,,v,]. But we argue that this cannot happen. Indeed, suppose s3(v) = K during
this interval. Substituting this value in (35) and multiplying both sides by 2v(1 — ), we see that -y
satisfies a non-zero quadratic polynomial with constant coefficients. But this can have at most two
roots. This is a contradiction because all v € [v,, V] satisfy this equation. Thus, we see that s3(y)
has at most one local maximum or local minimum in [y1, v2]. Since (s3)" < 0 at v, we conclude
that s} can have at most one local minimum and no local maximum in [y, v2].

*
4s7 —

Case v € [y2,v3]: We rewrite the equation for this case in Theorem 3.2 as:
(1= =s3+7s0)* + (1= = s3/B+7s1/B)* = 2cy(1 — 7).
Differentiating the above equation twice with respect to v, we get:
20/ (M) +2f(NF" (1) + 2(f5())* + 2f5(1) F5 (7) = —4e,
where f(y) denotes (1 —~ — s5 +ys7) and f3(y) denotes (1 — v — s5/5 +vs7/5). Since s3 < s7,
f)=1=y=si+ysi 21—y —=s]+7ys] =(1—5])(1—-7)>0.

Similarly, fg(y) > 0. Finally,

f1() = =(3)", f5(v) = —(s3)" /.
It follows that (s5)” > 0 when v € (72, 3). This shows that s} is convex.
Case v € [v3, 1]: Solving for s} in the last case mentioned in Theorem 3.2, we get:
g = S+ B +BA—7) —chy

2 1+

The coefficient of 1 is equal to 75 times

SSU+P) —B—cB=B2—c)~f—cB=p—2P.

If ¢ < 1/2, we see that this is an increasing function of . Thus, we have shown the desired behavior
of s3 in each of the given intervals. It remains to argue that s3 is unimodal. The only case to check is
if s3 has a local minimum in both [v1, v2] (where it has been shown to be unimodal) and in |2, 73]
(where it has been shown to be convex). We can directly check by differentiating the equations for
the second and the third cases in Theorem 3.2 that (s3)’ at v = 75 in both the intervals is the same.
Thus, if s5 has a local minimum in [y, 2], then it is an increasing function at v = 7. Thus, it will
remain an increasing function in [y, v3] (because it is convex in this range).

It remains to check that (s3)" at v = 5 is the same according to the second and the third equations
(1—y—s5/B+ys7/B)*

in Theorem 3.2. We consider the second equation first. Let g(y) denote

2v(1-7)
Differentiating both sides and substitution s3 = 1 — 2, we get:
_2si(s9) = (51)° _ 281(1 —72) = (s)? | J(7) = 0
2(1 = 2) 2(1—2)?
After simplifying, the above becomes:
—2s%(1 — s5) + (s1)? — 2s7(1 —
g (72) + 1 ( 72)(s3)" + (s1) i 72) -0 (18)

2(1 — ’72)2
Similarly, differentiating both sides of the third equation in Theorem 3.2 and substituting s5 = 1 — 2,
we get the same equation as above. This shows that (s3)’ at ¥ = -, according to either of the two
equations in Theorem 3.2 is the same. This completes the proof of the theorem.

O
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F Proofs of results for the representation ratio

In this section, we prove Theorem 3.3 that presents explicit formulas for the representation ratio
R(B,) across the four regimes determined by the threshold values 71, 2, v3, under the assumption
that 3 > 1 — c. These expressions are based on the governing equations for the thresholds s}
(Equation (4)) and s5 (Theorem 3.2), and are used to establish both correctness and monotonicity
results. Specifically, we analyze how the formula for R(3,y) evolves as - increases, showing that in
all four regimes the representation ratio is either constant or strictly increasing in ~y. These results
culminate in the proofs of Theorem 3.3 and Corollary 4.1.

In Appendix F.2, we also show that for fixed v, R(S,~) is monotone in 3, and prove that the
normalized representation ratio A/ (3,v) := R(8,v)/R (8, 1) is non-decreasing in 3 over the interval
[1—¢1].
Throughout, we evaluate the representation ratio via

Pr{a;1 > st + Prlu; < S*, Uirg > 84

R(B,7) = [t: 1*] [ ik *2]'

Pr[uil > 81] + Pr[u“ < 87, Ui = 82}
We recall Theorem 3.3 and Corollary 4.1 here.
Theorem 3.3 (Representation ratio). Fix c < l and B >1—-c

Define A(B,v) = —pBst + \/ 2(82+1) w and 0(B,v) =
2cy(148%)
B(1—B)+1/—(1-8)2+
) \/ §+62 =Y Then:
—(1—c —o)de? . +’YA B,7) )
8 (11,;)2(([;2téc) A ify €[0,7], % ify € [v1,72],
R(ﬁ?’)/) = e — Sl ‘ 2=
1- 2L 4 G=noP @) —(1=8)(1+7) +4yc

175H67(1_7)}2(ﬁm ify € [v2,73], A=A +a7Be ify € [vs, 1]
s

Corollary 4.1. Fixc < 1/2and 3 > 1 — c. Then R(B, ) increases monotonically in .

F.1 Proof of Theorem 3.3 and Corollary 4.1

We derive closed-form expressions for the representation ratio R(/3, ) using the equations governing
55 (Theorem 3.2), and use them to prove Theorem 3.3 and Corollary 4.1. The expressions are
defined piecewise over the intervals determined by the thresholds 71, 2, 3, and also yield the desired
monotonicity in 7.

Representation ratio for v < «;. 'We know that
Pr[UiQ > S§ Nuip < Sﬂ + Pr[uilg > S;B Nuin < SI,B] =c,

and for v < 71, we are in Cases I and I’. Hence,
25* g% — s* 2
Priuiz > s5 Augp < s7] = s8] — Zsiss = y(si)”

2(1—9)
and (s1)?
sT 2syshy — (st
Prlugg > 85 s Ay < 8% 4] = 2 — 22122 171
r[u 2 52,[3 Ujr1 51,[3] 6 2ﬁ2(1 _'7)
For sake of brevity, let ¢» denote % Then we get:
si(1+1/8) — (1 +1/6%) =
Using s7 = 1—2-1/6’ we see that
2(1—-c
b=2z9
1+1/8
Therefore,
1-¢/8 2142
R(B,7) =

1—¢ 11— +26%

Monotonicity. It is clear from the expression above that R (5, v) does not vary with ~.
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Representation ratio for v; < v < ~2. When v € (71, 72), Theorem 3.2 shows that:
o 28185 (1), (L—y—s3/B+7s1/B)* _

(19)
P20 29(1 - )
Further, the representation ratio is given by
* * 2
1—s%/8+ (1*7*52/5_+751/ﬁ)
R(B,7) = — ) (20)
1— sis5—(s1)
2(1-)
Let A denote % Then, Equation (19) can be written as:
* 7(8’1()2 * 1-— Y 2
- —$A+ —(1-A =c. 21
Let u denote 1 — A /3. Then the above can be written:
1-— Y 2 * * ’Y(s){)z
1— —c— ——=0. 22
2y " +s1fu+ (1 -p)si —c 21—7) (22)

The positive root of this equation is:

—Bs* + \/(55{)2 _ 2(1=7)((=B+1)si—c) + (s%)2

u Y
(L=7)/v
Observe that the fraction of selected candidates from G is
L—v
1 e 2
s1/B8+ > u”,

which can be written as: -
1— s} — L A?
=

where

21 =) ((=B+ st —¢)
N :

A(B,7) == —Psi + \/(51)2(52 +1) -

Monotonicity. In (22), we let v denote 4 / k%u Then this equation can be written as:

v? gl (s1)?
_ * 1 _ * _ 71 — O

Differentiating both sides with respect to -y, we see that the sign of v’ (vy) is same as that of

1-— 1-—
—vfBsiy/ TW +(s7)? = —us{ﬁ% + (s7)%

Using the fact that u = 1 — A /{3, the above expression is positive iff 3(1 —~)(1 — A/B) < (s7)7,
which using the definition of A, is same as s5 > (1 — ). This fact holds true because y > ~y;. Thus
we see that v’ () > 0. Since the fraction of selected candidates from G4 is given by v?/2+1 — s7/3,
we see that as we raise -, this fraction increases. Hence R (3, 7) increases with increasing ~.

Representation ratio for v < v < ~3. In this range of -, we have the equation:
(1—vy—s3+vs1)2  (1—v—s5/B+~s7/B8)? .
2v(1 =7) 2(1=7)
The representation ratio is given by

2v(1=7)
* (1_"/_3*""73{)2
L=si+ 50

| — st/ 4 Um=si/Brasi/)?
R(y) =
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Let A denote % Then the above equation can be written as:

20
(1-A)2+(1-4a/p)2 = L.
Let u denote 1 — A /3. Then, the above equation becomes:
2
M+wl—6+ﬁm2—1fgzo.

The non-negative root of  is given by:
2cy(145%)
81— B) +/—(1 - B2 + 2D
1+ 2 '
Note that the fraction of selected candidates from G is given by

A =7)6*(B,7)
2y '

0(8,7) =

1—s1/8+

Monotonicity. We shall show that (5, ) - 4/ 1777 is an increasing function of ~y. This, along with
the expression for the fraction of selected candidates from G2, will show that the latter fraction is an
increasing function of 7. Notice that (5, 7) - 4/ 1777 is given by

(1+/32’)9(ﬁ,7),/1;7 B(1-8 1/_7+\/ 1-8 N +20( + B32).

It is easy to check by inspection that the above increases as we increase .

Representation ratio for v > 3. When vy > 73,

52 1 -
Prluiz 2 s Aun < 5] = 5§ = 2+ ——,
and )
S8  1—7
Prluiz 2 835 Auin < sigl =sip— ==+ 5

Thus, we have the equation:

s3(1+1/8)  1—v

s5(1+1/8) — + =c
! Y Y
Using s7 = 111 7B in the above equation, we get:
s3 (1 —2¢)+1
vy o o(1+1/8)
Therefore,

14y v(1—2c)+1
2y ~parys . B-1+7(8—1+40)

R(B,7) = 7 = :
’ +y _ y(1=2¢)+1 1-— 1— 4
2v v(1+1/8) B+l B +45c)

Monotonicity. Differentiating the expression for R(/3,~y) with respect to -y, we see that its sign is the
same as the sign of

(1= B+~ — B+466))(B —1+4c) — (B — 1+ (8 — 1 +40))(1 — B +4Pc),

which is the same as 4¢(1 — 3)? > 0. This shows the monotonicity of the representation ratio in this
case.

This completes the proofs of Theorem 3.3 and Corollary 4.1.
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F.2 Monotonicity of representation ratios with respect to 3

We now analyze how the representation ratio R(/3,y) varies with the bias parameter 3, for fixed ~.
We show that R(3, ) is non-decreasing in 3, and further establish that the normalized representation
ratio NV (8, ) is also non-decreasing over the interval S € [1 — ¢, 1], under mild assumptions on
c. The first result follows from the structural monotonicity of the selection thresholds, as shown in
Appendix C. The second result relies on a case analysis based on Theorem 3.3.

Proposition F.1 (Monotonicity of representation ratio w.r.t. 3). For any fixed -y, the representation
ratio R(B,7) is a non-decreasing function of the bias parameter .

Proof. Adding (11) and (12), we obtain
Pr(X =2 s7) vV (3 X + (1 = )Y 2 s5)] + Pr((BX = s7) V (78X + (1 =7)BY = s3)] = 2¢.

As shown in Proposition C.1, both s and s3 are non-decreasing in 3. Therefore, the first term on
the left-hand side is non-increasing in 3, implying that the second term must be non-decreasing.
Since the representation ratio is the ratio of the second term to the first, it follows that R(5,7) is a
non-decreasing function of 5. Formally, since A(/3,~) 4+ B(3,7) = 2c and s}, s} are non-decreasing
in B, A(B,~) is non-increasing and B([3, ) non-decreasing in /3. Hence for 81 < f32,

B(Bs) B(B1) A(B1)(B(B2) — B(B1)) + B(B1)(A(B1) — A(B2))

ABr) ~ AB) A(B)A(B) =0

so R(f3,y) is non-decreasing. O

)

Theorem F.2 (Monotonicity of normalized representation ratio for 3 > 1 — ¢). Forc < 1/2, if
B > 1 — ¢, then for every fixed ~y, the map 3 — N(B,7) is non-decreasing.

Proof. Our goal is to show that the normalized representation ratio N (3, )
non-decreasing in 3 over the interval [1 — ¢, 1]. Sincec < 3 and 8 € [1 — ¢
and hence B(f3,7v) < c.

The strategy is as follows: We consider the logarithmic derivative dz In NV'(3, ), and aim to show
that it is non-negative throughout the interval 8 € [1 — ¢, 1].

1, B(8,7)

Let A(S,~) and B(8, ) denote the fractions of candidates selected from groups G; and G, respec-
tively. By definition, the representation ratio is given by

_ B
A(B,v)

To establish the desired monotonicity, it suffices to show that J3 B((, ) decreases with increasing ~:

R(B,7)

Fact F.3. If 03 B(3,v) > 03B(8,1), then d3In N (B, ~) > 0.

Proof. By definition,

B(B,v) A(B,1
N(5,7) = 50D 20,
A(B,v) B(B1)
Observe that for any v, A(3,~v) + B(,v) = 2¢, the total capacity in the two institutions. Therefore,
the above can be expressed as:

B(B.y) 2 B(3.1)
2c—B(B,7)  B(.1)

N(B,v) =

A direct calculation yields:

aﬁB(BafY) aﬁB(B7’Y) 785B(631) B aﬁB(ﬂ7]—)
B(ﬁa’)/) 2C_B(/67’Y) B(ﬁal) QC_B(Bal)

OsInN(B,7) =
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Proposition F.1 implies that 9 B(3,~y) > 0 for all 5. Since B(3,v) + A(83,v) = 2cand B(8,7) <
A(B,7), we see that B(3,7) < c. Therefore > 0. Assuming 93 B(8,v) > 0sB(5,1),
the r.h.s. above is at least 3 B(3, 1) times

1
> 2¢—B(B,7)

1 n 1 _( 1 n 1 )
B(ﬂ,’y) QCiB(Ba/-Y) B(Bal) QCiB(Bvl) .

is a decreasing function of « when 0 < x < c. Therefore, the

One can easily check that i + 261_1
above quantity is non-negative. Thus, we have shown that 93 In V' (3, ) > 0. O

Thus, it is enough to check that g B(8,v) > d3B(,1) for all 0 < v < 1. We now consider the
various regimes in which -y lies:

Case4 (v > v3 = 1/(1 4+ ¢)): The analysis for this case in Appendix F.1 shows that

5 1— 1—2c)+1 1-
By =1-22 120y A0 2 1
v 2y (1 +B) 2y
Differentiating with respect to 3, we get:
(1—-2¢)+1/y
0sB(B,y) = ————"—

Clearly 03 B(8, ) is a decreasing function of v and hence, 93 B(f3,7) > 93 B(,1) when y > 3.
We also note the following for rest of the proof:
2(1-¢)

9sB(B,1) = 1+08)? (23)

Case 1 (y < v1(8)): The argument for case 1 in Appendix F.1 shows that

2(1 —
By =1- 2.
Therefore,
46(1 —
353(57’7) = M

Since 5 € [1 — ¢, 1] and hence 8 > 1/2, we verify
48(1 —¢) < 2(1—-¢)
(14622 = (1+p5)*

because multiplying by positive denominators gives 23(1 + 3)? > (1 + 32)2, which holds for
B8 >1/2. Using (23), we see that I3 B(5,v) > 03 B(5,1) wheny < 1.

Case2 (v € (71(8),72(B)]): Recall the abbreviations

_ 2-c
C1+1/8°

The analysis in Appendix F.1 for case 2 shows that

21— 9)((L=B)st —¢)

s1(8) 5

A(B,7) = —Bsi + \/(51)2(52 +1) -

5] Y 2
=1-14 T A%
BB =1=3+ 557

Recali that s = ﬁ Using this fact in the equation above and differentiating with respect to 3,
we gel

2—c  29A(B,7)

BB = e Ty

IpA(B,7). (24)
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The argument in Appendix F.1 shows that that A(/3, ) is a positive multiple of 1 — (1 773 Since

53 < 57 < 3, we have

* * *

* _ *
ABA)=1-2"0 59 700 4 Pl (25)

Bl =) B(L—7) g =
and the same argument shows 6(3,~) > 0, where 6(3, ) is defined in the case yo < v < 3. We
show in Lemma F.4 that 93 A(8,~y) > 0. Thus, it follows from (24) that
2—c
B(B,~) > ——<_

Comparing with (23), we see that 9gB(,7) > 0gB(8,1) when v € (y1(8), 2(5)).

Case3 (v € (72 (B), 73)): In this regime Theorem 3.3 shows that

T G e 2z 1-7p
BB =1= 5+ By =1 o+ 5 0%(5) 26)
where
2
B(15)+\/(1B)2+2071(1_+f)

0(8,7) = T

Since 0(8,v) = 1 — s2— '1/1 the argument as in case 2 above shows that 6(3,~) > 0. We show
1n Lemma F.4 that 359(5 ) > 0. It follows from the expression in equation 26 that dg B(f3,y) >
(H_B)Q Comparing with (23) that 9 B(3,v) > 0gB(8, 1). Thus, for all the values of -y lying in the
range [0,1], d3B(8,7) > 9sB(8,1). Since B(/3,7) is continuous and piecewise differentiable in
<, the inequality g B(3,~) > 0gB(f, 1) extends to all boundary values of -y, completing the proof.
Theorem F.2 now follows from Fact F.3. O

Lemma F.4 (Monotonicity of A and 6 in 3). Fixc € (0,%) and vy € (0,1). For B € [1 — ¢, 1]
define

SH(8) = Toem, ABA) = —psi(8 +\/ a(ge 4 1)~ XL D(=Bsi(B) — o)

T+1/p 5

B2 + 2cy(1+5%)

)+ 1=~

0 =
(B,7) T
Then both A(,~) and 6(3,~) are strictly increasing in 3 on the interval [ 1 — ¢, 1].

2-08

. A direct derivative gives
1+4 £

Proof. 1. s3() is increasing. Write s(f3) := s1(53) =

, _ 2-c
5(,3)—7(1_i_5)2 > 0.

Using the above expressions for s7(3) and its derivative, we note that

dsi(B) _ si(B)
it 27)

2. Monotonicity of A (3, ). Put

2(1 =) (1= 9)5() o)
v

W(B) = 5(8)*(* +1) —

We show ¥/ (5) > 0.
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(i) The first term. Because both s(3) and 32 + 1 increase, their product s(3)?(3% + 1) has positive
derivative.

(ii) The second term. Define h(f3) := (1 — 5)s(8) — c. Since s(/3) is increasing but multiplied by
(1—p),wehave h'(8) = —(1 - B)s'(8) — s(8) < 0on [l — ¢, 1]. Hence —(2(1 — «)/v) h(B) has
positive derivative. Combining (i) and (ii) yields ¥’(5) > 0.

Therefore /W(/3) is increasing. The linear term —f3s(8) decreases (its derivative —s — S5’ < 0),
but the growth of /W (3) dominates because ¥'(3) > s? + 23ss’ (Appendix F.2.1). Hence

4 _ _s(8) — 8 (8) + —LB)_
5B = =s(8) = (3) + ;D> 0.
3. Monotonicity of 8(3, 7). Let
2
v(8) = —(1- o+ 2L 1) VAT,
Since (1 — 3) decreases and (1 + 3?) increases, @'(8) = 2(8 + 1% 8) > 0,0 T"(8) > 0. Write
0(8.7) = 1220 9(6) == ~B(1 - 8) + T(8). Then
gd(B)=—-1-28)+T(8) >0 (because T'(3) >1 —2Bon [l — ¢, 1]).
Finally
ooy (L4 8%)g'(B) —289(8)
9 (6) - (1 + 52)2 > Oa

since ¢g(8) and ¢'(3) are positive.
Thus, both A(3,~) and 0(8, ) are strictly increasing for 8 € [1 — ¢, 1]. O

F.2.1 A lower bound on ¥’(3)

For completeness, we record the derivative computation used in Lemma F.4. Recall

2-0)p _ 2(1=9)((1L=B)s(8) =)
T M) =S5+ - - ,

withc < 2,7 € (0,1)and 8 € [1 — ¢, 1].

() =

Step 1: derivative of s(3).
2—-c
O we 7

Step 2: derivative of . Split ¥(8) = U (8) — Wy (B) with ¥y = s2(52+1), ¥ = 21 ((1 -
B)s —c).

W (8) = 2s5'(B) (5 + 1) + 2657, W%m=2“W7)@—ﬁﬂm)<a

because the bracketed factor is positive. Hence
V' (B) = Wi (B) — Wh(B) > 2ss'(B)(B% + 1) + 285>
Step 3: comparison with s + 23ss’. Since (3% +1) > 1and s'(8) > 0,
2s5'(8)(8° +1) = 2s5'(B),

SO
U'(B) > 255 (B) 4+ 2Bs° = s° + 2Bss’ + [s* + 2s5'(B) — 57].
Because the bracket is non-negative, the inequality follows.
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G Details of worked example in Section 4

This appendix elaborates on the example presented in Section 4, providing a step-by-step derivation
of the representation ratio and minimal interventions using our analytical framework.

Step 1: Set parameters. Fix:
Bo =0.85, 7 =0.40, c¢=0.20.

We begin by computing the threshold for Institution 1:
N 2—c 1.8 18

- - ~ ~ 0.8276.
VU1 41/80 0 14+1/0.85 7 2.176

S

Step 2: Identify regime. Using Theorem 3.1, we compute the relevant thresholds:

1 1
Tre 127 0.833.

Since v2 < 79 = 0.40 < ~ys3, this falls into Case 3 of Theorem 3.3.

Y1~ 0.084, Yo ~ 02904, Y3 =

Step 3: Compute R(Bo,~0). In Case 3, we define:

—B(1— )+ /(1 - B)? + 22
= e .
Substituting 5y = 0.85, ¢ = 0.2, and ~y = 0.40, we get:
0(70) ~ 0.3096.

")

Then: )
1—s1/B0+ =520 01044

R(Bo,v0) = M ~0.3170

p— * p—
1-s7+c 7

~ 0.329.

Step 4: Compute R (8o, 1) and normalize. When v = 1, we use Case 4 of Theorem 3.3:

21— o) +4c  —2(0.15)+0.8 0.5
Relfo, 1) = 2(1—fo) +46oc  0.34+0.68  0.98

Hence, the normalized representation ratio is:

- R(ﬁo,’}/o) - 0.329
N(Bo,%0) = R(Bo,1) 0510

~ 0.510.

~ 0.644.

Step 5: Determine minimal interventions. To reach a fairness target of 7 = 0.80, we solve for
the minimal interventions (3’,~’) that yield A'(3’,v0) > 0.80 or N'(3y,7’) > 0.80.

We find:

If vo = 0.40, B’ ~0.911, If g = 0.85, ' ~ 0.640.
Thus, either reducing bias to 3’ = 0.911 or improving evaluator alignment to v’ ~ 0.640 suffices to
meet the target A > 0.80.

H Observed utilities

In this section, we consider the observed utility U, received by each institution ¢ € {1, 2}, defined
as the total utility from the candidates assigned to it. Let M denote the deterministic assignment
function that maps each candidate 7 to an institution ¢, based on whether their observed scores cross
the respective selection thresholds. Then the observed utility is given by:

Z/lg = Z ﬂig.
iEM-1(¢)
We derive explicit expressions for I/, and Us, analyzing how they depend on the parameters 3 and .
For Institution 1, the utility can be expressed in closed form using the threshold s7. For Institution 2,
the utility depends on the geometry of the selection region defined by the stochastic evaluation rule,
and we provide piecewise expressions across different y-regimes. Finally, we show that both ¢/} and
Uo are non-decreasing functions of /3, complementing our fairness analysis.
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H.1 Observed utility of Institution 1

Given the threshold sj, the (observed) utility derived by Institution 1 from a candidate ¢ is O if
U;1 < ST; Uy otherwise. Therefore, the utility of Institution 1 is given by (here i € G1,4' € Ga):

U =1y fol sl[s > st]dus + vo fol sl[s > st]dul, (28)

where yi, is the measure induced by the distribution of u;; for i € G (and similarly for p).

Theorem H.1 (Observed utility of Institution 1). Assume 1 = v5 = 1 and ¢c; = co = 1. Then the
observed utility of Institution 1 is given by

_ 1= (s7)? 1—(s7,)?
U, = 9 + 8 3 .

Proof. From Equation (28), the utility is computed as the sum of two integrals over the observed
scores for candidates in G and G2, respectively. The first term is:

1 1 271 *\2
1—
/:v~]l[aczs’{]dx:/ xdm:[x} :ﬂ.
0 s 2 s 2

1

For candidates in G2, the observed utility is down-scaled by 3, and the integral becomes:

1 1— * 2
ﬂ-/ J;-]l[xzsiﬁ}dxzﬁ~#.
0

Summing these two terms yields the result. O

H.2 Observed utility of Institution 2

We now turn to the observed utility Us(7y) derived by Institution 2 from the candidates it selects.
Recall that the observed utility from a candidate is zero unless they are selected, in which case it
equals their score ;2. Thus, the total utility can be written as

Uy := vy - Elilig - T{tn < 87, Uiz > 85} + vo - Bty - 1{iin < 87 g, Gira > 85 g}l

where i € G1, 7 € G4, and the first term represents candidates from G assigned to Institution 2,
and the second term represents candidates from G assigned to Institution 2.

To evaluate these expectations, we consider the geometry of the selection region under the
stochastic evaluation rule. Given v, define A, as the region within the rectangle with cor-
ners (0,0), (s7,0), (s},1),(1,0) that lies above the line vz + (1 — v)y = s5(v) (as illustrated
in Figure 1). Similarly, let B, denote the corresponding region for group Ga, bounded by
(Oa 0)7 (S{/ﬂa 0)7 (ST//Bv 1)7 (17 0) and the line yx + (1 - V)y = S;(’Y)/ﬂ

Let (22, y2") and (22, y) denote the centroids of A, and B,, respectively. Then, the total observed
utility s () can be expressed as:

Up(7) = Area(A,) - (v + (L= 7)y3) + B~ Area(B,) - (ya + (1 —v)y2).

It is useful to observe the following result:

Lemma H.2. Letr T be the triangle with vertices (0,0), (0, ﬁ) and (%, 0), where s > 0 and
€ (0,1). Then

s3

//T(fnyr(lf*y)y)dmdy = 737(1_7).
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Proof. Because yx + (1 — )y is an affine (degree-one) function, its integral over a triangle equals
its value at the triangle’s centroid multiplied by the triangle’s area.

1. Centroid. The centroid Cp = (Z,%) of a triangle with vertices (0,0), (0, 157)’ (%, 0) is the
average of the vertices:

_ 1 s _ 1 s
xr = = —
37 YT 31,
Evaluating the integrand at the centroid gives
s S s s 25
e+ r=2(3) + 4 gr) =5 5=
f(Cr) =72+ (1 =)y (35 + (1 =) si-y) 373
1 2
Area(T) = = - AN - 5
2 v 1-v 29(1-9)
3. Integral. Multiplying the centroid value by the area,
2s s? s3
v+ (1 —7)y)dxdy = f(Cr) Area(T) = — - = . O
// ) JArealT) =5 29(1=v) 37(1-1)

We now use Lemma H.2 to evaluate U5 for various cases.

Case I (s; < min(s}~, 1 — v)): In this case, the line intersects y-axis at -2 = < 1 and the z-axis
at 55 < s7. The integral of the utility over the entlre rectangle [0, s7] x [0, 1] can be given as follows:

area of the rectangle is s7 and its centroid is at (
the entire rectangle is

- 2). Therefore, the integral of vz + (1 — )y over

s 1—
ST - <721+ 27>.

Subtracting out the integral of the utility over the triangle formed by (0, 0), (0, %) ) (%, 0), we
see that the observed utility (for Institution 2) of the selected candidates from G5 is
sitysi+1—=9)  (s3)°
2 3v(1 =)

Case I1 (s > max(sjv,1 —

(1=

T-axis at > s%. Thus, its intersection point with the line y = 1 is at = and 1ts intersection

52 'ys

point w1th the line x = sj is at L. The centroid of the triangle is

1/s5—(1—7)+2ys] 2—27+8§—781
3 vy ’ 1- ’

Evaluated on the line yz + (1 — 7)y, we get the value 1 s(1—~ + 253 + 7ys7). Thus, the utility of
institute 2 from G is:

(1— 7y —s547s7)?

1
(=7 +2s5+7s7) -

2y(1=7)
Case III (s7v < s3
at ‘52 751 We break the area into two parts, the upper rectangle whose centr01d is % (s{, ! 17+82) .
- Bt
The area of this rectangle is s7 - ( ) The centroid of the lower triangle is 3 (23* %iiﬁ)
- B!

The area of this triangle is - -

g (1 5 vt Loadsi) LS s (2osi BsE—si)
! 11—~ 2 2 2 1-—7 3 3
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55
1—~

Case IV (1 — v < s3 < s77): In this case, the line intersects the y-axis at > 1 and the x-axis

*
at 22 < s7.
= <

We break the area into two parts, the right rectangle whose centroid is % (s’{ + 3727 1) . The area

of this rectangle is s7 — 97; The centroid of the left triangle is % (w, 2). The area of this

triangle is % : 1_77 Thus, the total utility is

83 st +s3 11— 1—- 3s5 — (1 — 2(1 —
oo B (asitss 7\, Q=) (3s5-(0-v) 207
y 2 2 2y 3 3
The above quantities can be evaluated for (G2 in an analogous manner (by replacing s7 and s3 by s7 4

and s3 5 respectively, and multiplying the resulting expression by /3). We can now write down the
total (observed) utility of Institution 2.

Theorem H.3 (Characterizing Us(v)). Assume that § > 1 — cand ¢ < 1/2. Then, Us(7) is:
wat (1o gtn) (5 - 2) o 5 1o (54 M)
s Fory e bl st (1 o) (B + )+ ek (Bph 4+ i) 4 20—

1—y

L~y * 132
5+ 255/8 + yst/B) - LI T /L

* * 1—y—s5 sP)? * *
* Forvy € [y2, 73] 5(1 — v+ 283 + vs7) - ¢ gy(fj,j)l) + 8(1— 1 +2s5/B+~s7/B) -
(1=y=s3/B+ysi/8)

2v(1-7)
« Forvy € [y3,1]: (ST - %) ' (LI;S; + 1_%) + 652 (35;_§1_W) + 2(137))
n (s; - 7) : <ws;/62+s;/ﬁ n 1%) + 80 (353/[35(1—7) n 2(13—7)).

Proof. When «y € (0,7,), we are in cases III and III’. When y € [y1,72), we are in cases IIT and II".
When 7 € [y2,73), we are in cases IT and IT". Finally, for v € [y3, 1), we are in cases [V and IV’. O

Plugging in the values of s7 and s into the utility expressions, one can carry out an analysis analogous
to that for s5 and the representation ratio. We omit the details and instead present a plot in Figure 6,
which shows how U, varies with v. We observe that the behavior of Ufs mirrors that of s3, which is
expected since increasing the selection threshold typically results in a higher utility.

Specifically, Us is larger for smaller values of . An intuitive explanation is that the area
Area( A, )—which corresponds to the fraction of G candidates selected by Institution 2—is a
decreasing function of . Likewise, the threshold s3 increases as -y decreases. This stands in contrast
to the behavior of the representation ratio R, which increases with ~. Thus, increasing + induces two
opposing effects: it improves representational fairness (as measured by R) but decreases the total
observed utility of Institution 2 (as measured by if).

H.3 Monotonicity of utilities with respect to 3

We now show that the observed utility of each institution is a non-decreasing function of the bias
parameter (3, for fixed ~y; see also Figure 5.

Proposition H.4 (Monotonicity of U;). For any fixed v, the observed utility of Institution 1 is a
non-decreasing function of the bias parameter [3.

Proof. For simplicity, we assume c¢; = c2 = c; the argument generalizes to arbitrary capacities.
From Theorem H.1, the utility of Institution 1 is given by

1—(s1)” —(s1)?
2 2

1
U = +B-
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Differentiating with respect to /3, we obtain:

a1 (s1)? o a5t _ gt ds} 4
dp 2 Lap

— B i
It suffices to show that this derivative is non-negative. From the threshold constraint (see Equa-
tion (11)),
(1=s7)+ (=515 =0
and hence,
dsi | dsis _
s~ dp

Using this, the sum of the last two terms becomes

0.

L, dsy dsy N o dsy
Sty e dﬁﬂ = (i =51 55

This expression is non-negative because sy 5 > s7 and % > 0 by Proposition C.1. Therefore, U; is

non-decreasing in . O

Proposition H.5 (Monotonicity of Uz). For any fixed v, the observed utility of Institution 2 is a
non-decreasing function of the bias parameter [3.

Proof. Let U; denote the utility contribution to Institution 2 from a candidate in group G;. Since

the expectation of a non-negative random variable Z can be written as E[Z] = fol Pr[Z > u] du, we
have:

s3 1
E[U;] :/ Pr{U; > s3] du+/ Pr{U; > u]du
0 st

2
1

— 5 Pr{U; > 5}] +/ Pr{U; > u] du,

since Pr[U; > u] = Pr[U; > s3] forall 0 < u < s3.

Differentiating with respect to 3, and applying the Leibniz rule, we obtain:

d ds . d . ! ds .
%E[Uj]: d/§~Pr[Uj282]+52~d6Pr[Uj252]+/55dﬁPr[Uqu]du dﬁ2~Pr[Uj252].
The first and last terms cancel, leaving:

L) = s L pifu, > s3] + /1 L b, > o] du

ag - T gy T = [ gg T = e

Since an increase in [ increases the effective score of group G5 candidates and thus the probability
that they are selected, both terms on the right-hand side are non-negative. Hence, the expected utility
E[U;] — and therefore U, — is a non-decreasing function of /. O

H.4 Variation of U with respect to ~

We investigate how the observed utilities of institutions vary with respect to the correlation parameter
v. As shown in Figure 6, the utility of Institution 2 exhibits a non-monotonic relationship with -,
displaying a U-shaped pattern across all tested values of 3. This arises due to competing effects:
higher v increases alignment between institutional rankings, reducing the chance of cross-institution
gains, while also increasing selectivity.
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Figure 5: (Left) Utility of Institution 1 as a function of g for fixed v = 0.5 and ¢ = 0.2. (Right)
Utility of Institution 2 as a function of /3 for fixed ¢ = 0.2 and varying v € {0.2,0.5,0.8}.

Observed utility of Institution 2

Figure 6: Utility of Institution 2 as a function of « for various § at fixed ¢ = 0.2, showing non-
monotonic behavior.

I Extension to distinct bias parameters for two institutions

Our main analysis assumes a common bias parameter § applied uniformly across both institutions. In
practice, however, evaluation standards may differ—one institution may adopt more rigorous fairness
safeguards or use a less biased scoring process than the other. To capture this asymmetry, we extend
the model to allow distinct bias parameters (312, 522) with respect to Institutions 1 and 2 for the
candidates in group G5 respectively. Analogous to the 5 > 1 — c assumption, we assume that both
the parameters (312, 22 are at least 1 — c. For the sake of concreteness, we also assume 392 > [12.
In Section 1.1, we show that the thresholds and representation ratio can be computed numerically.
In Section 1.2, we demonstrate numerically that the qualitative properties of these metrics remain
unchanged, and we further verify this analytically in an extreme parameter regime.

I.1 Computing thresholds and representation ratio

The expression for s} remains same as in (4) with 3 replaced by [12:

1= 4173 (29)

We now outline the steps for computing s3 and R (). Given values sy, o, 7, let P(s1, s2,) denote
Prlyv;1 + (1 — y)via > 82 A u;; < $1]. This can be evaluated using the four cases mentioned
in Section 3.

Since 812 > 1 — ¢, it follows that s} < S15. However, unlike Proposition C.2, it may not happen that
s5 < Pa2o. We first check if s3 < (25. For this, we evaluate P(s}, S22, 7). If P(s}, f22,7) > ¢, then
we know that s3 has to be at least S22 — otherwise the fraction of candidates assigned to institution 2
would exceed its capacity. Similarly, if P(s7, Ba22,7) < ¢, then s3 < Bas.

Case s3 > (322: In this case, all the candidates selected by institution 2 are from G;. Therefore,
5% is obtained by solving the equation:

P(si,85,7) = c.

Further, R(v) = %
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Case s5 < (B22: To evaluate s3, we need to solve for the following equation:
P(s,85,7) + P(s1/Br2, 85/ Baz,7) = c.

Note that there will be four cases for each of the terms on the L.h.s. above. More precisely, while
evaluating P(s7}, s3,7), we will have to guess one of the following cases:

(1) s2 < min(s1y,1—7)
(il) so > max(s1y,1—7)
(1) s17y <82 <1—7
(iv) 1 —v <s2 < 517.

Similarly, while evaluating P(sy/ 512, $5/F22,), we have to guess one of the following four cases.
Let s;ﬂ denote sy /312 and s3  denote 85/ Bao

(i) s2,5 <min(sy gv,1—7)
(i) s2,3 > max(s157,1—7)
(iii)” s1,87 < s23 <1—7
vy 1—~v< S2.8 < 81,87-

For each combination of 16 possibilities, we solve for s5 and then take the solution that is consistent
with the corresponding guess. After solving for s3, the representation ratio is given by:

1— s{_ﬂ + P(s’fﬁ,sgﬁ,v)
1—st+ P(st,s5,7)

1.2 Numerical evaluation

Numerical experiments in this setting indicate that, across a wide range of asymmetric configurations,
s% is unimodal in -y, while R () increases consistently. For example, the plots in Figure 7 show this
behavior for different values of 312 and [5os.

To illustrate this phenomenon analytically, we show that even in an extreme asymmetric setting, the
representation ratio R (+y) is strictly higher when the institutions are fully aligned (y = 1) than when
they evaluate candidates independently (y = 0).

Proposition I.1. Consider a setting where 1 > 15 > 1 — c and P22 = 1. Then, R(vy) = 1 when

7z1,and7€(’y)z%<lwhen'y:0.

Proof. When v = 1, the two institutions are fully aligned in their evaluations. A candidate 7 is
selected if either 4,1 > s} or 4;2 > s5. We first claim that s3 < s]. Suppose not. The fraction
of candidates from (G admitted to Institution 1 is 1 — s}, which must be at most ¢ by the capacity
constraint. If s3 > s7, then no candidate from G; would be assigned to Institution 1. Moreover, the
fraction of candidates from G5 admitted to Institution 2 is less than 1 — s} < ¢, violating the capacity
condition at Institution 2. Hence, s3 < sj. Consequently, any candidate with @;5 > s is selected.
Sir(lcgz B22 = 1, an equal fraction of candidates from both groups satisfy 4;2 > s5, implying that
R(v) = 1.

We now consider the case v = 0. In this regime, the institutions evaluate candidates independently.

Institution 1 admits candidates based on the threshold s7 = 1 +21_/E312 . The fraction of candidates from

G not admitted to Institution 1 is s}, while that for G5 is s7/512. Since S22 = 1 and the attribute v;o

[N
sy+sy /P12’
. Hence, the overall representation ratio is given by

is i.i.d. across groups, the fraction of candidates from G admitted to Institution 2 is and

sy /B2
st+st/B12
5% /B
ST 4 (1 51/B1o)
csy '
s’{—&—sfl/ﬂu, + (1 - 8’1()
Substituting the expression for sj from above and simplifying yields the desired result. O

the corresponding fraction for G5 is
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Figure 7: Variation of thresholds s7 and s} and representation ratio R with v when ¢ = 0.2, 815 =
0.9, B0 = 1.

J Thresholds and representation ratio computation for the setting of additive
bias

We now consider the additive-bias model in which the observed utility of a candidate ¢ € G2 for
institution j is @;; = u;; — B, where w;; is the true utility and 5 € [0, 1] is an additive bias parameter
(observe that, unlike the multiplicative bias parameter setting, smaller values of 8 imply less bias).
Under the natural assumption S < ¢ — the analogue of the multiplicative regime 8 > 1 — ¢ that
ensures Institution 1 continues to admit some candidates from G2 — the admission threshold s7 at
Institution 1 satisfies the equation:

1-s1+(1Q—-s7—-p5)=c

Thus, we get

(30)

The geometric structure of the selection regions remains unchanged up to a translation by 3, and the
~-threshold framework developed in Section 3 continues to apply. Thus, the expression for Pr[u;; <
$1, Ui > So] in the four cases I, ..., I'V corresponding to group G remain unchanged. Similarly,
we have the corresponding cases I’, ... .IV' for G2, where we redefine s7p = min(1, s7 + B) and

s3 5 = min(1,s3 + ).
Similarly, the proof of Proposition C.2 showing s5 < s} extends directly. We now establish the

existence of the  thresholds. As in Theorem 3.1, we show that there is a constant ¢ < 1 such that if
the available capacity ¢ < ¢y, the relative ordering of the ~y thresholds is fixed.

Theorem J.1. Assume ¢ < ¢y = 0.36, and B < c. There exist thresholds 0 < 71 < v < 3 <
Y4 < 1 such that:

(1) s5+B8<1—vy < v<m,
(2) s3<1—7v <= v <1
(3) s527s] <= 7<=,

4) s5+B8=>27(s1+8) <= v<

Proof. We first show the existence of the thresholds vy, ..., 7v4. Arguing as in the proof of Theo-

rem 3.1, we can show that SQTM is a decreasing function of + and 81%(77) is an increasing function of
7: the argument follows verbatim with s} 5 and s3 ; denoting min(1, s7 + /) and min(1, s5 + 3)
respectively. Since 8 < ¢, s < 1 — (. Therefore, s} 5= s + B. Since s3 < s7, it follows that

s3 3 = s5 + [ as well.
Since 520 is an increasing function of s2(N+8 is also an increasing function of v. When v = 0
i—y g i — g - =0,

this ratio is s5(v) + 8 < sT + 8 < 1; and when ~ approaches 1, this ratio approaches infinity. Thus,
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there is a unique value y; € [0, 1] such that w = 1. Further, w < 1iff vy < 1. The
existence of the thresholds 7, . . ., y4 can be shown similarly.

Aty =, 513_(111) =1-3 —671 < 1. Therefore, the definition of v, implies that y; < 7. Similarly,

v3 < 4. It remains to show that v» < ~3. The proof proceeds in two steps: (i) we first show that
Y2 € [v4,1], and (ii) then we show that v & (y3,74). This will prove that v2 < 3, and hence,
7 <72 <773 <M

Proving v2 ¢ [v4,1]. Assume for the sake of contradiction that 5 € [y4, 1]. Then, at v = 75,
s5(v) = 1 —~ and s3(y) < vs7() (because v > 74 > 73). Thus we are in case IV for G;.
Similarly, we are in case IV’ for G5. Therefore, constraint (2) implies that

S5 + 1-—
2 5+7’Y

S5 1*’)’
* 2 *
51_74_72 +51+/3—

Substituting s5 = 1 — ~ above, we get
1 _
257 —(1+5) (’y> =c.
Y
When v = 72, 1 — v = s5(y) < vs}. Thus, 1_77 < s%. Using this fact and (30), we get:

(1—C+ﬂ> (I1-8)<ec

= C.

2
The Lh.s. above is a decreasing function of 5. Since 8 < ¢, we get
(1-¢)?<ec

But this contradicts the fact that ¢ < ¢y = 0.36. Therefore, 2 ¢ [74, 1].

Proving v2 € (v3,7v4). Assume for the sake of contradiction that o € (3, 74). Then we are in
case IV and II” when v = ~5. Thus, constraint (2) implies

gt 1oy (A=v=s =B+ (s1+ ) |
Yoy 2y 2y(1-7)

Substituting s5 = 1 — ~y above, we get:

o 1=7 ((s1+By =87
R NI MG ) B

Aty = 7, 1’77 < s}. Therefore,

* * _ 2
s ((s1+8)v) -8 <e
2 27(1 =)
Now observe that (s7 + 3)y — 8 > (s3(7) +B)y —B=(1—-~v+B)y—B=(1-B)(1—v) >0.
Keeping c fixed, as we raise 3, s decreases. Thus, the Lh.s. above is a decreasing function of 5.
Since 8 < ¢, and s7 = 1 — ¢ when 8 = ¢, we get:

1-c¢c (v —¢)?

<c
2 2y(1 =)

Simplifying the above, we get:
3¢y —y(5c+ 1) +¢* <0.

When v = 72, 1 — v < sy < . This implies that v > 1/2. It is easy to verify that the Lh.s. above
is an increasing function of v when v € [1/2, 1]. Indeed, the derivative w.r.t. - of the Lh.s. above is
6cy —5¢+1>3c—5¢c+1=1-—2¢ > 0because ¢ < 1/2. Therefore, substituting v = 1/2 above,
we get
5 ¢ 1
-3 T3=0

which is not possible if ¢ < 0.36. Thus, we see that v, ¢ (73,74). This shows that yo < 73, and
completes the proof of the theorem. O
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Using these regime-characterizations together with the probability computations from Section 3 for
Pr[yvii + (1 —vy)vie > s2 A w1 < s1], we obtain a piecewise set of equations that determine s}
under additive bias:

Theorem J.2 (Equations for s3(v)). Assume 8 < cand c < co = 0.36. Then s3(vy) satisfies:

L e T D P G o) € e 1)

" 10wl s = T ST ¢
o [y, 0] st — 281;%;_7’5;‘1)2 + (1*7*(8§2;rg):r7v)(51+/3))2 — ¢

o [y, 3): (1—;;(31;:7)5;)2 i (1—v—(852;r(/31):r77)(81+6))2 —c

gl st — 54 122 4 OISR

. [74,1].'2s;+3_@+1%:c

Proof. The proof follows along the same lines as that of Theorem 3.2. For example, when v <
~1, Theorem J.1 shows that we are in cases III and III’. Therefore, for a candidate i € G,

255 — s}
1—7 '

. ~ s1
Pru; < s7,Uiz > 85| = 51 (2

Similarly, for a candidate ¢ € Go,

Pr[ail < Sf,ﬂig > Sg] =

si+8 <2_2(55+6)v(s{+ﬂ)>
2 1—7 ’

The equation for s3(-y) now follows from (2). Other cases can be handled similarly. O

We can use the equations in Theorem J.2 to solve for the threshold s3. Once s} and s3 are determined,
expression (3) yields the representation ratio R. We omit the details.

These results show that the geometric and analytical structure underlying the multiplicative-bias
model extends naturally to the additive setting, providing a unified framework for quantifying how
evaluator bias influences equilibrium thresholds and representation outcomes.

K The setting where 3 < 1 — ¢

In Section 3, we analyzed the setting where the bias parameter satisfies 5 > 1 — ¢. This condition
ensures that Institution 1 admits at least some candidates from the disadvantaged group G, and the
analysis led to a clean three-phase structure characterized by the thresholds 71, 2, 3 with a fixed
ordering.

In this section, we depart from that setting and study the regime where 3 < 1 — ¢. This regime
is qualitatively distinct and exhibits complex structural behavior in the equilibrium thresholds and
selection dynamics. To analyze this, we again use a finite-to-infinite reduction framework analogous
to Appendix B, deriving mean-field equations for thresholds and examining their qualitative behavior
as a function of the correlation parameter .

Our main findings in the 5§ < 1 — ¢ regime are summarized above and contrasted with the 3 > 1 — ¢
case in Table 3.

¢ The number of ~-thresholds increases from three to four: 71, ¥2, 73, v4. Moreover, unlike
the 8 > 1 — c case, the ordering of these thresholds is no longer fixed, but instead depends
sensitively on the value of 3.

» We establish the existence of a critical value . such that for 8 < [, the thresholds follow
the order y; < 73 < 72 < 74, Whereas for 8 > [, the orderis v1 < v < v3 < 4.

¢ The threshold s3() may no longer be unimodal. Unlike the earlier regime where s3(-y)
had a single minimum, we show that it may have multiple local minima and maxima. This
non-monotonicity also manifests in the representation ratio (8, ), which need not be
monotonic in 7.
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Structural property

Resultfor 5 < 1 — ¢

Resultfor 3 > 1 — ¢

Closed-form expression for s}

s* =1 — c(Eq. 31)

st = 13175 (B4 4)

Monotonicity of s] w.r.t. 3

Independent of 3 (Eq. (31))

Increasing in 3 (follows from Eq. (4))

Regimes of v

M <y2 <3 <yaoryr <3 <
2 < 4 (Theorem K.1, Proposition K.3)

~v1 < 2 < 3 (Theorem 3.1)

Piecewise expression for s3

Characterized via ~1,...,7va (Theo-
rem K.5)

Characterized via ~1,7y2,7v3 (Theo-
rem 3.2)

Variation of s5 w.r.t. v

Continuous, possibly with multiple local
extrema (Theorem K.6)

Continuous, with at most one minimum
(Theorem E.1)

Monotonicity of s3 w.r.t. 3

Increasing in 3 (Proposition C.1)

Increasing in 3 (Proposition C.1)

Monotonicity of R w.r.t. 3

Increasing in S for fixed v (Proposition F.1)

Increasing in f3 for fixed ~y (Proposition F.1)

Monotonicity of R w.r.t. y

Non-monotonic in 7y for fixed 8 (Proposi-
tion K.8)

Non-decreasing in « for fixed 8 (Corol-
lary 4.1)

Table 3: Comparison of structural properties of thresholds and representation metrics between the
regimes 5 <1—cand 5 >1—c.

This section is organized as follows:

* In Appendix K.2, we generalize the notion of «-thresholds and formally state the structural
result as Theorem K.1 and Proposition K.2. We also define and characterize the critical
value f3. in Proposition K.3 and provide lower bounds on its value in Proposition K.4.

* In Appendix K.3, we characterize the piecewise structure of s3(7) using Theorem K.5,
and show how it varies across the threshold intervals. We also prove in Theorem K.6 that
s5(7y) exhibits multiple local extrema. Finally, we demonstrate in Proposition K.8 that
the representation ratio R(-y) can decrease with increasing -, in contrast to the monotonic
increase observed in the § > 1 — c regime.

K.1 Expression for s}

When 5 < 1 — ¢, then s7 > (. Indeed, otherwise the fraction of candidates from G; selected by
institution 1 would be at least 1 — s} > 1 — 8 > ¢, which is a contradiction. Thus, s7 > (3, and
hence, s‘{ s = 1. This implies that no candidate from G gets selected. Thus, we have the following
equation for institution 1: 1 — s7 = ¢, which implies

si=1-c €29)
K.2 Ecxistence of ~y-thresholds

We first show the existence of ~y thresholds.

Theorem K.1 (Existence of four ~-thresholds). Assume ¢ < 1/2and 8 > L=2¢. Then, there exist
unique values v1,¥2,7v3,va € [0, 1] such that for any v € [0, 1], the following hold:

(i) s35(7) < (1 —7) ifand only if v < 7.
(ii) s5(v) < (1 =) ifand only if v < 7.
(iii) s3(7y) = 7ysi if and only if v < 3.
(iv) 83 3(7) = 787 g if and only if ¥ < 4.

Incasel —2c < B < 11:2;’ the thresholds s, . . ., 4 exist with the above mentioned properties.

When 8 < 1 — 2c, the thresholds 72, y3 with the above-mentioned properties exist.

.. s5 * 85 s5 .
Proof. Monotonicity of —2£ 22 228 and 228 fo]llows from the same arguments as in the proof
1=—y2 77 v v

of Theorem 3.1. However, we need to now show that these ratios achieve the desired values.

S;, B (0)
1=y

i shows that this ratio equals

When v = 0, Sgl’f(f) = 55 5(0) =

infinity. Therefore, intermediate value theorem and monotonicity of

Sg% < 1ify > 1=2¢. As v approaches 1, approaches

—C

*
52,
1—
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1

1 for a unique -, which we denote ;. In case 8 < 1:2;, 85, B(O) = 1, and hence the ratio

above 1 for all v € [0, 1].

S5 5
o stays

55
1=
of 5. Similarly, the ratio 872 approaches infinity as v approaches 0, and is equal to s3(1) < s¥
(using Proposition C.2) when v = 1. Thus, the threshold ~y3 also exists for the entire range of 3.

Since s5(0) < 1, the ratio

is at most 1 at v = 0. Therefore, v, exists for the entire range

When 3 > 1 — ¢, the condition for ~y3 is the same as that for 4. Hence, assume § < 1 — ¢. In
this case, s} 53 = 1. If 8 > 1 — 2¢, s5(1) < 3. Thus, the condition for 4 becomes: s5(y) > 7.
Since %2 < B aty = 1 and approaches infinity at v = 0, existence of -4 follows. Observe that when

B < 1 — 2¢, the only value of y satisfying (iv) is v = 1, and hence, 74 does not reveal any useful
information. O
For sake of completeness, we shall set y; to 0 when 8 < 11:25 and y4 to 1 when 8 < 1 — 2¢. We now
show that the only possible orderings of these thresholds are (i) 1, ¥2, V3, V4, or (i1) Y1, V3, Y2, V4-

Monotonicity properties of # and s’f%(z) show that y; < 5 and v3 < 4. We now show that v; is
the smallest and 4 is the largest among 71, . .., V4.

Proposition K.2 (Extremal ordering of thresholds). Assume ¢ < 1/2and f < 1—c. Theny; < 7;
forallj e {1,...,4} and vy > ~y, forall j € {1,...,4}.

Proof. Assume for the sake of contradiction that y; is not the smallest among these thresholds. Then,
the only other choice is 3 is the smallest, i.e., v3 < ;. It follows that 8 > 1 — 2¢, otherwise y; = 0.
For any 7 € [0, 7],

V8T < s3(7) < B(L—1),

because 3 < 71 (and hence, s3 5 = %). Substitution v = 3 above, we get

3 < : 32
VS gy o (32)
Now for 7y € [0, 73], we are in case I11 and IT1'. Therefore, s} satisfies:
g si@sioosD) ) 2s/8on )
2(1 =) 2(1 =)

Substituting v = <3 and s5 = 5773 in the equation above, we get:

*\2 Qe g* _
s — (s1)°73 11— V381/B — 73 —
2(1—1s) 2(1—s)
Solving for 73 and using the fact that c = 1 — s7, we get
4s7 B
73

= <

st + (s1)2+2s1/B—1 " st + B’
where the second inequality follows from (32). Simplifying the above, we get:
A1) = 257 < B((s1)* — 1),

Now, the r.h.s. above is negative, but the Lh.s. is positive because s = 1 — ¢ > 1/2. This leads to a
contradiction, and hence, it must be the case that v, < 3.

Now we proceed to show that 7, is the largest among 71, . . . , v4. Suppose not. Then, v, must be the
largest value (since 3 < 74). Thus, the ordering of these thresholds would be 71, v3, 74, v2. In the
interval v € [y4,72], we are in the case I, IV’ (and s§ < v < 3). Thus, s} satisfies:

3’1( _ ﬂ _ i + ﬂ —
29(1 =) By 2y
When v = 73, s5 = 1 — 2. Substituting this fact above and solving for 72, we get
1
T s
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Since v4 < 72, we know that 1 — v2 < 72, i.e., 72 > 155 Using this fact above, we see that

s} < 1/2, which is a contradiction because s = 1 — ¢ > 1/2. Thus, we see that 5 < 4. This
completes the proof of the desired result O

It remains to decide between the orderings 71, v2, v3, v4 and 1, 7y3, ¥2, V4. It turns out that for a
fixed ¢, both of these orderings can emerge as we vary 3 from 1 — 2¢ to 1 — ¢, but there is a critical
value of 3, denoted (., such that for all 8 < S, the latter ordering occurs; and we get the former
ordering when 8 > (..

Proposition K.3 (Existence of a critical 3. where the threshold order changes). Assume ¢ < 1/2.
Then there exists a value (. € [0,1 — c] such that for 1 —2c < 8 < B¢, 71(8) < v3(8) < 12(8) <
Y4(B); and for all . < B <1 —¢ 71(B) <72(8) < v3(8) < 14(B).

Observe that if 5. = 0 above, the ordering remains 71, 72, 3, 74 for the entire interval [0, 1 — ¢] (and
hence for the interval [0, 1]).

Proof. The proposition follows from the monotonicity of v2(/3) and ~v3(3) as functions of 5. We
shall show that v2() is a non-increasing function and ~3(f) is a non-decreasing function of 5. The
result now follows from the observation and the fact that when 8 =1 —c, 11 < 72 <73 <
(Theorem 3.1).

2(ﬁ ’Y)

We shall treat s3 as a function of both 5 and . Now observe that the ratio is monotonically

increasing if we fix 5 and increase « and monotonically non-decreasing if we ﬁx ~ and increase (.
Now, suppose there are values § < 3’ such that 75 (3) < 72(8’). By definition of 75,

$5(8,72(8)) _ s3(8'72(8))

1 —72(B) 1L —72(8)
( )

Since 72(8) < 72(A’), monotonicity of 2=

s§(57"/2(ﬁ)) < 85(5772(5,))
1—72(B) 1—y(f)
52(5 "/)

in v implies that

Since 8 < ', the monotonicity of

85(6772(5)) < 82(5 7’72(5/»
1—2(B) 1 —2(8)

in [ yields:

which is a contradiction.

We can prove monotonicity of v3(/3) in a similar manner (note that s = 1 — ¢, and hence, is
independent of 3 when 5 < 1 — ¢). O

We now show that for (3, to be strictly larger than 0, ¢ must be at least 1/3. In other words, if ¢ < 1/3,
then the ordering will be v1, y2, y3,74 for all 5 € [0,1 — ¢].

Proposition K.4 (Lower bound on 3.). Assume ¢ < 1/2 and 3. > 0. Then ¢ > 1/3.

Proof. Suppose ¢ < 1/3 and 8. > 0. Then consider the setting where 5 = (.. Here, v2(8.) =
v3(B.). We consider the equation satisfied by s} in the interval [y1,v3]. If s5(7) < S, it satisfies:
. 2sis5 —q(s1)? | (1—s3/B)?
sy — =
bo2-y) 2y(1 )

Otherwise, it satisfies:
. 2sts5 —(s1)?
] ——————— =c¢.
2(1—7)
In any case, we have
o5 g 28188 =20’
- 2(1—7)
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Now, v = 72, which is also equal to 3, we have s5 = 1 — v and s5 = ~s7. Using both these
conditions in the inequality above, we get:

* * (177)‘9){ ST 1-c
> — _—_— = = = .
c 2> s8] $1+2(1_Py) 9 5

This shows that ¢ > 1/3. O

We make a few observations:

¢ Unlike the 8 > 1 — ¢ case, we can have four distinct thresholds. As we decrease (3, some

of these thresholds may not exist. In fact when S goes below 11__260, threshold ~; does
not appear. Intuitively, this means that for such small values of 3, a candidate from G,
cannot get admission in institute 2 based on v;o score alone, irrespective of the correlation

parameter. Similarly 4 does not appear when 3 goes below 1 — 2c.

¢ The relative order of the thresholds may depend on the value of 5. This is again different
from the 5 > 1 — ¢ setting, where there was no such dependence on S.

K.3 Variation of s} with ~

In this section, we consider the variation of s5 with . In Theorem E.1, we had shown that s can
vary in a non-monotone manner. We consider whether such a non-monotone behavior exists in the
B < 1 — cregime.

Since the relative order of the y-thresholds depend on whether 5 < (., our results (and their analysis)
split into two corresponding cases. The following proposition follows analogously as Theorem 3.2.

Theorem K.5 (Characterization of s} for low 3). Assume that § <1 —¢, f < B.and c < 1/2.
Then, assuming s5(7y) < f, it satisfies the following equations as -y varies from 0 to 1:

(i) [0,m]: st — % +1— 2;“(31/73*)” =c. (34)
(ii) [y1,73]: o= 28?;%1—:/7(?)2 " (12;51;@32 — (35)
(iii) [v3,72]: s y(ff)jy) n (Zi?fi%z — (36)
(iv) [y2,v4]: st 7 e % —c. (37)
(v) [y 1: SRR S S A (38)

When 8 < 1 —cand 8 > B.,c < 1/2, the equations satisfied in the intervals [0,71] and |4, 1]
remain as above. For the remaining cases, we have:

(i) [y, s _ 2sis5oa(s))? | (1-s3/B)°
S1 12%1—7;)1) + (2“/(12—/'63 =¢ (39)
(ii) [y2,7s): (—y—s3+ys))? | (1-s3/8)* _ 40
Z(-9) T -y “0)

(i) [y3,7a]: 54 1oy 4 (=s3/8)”
o si— %+ g Gy = “n

The above equations only consider the case when s5(y) < S. In case s3(y) > 3, we need to remove
the terms corresponding to G5 in the corresponding equation above. The following result shows that
as we vary v, s3(vy) can have several local minima or maxima. This is in contrast to the § > 1 — ¢
setting, where there was only one local minimum.
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Theorem K.6 (Threshold in low 3 regime). Let ¢ € [0,1/2). Assume that the bias parameter [3
lies in the range [0,1 — c|. When 8 < B, s} varies as follows as we vary -y from 0 to 1:

(i) [0,71): s is a linearly decreasing function of .

(ii) [v1,73]: 85 is a unimodal function of ~y: it has no local maxima and has at most one local
minimum.

(iii) [vs,72] : s} is a unimodal function of ~y: it has no local minima and at most one local
maximum.

(iv) [y2,74): s is a unimodal function; it has no local maximum and at most one local minimum.
(v) [va, 1]: s is a linearly increasing function of .

When 5 > f3., s5 behaves as in the above case for the intervals [0,v1], [Ya, 1]. For the remaining
three intervals, s3 varies as follows:

(i) [v1,72): 85 is a unimodal function of +y: it has no local maxima and has at most one local
minimum.

(ii) [v2,73]: s is a convex function, and hence, has at most one local minimum and no local
maximum.

(iii) [y3,74]: 5 is a unimodal function. If ¢ > 1/4, it has no local maximum and at most one
local minimum. If ¢ < 1/4, it has no local minimum and at most one local maximum.

Proof. First, consider the case when 3 < (.. We consider various cases:

Case v € [0,~1]: Since v < 71, s5 < 3. Further, (34) shows that s} is a linear function of ~y
with the slope given by m times —4s} + (s7)? + 1. The latter quantity is negative if s7 > 1/2

(which is the case when ¢ < 1/2).

Case v € [v1,73]: We know that s3(v1) < S. If s5(y) > S, then s5() satisfies the following
truncated version of (35):

s* 28{83( B 7(5{)2

o201

This becomes a linear function in s with slope proportional to (s})? — 4(s%) + 2, which is positive
iff c >+v/2—1. Incase ¢ > v/2 — 1, and if 53 exceeds [, it will remain above 5 (and increase
linearly) for the rest of the interval. However if ¢ < V2 -1, s5 remains below [ during this interval.
Thus, there is a value 74 < 3, such that s5 remains at most 3 during [y, 4], and remains above 3
during (4, v3]. Note that 74 may equal 3, in which case the latter interval is empty. We now study
the behavior of s} in [y, v5]. We know that it satisfies (35).

= C.

Using ¢ = 1 — s}, we rewrite (35) as
2(2s7 — Dy(1 =) = 2sis5y +92(s7) + (1 = 53/8)" = 0.
Differentiating with respect to y, we get
2(1 - 29)(2s] — 1) — 25783 + 29(s1)* — 2(s}y + 1/B(1 — s3/8))(s3)" = 0.
Differentiating again, we get
2

2(s5)" (siy +1/B(1 — s3/8) 32

Note that 8s% — 4(s7)? — 4 < 0. It follows that when |(s3)’| is close to 0, (s3)” becomes positive.
Thus, once the slope (s3)’ becomes positive, it does not become 0 again. Therefore, there can only
be a local minimum in [v1, y3].

((s35))2 + 457 (s5) +8sF — 4(sT)2 —4 = 0.

Case v € [v3,v2]: We know that if s5 < 3, it satisfies (36). In case, s5 > 3, it would satisfy:

o . .
i -
279(1 =)
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If v < 1/2, s3 will be an increasing function. Aty = -3, we know that s7y3 = 1 — 3, which implies
that v3 < 1/2. Thus, if s3(3) > 3, there would be an initial sub-interval [z, v5] of [ys, 72| where
s5 will be above 5 and would subsequently stay below 3.

Now, we consider those values of v where s3 < . Multiplying both sides of (36) by 2v(1 — ~)
and differentiating, we see that (s3)’ is equal to a positive quantity times (s7 — ¢)(1 — 2+). Since
¢ <1/2,sf =1—c> c. Thus, (s2)* is an increasing function till v = 1/2 and then it becomes a
decreasing function. Combining the above observations, we see that s will be initially increasing,
and then will become decreasing — note that v > 1/2 because 1 — y5 = s5(72) < sfv2 < 7a.

Case v € [v2,7v4]: If s3 < 3, then s} satisfies (37). Otherwise, it would satisfy:

sy 1—7
sk — 22 4+ —r
oy 2y
In this case, we multiply both sides of (42) by 2 and differentiate w.r.t. 5 to get:
2(s5) =2(st —¢c)—1=1—4c<0,

=c, (42)

because ¢ > 1/4 (Proposition K.4). Thus, s5 would be a decreasing function till it becomes at
most 3. Hence we get: there is a value 75 € [y2,v4] such that s5(y) > 3 for all ¥ € (y2,75] and
is a decreasing function of + during this interval. Note that 4 could be same as 7, in which case

s5(72) < 8.

Now we consider the remaining interval [v5, v4]. When s} < (3, it satisfies (37). Multiplying both
sides by 2v(1 — ) and differentiating (and using ¢ = 1 — s7), we get:

25t — )1 — 29) + 25 — 21 —7) — %(1 — 53/8)(s5) — (1—7)(s3) = 0.

Differentiating the above equation again, we get:

A" = 363 = (3+ 23 ) (3) + 451 - ) 2 =0,
where A(y) = (1—’y)+%(1—s§/5) > 1—~4. Further, 4(sf —¢) =2 =4(1—2¢) -2 =2—-8¢ < 0
because ¢ > 1/3 (Proposition K.4). Thus, when (s3)’ becomes small enough, (s3)” becomes positive.
Therefore, s5 does not have a local maximum in [y}, v4]. Further, s3(v4) = 874 < . Therefore,
s3 < S throughout the interval [}, v4]. Combining the observations about [y2,5) and [v5, 4], we
see that s} initially decreases and does not have a local maximum in [7y2, 74].

Case v € [v4,71]: Since s; < v < [ throughout this interval, it satisfies (38) for all v € [y, 1].
It follows from (38) that
o 251py+(1-7)8

52— /8+1

Since s7 > 1/2, s3 is an increasing function of ~.

This completes the discussion on various cases when 3 < (.. It is also worth noting from the
discussion for intervals [y, v3] and [y3, 2] the set of -y values where s5() > [ forms an interval.

Now we consider the case when 5 > f3.. Clearly the cases [0, ;] and |4, 1] follow as above. We
now consider the remaining settings:

Case v € [y1,2]: In this interval, s} satisfies (39) which is identical to (35). Thus, the arguments
used in the case v € [y1,73] when 8 < . apply in the same manner here.

Case v € [y2,v3]: In this case, s5 satisfies (40) if assuming s5 < 3. In case, s5 > [, it satisfies:
(1L—v—ss+7sD)? _
29(1 =)

Multiplying both sides by 2v(1 — ) and differentiating twice, we see that (s3)” > 0. When
s5(v) < B, it satisfies (40). Again, multiplying both sides of this equation by 2v(1 — +) and
differentiating twice, we see that (s3)”” > 0. Thus (s5)” > 0 at all points in [z, v3] (one can check

(43)
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that if s5(y) = f, then the slope (s5())’ given by the two equation (40) and (42) are identical).
Hence, s is convex in this interval.

Case v € [v3,~4]: In this case, s} satisfies (41) which is identical to (37). Thus, the arguments
used in the case for the case 8 € [y2,74] when 8 < . apply in a similar manner as long as ¢ > 1/4.

We complete the argument when ¢ < 1/4. In case s3(y3) > S, it would satisfy (42). Multiplying
both sides by 2 and differentiating, we see that s5 will be a non-decreasing linear function (and
hence, remain above (3 throughout this interval).

Now consider the case when s3(y3) < /3. As in the case 8 € [y2,74] for 8 < ., we get the equation:

2 2
A = S(65) = (34 35) () #4651 — 0 =20,
where A(y) = (1 —~) + %(1 —s5/8) >1— 4. Now,if ¢ > 1/4,4(s] — ¢) — 2 > 0, and rest of
the arguments in the 8 < f3.. case hold.

We have shown that s3(y2) < 8. If ¢ < 1/4, we see that 4(s} — ¢) — 2 < 0. This shows that if (s*)’
is close enough to 0, then (s3)” < 0. Thus, it does not achieve a local minimum, though it may be a
local maximum. This completes the discussion on all the cases. O

The result above shows that when 5 < 1 — ¢, s3(-y) can behave in a highly non-monotone manner as
we vary ~. Similar observations hold for the representation ratio:

Variation of representation ratio with ~. In Theorem 3.3, we showed that when § > 1 — ¢, R(%)
is a monotonically non-decreasing function of . However, when 5 < 1 — ¢, it is possible that
R(7) is a decreasing function of 7 in a sub-interval of [0, 1] and is an increasing function of v in
another sub-interval. Thus, R(-y) may not be a monotone function of . We now show that unlike the
B > 1 — ccase, R(7) can decrease with ~y. We shall first need a useful result:

Fact K.7 (Monotonicity under an implicit constraint). Let f,g : R? — R be functions of two
variables, and z : [0,1] — R be a real valued function defined on the interval [0, 1]. Suppose the
following relation holds for all v € [a,b] for some 0 < a < b < 1:

fOr2(0) +9(v,2(7)) = ¢,
where cis a constant. Let f-, f, denote the partial derivatives of f with respect to the two coordinates
(and define g., g.. similarly). Suppose f.,g. > 0 and
Hioo
f: 7 g
forall vy € [0,1]. Then f(v, z(7)) is a non-increasing function of v € [a, b]. Similarly, if f.,g. < 0
and

(44)

His o
[ g
forall v € [a,b]. Then f(~, 2(7)) is a non-increasing function of v € [a, b].

(45)

Proof. First assume f,, g, > 0. Differentiating
fOrn2(0) +9(v,2(7)) = ¢

with respect to ~y (and using z’ to denote g—fy), we get

f’y Jrfzzl + gy +gzZ/ =0.

Therefore,
o= v+ 9y '
fz+9.
Since f, g. > 0, (44) implies that
fHrtoy > Iy
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Therefore, 2’ < —];—”. Now,

df (v, 2(y
(m()) = A+ S —f 4 [y <0,
This proves the desired result. The argument when f,, g, < 0 is similar. O

We now show that the representation ratio may decrease with increasing -:

Proposition K.8 (Representation ratio decreases in mid-bias range). Assume ¢ < 1/2 and

11:200 < B < 1 — c. Then representation ratio decreases monotonically with ~y for v € [0, v1].
Note that the condition 11’_205 < B is needed to ensure that y; > 0 (Proposition K.2).

Proof. Forv € [0,71], s5 < /3 and hence, s} satisfies Equation (34). We show that the representation
ratio is decreasing using the notation in (44). Here, we define z = — (lsfw) (the negative sign is
needed because we want f,, g, to be positive). Then, the terms in the Lh.s. of (34) corresponding to

(GG1 and G4 can be expressed as:

v(s7)?

1002) = 510+2) + 5

L9 =12 /B g

A routine calculation shows that
ﬁ B 57 9y _ B

o 20-7)% g 21-9)%
Since s7 > f, the reverse of (44) holds. This shows that f(+y, z), which represents the fraction of
selected candidates from G1, is an increasing function of . Thus R(7y) is a decreasing function of
- O

L. The general preferences case

In this section, we extend our analysis to the general preference setting, where candidates prefer
Institution 1 with probability p € (0,1). Unlike the case when Institution 1 is always preferred,
the equilibrium thresholds s7 and s3 now satisty nonlinear equations that do not admit closed-form
solutions. Nevertheless, this generality reveals rich structural behavior.

* In Appendix L.1, we derive the equilibrium conditions that implicitly define s} and s3 for
arbitrary p. We further prove the existence and uniqueness of these thresholds.

* In Appendix L.2, we show how to compute these thresholds using closed-form probability
expressions developed earlier, enabling efficient numerical evaluation.

* In Appendix L.3, we provide formulas for computing key outcome metrics in terms of the
thresholds: the representation ratio and each institution’s observed utility.

* In Appendix L.4, we prove that the thresholds vary monotonically with p, holding other

parameters fixed. However, this variation is not necessarily strictly monotonic, as illustrated
in Figure 8. In particular, the threshold s} remains constant for values of p up to a critical
point p*, beyond which it increases strictly with p.
This behavior arises because, for small values of p, the threshold s (p) is sufficiently low
while s3(p) is relatively high, resulting in the probability Pr{u;; < s7(p) A w2 > s5(p)]
being zero. Consequently, all candidates with u;; > s%(p) are selected by one of the two
institutions, regardless of the value of p. Since this selection condition does not depend on
p, the threshold s7(p) remains unchanged for p < p*. We formalize this argument—along
with a similar statement for s}(p)—in Appendix L.4.1.

* In Appendix L.5, we numerically examine how thresholds, fairness metrics, and utilities
evolve as p and the correlation parameter «y vary. A key contribution of this section lies in
the comprehensive set of plots (Figures 8—14) that reveal monotonicity, phase transitions,
and other emergent behaviors, offering insights that go beyond what closed-form analysis
can capture.
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L.1 Equations for the thresholds and existence/uniqueness of solution

L.1.1 Equations for the thresholds

We now derive the threshold equations for the two-group model, where each candidate independently
prefers Institution 1 over Institution 2 with probability p € [0, 1], and belongs to either group G; or
G2. Candidates in group G face a multiplicative bias 5 € (0, 1] in their evaluations. Leti € G,
i’ € Go, and define the bias-adjusted thresholds:

s15 =min(1,s1/8), s2,5=min(l,s2/B).

We assume uniform group sizes (3 = vo = 1) and symmetric capacities (c; = c3 = ¢). Our
approach follows a finite-to-infinite reduction analogous to that in Section B, transitioning from
random threshold behavior in the finite setting to deterministic thresholds in the continuum limit. The
capacity constraints reduce to the following pair of equations:

p((1—s1)+(1—518))+ (1 —p) (Prluin > s1 Awse < s2] + Prluin > s1.8 Auya < s2.8]) =,
(46)

(1 —p) (Pr[uig > 82] + PI‘['U/Z"Q > 82)5]) +p (Pr[uﬂ < 81 AN ujg > 82] + Pr[uiq < 81,8 Nujre > 82”3]) =c

(47)

L.1.2 Existence and uniqueness of (s, s;) for general p

The proof of existence and uniqueness also follows the p = 1 setting closely (see the proof of
Proposition B.2). Define the residuals

Fi(s1,82) =p[(1—51) + (1 —s1, {‘1)10(81782) + @9 ﬁ(51732)} -,

)]+
Fy(s1,82) = (1 — ){‘1’0(82) + o (s )} +P[q’01(81,82) + @y 5(81782)} —c

where, for example, ®10(s1,52) = Prlu;; > s1, wiz < s3], Yo(s2) = Prluze > s2], and the

“B”—variants are defined analogously. B
Proposition L.1 (Existence and uniqueness). The system

Fi(s1,s2) =0, Fs(s1,52) =0, (s1,52) € (0,1)

admits a unique solution (s}, s5). Moreover, the map p — (8%, s5) is continuous on (0, 1).

Proof. 1. Monotonicity of each equation. By the uniform noise formulas, one checks that
8F1 8F1 6F2 aFZ
— <0, — >0, — >0, —— <0,
831 682 (951 682

throughout (0, 1)2. In particular, each residual is strictly monotone in each variable.
2. Existence via one-dimensional roots. - For each fixed s, € [0, 1], the function s1 — F(s1, $2)
is continuous, strictly decreasing, and one verifies

Fl(O,SQ> > 0, Fl(l,SQ) < 0.

Hence there is a unique root s; = A(s2) € (0, 1) with Fy (A(sz), s2) = 0. By strict monotonicity in
s1, A is continuous and strictly increasing in ss.

Likewise, for each fixed s; € [0, 1], the function so — F5(s1, s2) is continuous, strictly decreasing,
and satisfies
FQ(Sl,O) > 0, FQ(Sl,l) <0,

so there is a unique root s = I'(s;) € (0,1). Again by strict monotonicity, I' is continuous and
strictly decreasing in s1.

3. Uniqueness by graph intersection. The solution (s}, s3) must satisfy both
S1 = A(SQ), S9 = F(Sl)
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Equivalently, the continuous curve sy — A(s2) (in the s;-direction) and the graph of the inverse
I'~! meet. Since A is strictly increasing and I" strictly decreasing, there is exactly one intersection in
(0,1)2. This proves uniqueness.

4. Continuity in p. One checks that the Jacobian det Dy, ,)(F1, F3) is strictly negative on (0, 1)2
(itis Os, F1 - 05, Fo — 05, F1 - 05, Fo < 0), so by the Implicit Function Theorem, the unique solution
(s%, s%) depends C'*-smoothly on p. In particular, it is continuous. O

L.2 Computing the thresholds

In this section, we describe our approach for computing the thresholds s7 and s3. Specifically, we
show how the probability expressions in equations (46) and (47) can be evaluated using the analytical
results developed in Section 3. Unlike the special case when p = 1, it is now possible that s5 > s7,
which necessitates careful treatment of events such as {w;2 > so A u;1 < $1}. In particular, when

s2 > s17+ (1 —7),
this event has zero probability due to the structure of the support, i.e., Pr{u;s > s2 A u;1 < s1] = 0.

A similar observation applies when evaluating the corresponding bias-adjusted probabilities for
candidates in group Go.

Our procedure consists of the following steps:

* Rewriting probability expressions. We express the probability terms in (46) and (47) using
quantities of the form

Pr[uil < 81 A Ujg > 82] — Pr[uig > 82}7

and Pr[u;e > o] for candidates ¢ € G1, and analogously for i’ € G5. These forms simplify
the evaluation using the results from Section 3.

* Case identification. The expression Prlu;; < s1.3 A w2 > s2 g] depends on the relative

positioning of s, with respect to s;-y and 1 — ~. Section 3 identifies four distinct cases under
the assumption that s3 < sj, but this assumption may not hold in the general setting. For
instance, if s3 > s1y + (1 — =), then the probability is zero. Geometrically, this corresponds
to the line L(~, s2) not intersecting the rectangle [0, s1] x [0, 1].
Similar logic applies to Pr{u;s > s5]. Overall, we identify seven mutually exclusive cases
for computing Pru;; < s1 A u;a > $a] — Pr[use > s and Pr[u;e > ss]. For candidates
in G1, only seven cases are feasible. For candidates in GG, we must consider twenty-eight
total configurations, accounting for the seven cases above along with independent binary
assumptions on whether s; < § and whether so < .

* Solving and verifying. For each guess of the applicable case(s), we substitute the corre-
sponding closed-form expressions into equations (46) and (47), resulting in a system of two
equations in the unknowns s; and s5. We solve this system and verify whether the solution
satisfies all assumptions made in the guess. Since the solution to the threshold equations
is unique, exactly one of the constant number of guesses will yield a consistent and valid
threshold pair (s7, s3).

We now elaborate on each of the steps above:
Rewriting probability expressions. We first consider (46). We apply the identity:
Prlu;; > 51 Auge < s2] = (1 — $1) — Prluge > so] + Prlujn < s1 Augn > sa],
and similarly for /. This yields:
l-s1)+(1-s15+01 fp)(Pr[uil < 81 Auge > Sa] — Prlugs > s9] (48)
+ Prlui1 < s1,8 Auya > s2.8] — Priugg > 52,3]) =c.
Note that Pr[u;; > s2] can be expressed as Pru;; > s2 A u;p < 1J.

The second equation (47) remains unchanged — the probability terms are already expressed in terms
of the desired events.

Case identification. Both the equations (48) and (47) involve Pr[u;; < $1Au;2 > s3] —Prluia > s2]
and Prfu;; > so] for a candidate ¢ € G and similarly for a candidate i’ € G5. We now show the
possibilities for a candidate ¢ € G
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®

(i)

(iii)

@iv)

)

(vi)

(vii)

s < max(1 — 7,~ys1): we are in Case I while computing both Pr[u;; < $1 A w;a > s3]
and Pr[u;e > sa]. Thus,

Prluj; < s1 A uge > s9] — Prlugs > s9] = 51 — 1,
and
53
S 29(1—9)
1 —7 < s9 < max(1 — ~,vs1): we are in Case IV for the both the probability events.
Hence,

Pr[uig Z 82] =1

Pru;1 < s1 A g > so] — Prluja > s9] =81 — 1,

and 1
Pf[uig 2 82] =1- 2 + 7’}/
Y 2y
872 € [s1,1], % € [0,1] : Observe that ys; < so < 1 —~ and so < min(y,1 — ).
Thus, we are in Case III for Prlu;; < $1 A w;e > S, but in Case I for Priu;s > so).
Therefore,
s3 51(282 — vs1)

Prluji < s1 Auig > s3] — Priujs > s9] = - 2l-n)

and
53

27(1 =)
372 € [s1,1], % > 1 : Observe that s > vs1 + (1 —y) and 1 — v < s3 < ~. Thus,
Pru;; < s1 Auge > s2] = 0, but we are in Case IV for Pr[u;s > ss]. Therefore,

Pr[uig Z 82] =1-

s 1-—-
Pr[uﬂ < 81 NUjg > 82] — PI‘[U;’Q > 32] =—-1+ 22 77,
v 2y
and 1
PI‘[’LLZ‘Q 2 82] =1- 2 +7’7
gl 2y

572 > 1, % > 1 : Observe that so > ~vs; + (1 — ~) and s > max(y,1 — 7). Thus,
Pru;1 < s1 A wue > so] = 0, but we are in Case II for Pr[u;o > ss]. Therefore,

Prlus; < s1 A wge > sa] — Prlua > s9) (1~ 5)°
il 1\ Ui 2> Sa] — i2 2 82 = — o,
2y(1 =)
and ( 2
1—82
Pr U;2 Z S| = ——.
[ ] 2y(1 =)

372 > 17% €10,1],82 <1 —+:InthisCase, 537 < s2 <1—vyandy < sy <1—+.
Thus, we are in Case III for both probability events. Hence,

259 — 259 —
Pr[uil < 81 AU > 82] — Pr[uig > 52] =851 — 81(2(812_ ’;Y)Sl) -1+ iz_ ’y,y,
and
289 — v

PI"U,iQZSQ =1—-—F—
| | 2(1 =)

572 > 1, % € [0,1],s2 > 1 — ~ : Here s > max(vy,1 — «) and s2 > max(7, $17).
Thus, we are in Case II for both the probability expressions. Thus,

1— _ 2 1— 2
PI’[UU < 81 A\ Ujg > 82] — Pr[UiQ > 82] = v s2t 781) ( 82)

29(1-9)  29(1-7)
and a )2
Pr[UiQ Z 52] = m

56



Similarly, we can express Prlu;1 < $1,8 A uya > s3] — Prluge > s2.5).

Formulation of system of equations for s7 and s}. We now illustrate an example of the system
of equations that arises from specific guesses made in the previous step. Suppose, we consider
Case (v) for G and Case (vi) for G2. Further, we also assume that s7 < 5 but s5 > . Under these
assumptions, we have

Prui < s1 Az > so] — Priugs > so (1~ 52)°
r|u; 51 A Uig 2> s3] — Priugg > s9) = ————
71 1 72 2 12 2 2,7(1 _’Y)
for a candidate i € G and
s1 s1(2—s1/B) 2—19
Pr{u; Nugg > — Prlu;e > =— - -1 .
rlupr < $1.8 Az > S2.4] r[uia > $2,p] 3 2350 — ) + 1=~
Thus, Equation (48) can be written as:
(1 — s9)? $1(2 —vs1/B) 2—7
l—-s51)—ps1/p-1)—-(1—-p)——~-(1-p)————F+(1—p—=c
The second equation obtained from (47) is:
(s, 2-9 (_(1—32)2+51_81(2—781/5)_1+2—7>:C.
27(1—-v) 2(1-9) 29(1-v) B 28(1—7) 11—~

Together, these yield a system of two equations in the unknowns s; and ss, whose solution gives
a candidate threshold pair (s7, s3). We then verify whether this solution satisfies the following
consistency conditions:

1. s7 < B ands} > g,
2. Case (v) applies to (s7, s3), i.e., s5 > ~ and % > 1,

3. Case (vi) applies to (s7/8, 1), i.e., % € [0, 1].

If all conditions are met, the thresholds (s}, s3) are valid. Otherwise, we proceed to test one of the
remaining possibilities.

Unlike the p = 1 case, where the equations admit a closed-form solution for s} and a piecewise
formula for s, the general p € (0, 1) case yields a coupled nonlinear system that typically does not
admit a closed-form solution. Even in the symmetric case p = 1/2, the equations remain analytically
intractable due to the interaction between the thresholds and regime-specific probability expressions.
Numerical solutions for various parameter settings are provided in Appendix L.5.

L.3 Expressions for metrics

In this section, we give expressions for computing the representation ratio and the observed utility of
each of the two institutions.

L.3.1 Representation ratio

The representation ratio is defined as the ratio A/B, where the numerator A corresponds to the
fraction of candidates from the disadvantaged group G5 who are selected, and the denominator B is
the corresponding quantity for the advantaged group G .
The numerator can be written as:
A=(1-s518)+ (1 —p) (Prlui < s1,8 Auia > s2.8] — Priuys > s28])
+ (1 = p) Prlugo > s2.8] + p Priuyy < s1,8 Auyg > s25]
=(1- Sl’g) + Pr[ui/l < 81,8 NUgrg > 82’5],
where the final simplification follows by cancellation of terms.
Similarly, the denominator is:
B =(1-s1)+Prlus < s1 Auga > sa).
Hence, the representation ratio is given by:
Rip. ) = (1 —s1,8) + Prluy < s1,8 A uya > s2]
(1 —81)+Prlus < 81 Aun > s9]
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Special case: v = 1. We now analyze a simplified setting where v = 1 and p > 1/2 (the case
p < 1/2 is symmetric). Since more candidates prefer Institution 1, it follows that s7(p) > s3(p).
Under full correlation (v = 1), the observed utilities are deterministic functions of the true values, so:

* A candidate is selected if their utility to either institution exceeds the corresponding thresh-
old.

* In this case, both groups face the same selection criterion: being above s3(p).

Thus, the capacity constraint becomes:

(1 - s3(0)) + (1 - 85“’)) _—

B
which yields:
. 2(1-c
s3(p) = 1(+1/5)

Note that s3(p) is independent of p.

Now consider the assignment to Institution 1. A candidate from G is assigned to Institution 1 if:

1. They prefer Institution 1 (which happens with probability p), and
2. Their utility exceeds si(p). Otherwise, they go to Institution 2 (if their utility exceeds
s3(p))-

The capacity constraint for Institution 1 becomes:

p(1=s1(p)) +p(1—si(p)B) = ¢,
which simplifies to:
9
i) = 5

Since selection depends on whether the candidate’s value exceeds s3(p), the representation ratio

becomes:
o L=s0)/8
1= s5(p)
This reflects the differential in admission likelihood due to the biased utility scaling between the two
groups.

L.3.2 Observed utility of institutions

In the general preference setting, the observed utility of Institution 1 (assuming v; = v» = 1) is given
by:

Uy = By, [ - ity = s1]] + (1= p) Eaya[fin - Ui = 51 Atisa < 53]
+pEag,, [tin - L[ > 87 gl] + (1 — p) Egy, [tinn - L[uin > 87 5 A e < 85 6]],  (49)
where G4 denotes the subset of candidates in group G; who prefer Institution /.

To simplify the utility calculation, we define the following integral:

11
L (v, 51, 82) := / / z- -1y 4+ (1 =)y < so Az > s1]de dy.
Jo Jo

Proposition L.2 (Observed utility of Institution 1 in the general preference setting). The utility
of institution 1, U is given by:

_ g2 1—s2
P (1 281 + Al 281’6)> + (1 —=p) (I1(v, 51, 82) + BI11(7, 51,8, 52,8)) -
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Proof. For a candidate i € G11,

1 _ 2
Efun1fin 2 i) = / sds = %

S1

For a candidate ¢ € (G2, For a candidate ¢ € (12, the definition of the integral I; shows that
E[a;11[w;; > sT Ao < s3] is equal to I1 (7, s1, S2). Arguing similarly for the two sub-groups of
G5 and using (49) implies the desired result. O

It remains to evaluate I;(, s1, s2). This integral can be evaluated based on the following cases:

» CaseI (s2 < ~s1): In this case, I;(7, s1,52) = 0. For a given y, x varies from s; to

w < % < s1. Thus, the range of x is empty for any y € [0, 1].
* CaseIl (372 € [s1,1], % € [0, 1]): Note that x varies from s; to 1. For a given z, y

varies from 0 to min(1, 521:3{1) Since x > s1, % < % < 1. However, % >0

only if z < s3/7 € [s1,1]. Thus, the integral is

/32/7 2 = (S%—SQS%JJS?).
R 1—7 11—~ \ 6y 2 3

1

* CasellI (2 € [s1,1], % > 1): The argument here is similar to case Il above, =%
may not remain at most 1 for all « € [sq, 1]. In fact, when = < W, min(1, %) =

1, and then y varies from O to 1. Thus, the integral is

sa—(1—7)

= s2/7 - 1 —(1=7)\?
/ K ld$+/ 52 ,yx;pdxzf (M) 7!9%
51 w 11— 2 ¥
1 3 1=\ 1-
P I B el e AN B e A
1—7 692 o 6 3

e CaseIV (372 > 1, % € [0,1]): The argument is again similar to case II, except for

the fact that s, — yx remains non-negative for all « € [s1, 1]. Therefore, the desired integral

is

1

So — YT 1 [82 2 Y 3

xde = —— —(1—51)—7(1—51)].
/81 1—7 1—vy1L2 3

* Case V (372 > 1, % > 1): As z varies from s; to 1, % remains non-negative

because so > +, but this expression exceeds 1 when = exceeds w Thus, the desired
integral is

s2—(1—7) 1

2
/ : xdﬂ/ s2—qw o1 (52(17)) g
51 22=01=) 1—7 2 ¥
1 s2 so—(1—7) sy 1—1n
+1—’yl(2 3) ( y 6 + 3

We now give the expression for the expected utility of Institution 2. Define the integral:

1,1
Ir(v, 81, 82) := / / (vez+ (1 —y)y) vz + (1 —79)y > s2 Az < s1]dzdy.
o Jo

Arguing as in the proof of Proposition L.2, we get

Proposition L.3 (Observed utility of Institution 2 in the general preference setting). The utility
of Institution 2, Us is given by:

(1 =p) (I2(7, 1, 52) + BI2(7, 1, 52)) + p (I2(7, 51, 82) + Bla(7, 51,8, 52,8)) -
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Finally, observe that the integral I»(, s1, S2) is exactly the integral computed in the four cases stated
in Appendix H.2. We also need to take care of a fifth possibility when s} exceeds sy + (1 — ) —in
this case, I2(7, s1, s2) = 0. Thus, we have:

* CaseI (s < min(s]vy,1 — ) ): In this case, the integral is

siysi+1-7)  (s3)°
2 3y(L =)

Case Il (1 — v + sy > s > max(s}~v,1 — «)): The integral is

1 (1 —~ — s3 +ys})?
~(1- 2s% .
3( v+ 285 +vs7) 21— )

Case III (s7vy < s3 < 1 — ): The integral is

s5 vsy  1—~+s3 s sy 2vsy 385 — sy
T 1 2 51 1 1 2 1)
Sl( 1—7)<2+ 2 21,3 T3

Case IV (1 — v < s} < s77): The integral is

5 Ysy o 1— 1— 355 — (1 — 2(1 —
g2 (it 100 L A=) (3s5-(0=9)  20=9))
¥ 2 2 2y 3 3

* Case V (s3 > s7v + (1 — =)): In this case, the integral is 0.

L.4 Monotonicity properties of s7 and s} with respect to p

In this section, we show that for any fixed values of the parameters c, 3, and +, the thresholds s} and
s5 are monotone functions of the parameter p. More formally, we show:

Theorem L.4 (Monotonicity of thresholds w.r.t. p). For any fixed values of c, 3, ~, the thresholds
s¥(p) and s5(p) are non-decreasing and non-increasing functions of p respectively.

Proof. The equations for solving s%(p) and s5(p) can be written as follows:

p(Prlu;1 > s1] + Prlugi > s1,8]) + (1 — p)(Prius > s1 A iz < 82

+ Pr[uiq > 51,8 N Uiro < 82“3]) =1, (50)
p(Prlusn < s1Ause > sa] + Prlugs < s1.8 Auyz > s2.4])
+ (1 — p)(Prluiz > s2] + Pruge > s2.8]) = ca. (51)

Since the set of selected candidates from (G is exactly those for which u;; > s1 or u;5 > so and
similarly for G5, we get

Prluii > s1 Vo > s2] + Prluy > 51,8 Vuys > s28] =1+ 2 (52)

Note that the Lh.s. of the above equation does not depend on p explicitly. A formal proof of the above
statement can be given by adding (50) and (51). Indeed, the sum of the terms involving candidate 7 in

the two equations is:

pPl"[Uil 2 81] + (]. —p) PI‘[’LLH Z S1 N\ ujo < 82] +pPr[u21 < 81 N\ U2 Z 82] + (]. — p) Pr[UiQ 2 82]
= Prlui1 > s1] — (1 — p) Prluin > s1 Awig > s2] + Prlujg > so] — pPrlun > s1 A iz > 89

= Prlu;i > s1] 4+ Prluia > sa] — Pr{usn > 51 A wijp > so] = Prlusn > 51V uze > so.

Arguing similarly for ¢/, we get (52). Given values p, s1, s2, let f(p, s1, $2) and g(s1, s2) denote the
Lh.s. of (50) and (52) respectively, i.e., f(p, 1, $2) :=
p(Prlujn > s1]+Prluin > s1.8])+(1—p)(Prlui > s1Ause < so]+Prluy > s1,8Aui2 < s2.4]),

and
g(s1,52) = Prluji > 51V e > s3] + Prluyn > 51,8 Vuya > s3]

We now show monotonicity properties of these functions.
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Fact L.5. Let s1, ), 52,55 € [0,1] such that s1 < s} and sy < sh. Then, g(s1,s2) < g(s,sh).
Further, g(s1,s2) < g(s},s5) if s1 < s} and sy < sb.

Proof. The first statement follows from the fact that Pr{u;; > s1 V w2 > s and Pru;; >
s1,8 V w2 > $g g are non-increasing functions of s; and sa.

For the second statement, assume s; < s} and sz < s. Observe that
Pr[uil > 81 Vup > 82] — Pr[uil > 8/1 V U0 > 8/2]
= PI"[Sl § U471 S 5/1 N Ui S 8/2} + PI‘[’UJM S Sll N S2 S U592 S 8/2}

Now, if Pr{u;; < 8§ Asa < u;o < s5] = 0, then it must be the case that w2 < s whenever u;; < s,
ie., so > siy+ (1 — ). But then, u;o < s whenever u;; < s}. Thus,

Pr(s; < uj < 8 Aug < sh] = Prls; <wuyp < s7]>0.

This shows that g(s1, s2) < g(s}, s5). O

Now we show the monotonicity properties of the function f.
Fact L.6. Let 51,5}, 2,85, p,p" € [0,1) such that s1 > s},82 < sh,p < p'. Then, f(p, s1,52) <
f(p', 8], s5). Further,

(i) f(p,s1,82) < f(p',s1,83) if p <P

(ii) f(p,s1,82) < f(p',581,85) if s1> s).

Proof. We first show monotonicity with respect to p. Note that

pPrlui; > s1) + (1 — p) (Prlus > s1] — Prlui > s1,u52 > s3])
= Prlu;1 > s1] — (1 — p) Prlui > s1,ui2 > s2]

Similarly,

pPriuin > s18] + (1 —p) (Prluin > s1,8] — Prluinn > 51,8, uir2 > 52.])
= Pruy1 > s18] — (1 = p) Prlug > 51,8, uir2 > 52,5]

Thus,

(D', 51,82) — f(p,s1,82) > (0" — p) Prluir > s1 Auip > sa2] > 0. (53)

Now we show monotonicity with respect to sq: since Prlu;; > s1], Prius > s1,u2 < s,
Priuy1 > s1,8), Prluin > s1,8, uya < s2,8], are non-increasing functions of s; (and the first one is
strictly increasing), we see (using the definition of f) that

f(p/75/1552) > f(p/751752)7 (54)

with the inequality being strict if 7 < s;. The monotonicity with respect to so follows similarly:
Prlus1 > s1,ui2 < 82], Priuy1 > s1.8,ui2 < s2,5] are non-decreasing functions of sz, and hence,

f(p/75/13‘9/2) Zf(p/75/1552)' (55)
The desired statements now follow by combining (53), (54) and (55). O

We are now ready to show the monotonicity property of s}. Let 0 < p < p’ < 1, and assume for the
sake of contradiction that s3(p) < s3(p’). Two cases arise:

(i) s5(p) < s5(p'): It follows by Fact L.5 that g(s7(p), s5(p)) < g(s7(p’), s5(p’)), which is a
contradiction because both of these quantities must be equal to ¢; + ¢ (using (52)).
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(i) s5(p) > s5(p’): Using Fact L.6 (and part (ii) of result),

f(p,s1(p),s5(p) < f(',81(0'),55(p")),

which is again a contradiction because both of the above expressions should be equal to ¢y
(using (50)).

Thus, we see that neither of the two cases above can happen and hence, sj(p) > s7(p’). The
monotonicity property of s3(p) can be shown similarly by analyzing the properties of the function
h(p, s1, s2) that denotes the Lh.s. of (51). O

We note a useful corollary of this result:

Corollary L.7. Given parameters c, 3,y and p,p’ € [0, 1], it cannot happen that s3(p) = sj(p’)
and s3(p) = s5(p')-

Proof. Assume w.l.o.g. that p < p’. Assume for the sake of contradiction that s¥(p) = s3(p’) and
s5(p) = s5(p'). Then, Fact L.6 shows that

f@' 810, s5(0") > f(p, s1(0), s5(0') = f(p, s1(p), s5(p)),

which is a contradiction because both f(p, s7(p), s5(p)) and f(p’, sT(p'), s5(p')) areequalto ¢;. [

L.4.1 Strict monotonicity properties of the thresholds with respect to p

Theorem L.4 showed that sj(p) and s5(p) are non-decreasing and non-increasing functions of p
respectively. In this section, we show strict monotonicity properties of these thresholds.

Proposition L.8 (Strict monotonicity of s w.r.t. p). For any fixed values of the parameters c, 3,7,
there exists a value p* € [0, 1] such that s¥(p) is strictly increasing for p € [p*, 1] and does not vary

with p for p € [0,p*). Assuming > 1 — (c1 + ¢2), s7(p) = 2;_&7? Sforall p € [0,p*) and s3(p)

is strictly decreasing in [0, p*). Further, p* > 0 iff s5(0) > vs7(0) + (1 — 7).

We first prove an auxiliary result.

Fact L.9. For any fixed values of the parameters 7, s1, s3 € (0, 1), Prlu;; < $1 Awge > sa] = 0 iff
s9 > vs1 + (1 —7).

Proof. Suppose Pr[u;; < s1 A ug > s3] = 0. Assume for the sake of contradiction that sy <
vs1 + (1 — ~. For the sake of concreteness, let € := s1 + (1 — ) — s2. Recall that u;; = v;; and
U2 = ;1 + (1 — y)vse where v;; and v;o are independent and distributed uniformly in [0, 1]. Now
if v;1 € [max(0,s1 —€),s1] and v;2 € [1 — €, 1], then

up > y(s1—e)+ (1 —y)(1—-e)=7ys1+(1—7) —€=s2
Since 1 > 0, we see that Pr[u;; < $1 A u;z > s2] = 0, a contradiction.

For the converse, suppose s > s177 + (1 — ). If u;; < s1, then u;o = yv;1 + (1 — 7)v;2 can exceed
so only when v;9 > 1, which is a zero probability event. O

We now complete the proof of Proposition L.8. Define

I:={pel0,1]:s5(p) >vsi(p) +1 -1}

Theorem L.4 shows that if I is non-empty, then it is a closed interval of [0,1]. Assuming I is
non-empty, let it be of the form [0, p*] (in case I is empty, let p* = 0). We now show that s} (p) does
not vary with p when p < p*.

Fact L.10. Assuming p* > 0, s7(p) does not vary with p for p € [0,p*]. If 8 > 1 — (c1 + ¢2),

st(p) = ?(ji;/cﬁ)for all p € [0, p*]. Further, s5(p) is a strictly decreasing function of p € [0, p*].
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Proof. Suppose p < p*. Then Fact L.9 shows that Pru;; < s1 A uja > s2] = 0. We show that
s55(p) = vs15(p) +1 -7

as well. Indeed, if s3 5(p) = 1, this follows trivially. Hence, assume s5 4(p) = Sgép ) Then

ysi(p) +1—~
$3.4(0) > ”5 > 5% 5(p) +1— 7.

It follows by Fact L.9 that Pru;1 < s1,8 A w2 > s2 g] = 0 also. Thus, (52) becomes:
Prlui; > s7(p)] + Prluin > 57 5(p)] = c1 + ca.
In other words,
(1= s7(p) + (1 = 57,5(p)) = c1 + ca.
First assume that s7(p) > /. Then the above equation has the solution:
s1(p) =1 — (a1 + c2).
Thus s¥(p) does not vary with p. If 3 > 1 — (¢1 + ¢2), this case cannot occur. Thus, the above

equation becomes:
(1 =s1(p)) + (L = s1(p)/B) = 1 + c2,

wy 2= (it )
51(?)*W

Thus, s5(p) does not vary with p in [0, p*]. The fact that s5(p) strictly decreases in this interval
follows from Corollary L.7.

which has the solution:

O

Thus we have shown the statements in Proposition L.8 when p € [0, p*]. We now show that s3(p) is
a strictly increasing function of p for p > p*. We first need the following extension of Fact L.9:

Fact L.11. Consider s; € [0,1] and sz, s5 € [0, 1] such that sz < s < s1v+ (1 — ). Then,
Pr[uil < 81 A8y S un < 8/2} > 0.

Proof. First, consider the case when s, < 1 — 4. Let € > 0 be a small enough positive constant
sh—2e sh—e
1—v 7 1—v

(whose value will be fixed later). Suppose v;; € [0, %] and v;2 € |
that £ < s1, S%:ff > sq. It is easy to verify that u;; = v + (1 — v)via € [s2,5). Thus,

Prius; < s1 A sz < ugp < s5] > 0.

). Here ¢ is such

Now consider the case when s}, > 1 — . Express s} as ay + (1 — ) for some o < s7. A similar
argument as above applies with v;; € [o — e, a] and v;2 € [1 — €, 1). O

Fact L.12. The threshold s5(p) is a strictly increasing function of p for p € [p*, 1].

Proof. Consider values p, p’ € [p*,1] and assume p < p’. Assume for the sake of contradiction that
s¥(p) = s7(p). Let st denote this common value. Constraint (52) can be expressed as:

Pr[uﬂ > 81] + Pr[uil < 81 A\ Ujg > 82] + Pr[um > 81’5] + Pr[ui/l < 81,8 Nujre > SQ_ﬂ} =c] + Co.
Substituting (s7,s3(p)) and (s7, s3(p")), and equating the two equations, we get (let s} 5 denote
min(1, s7/8)):
Prlui; < s7 Aug > s5(p)] + Prluin < s7 5 Auia > 55 5(p)]
= Prlui < 57 Auig > s5(p")] + Prluin < s7 5 Auirg > 55 5(p)].

We know from Theorem L.4 and Corollary L.7 that s5(p) > s5(p’). Therefore, the above can be
written as:

Prluj; < sj Asy(p') < g < s35(p)] 4 Priugt < s7 5 A s55(0") < wia < 55 4(p)] = 0.

This implies that Prlu;; < s7 A s3(p") < u;e < s5(p)] = 0, but this is a contradiction because
of Fact L.11. Thus, s3(p) < sj(p’). O
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We now show the last statement in Proposition L.8:
Fact L.13. The quantity p* is strictly positive iff s5(0) > vs3(0) + (1 — 7).

Proof. Suppose p* > 0. Then 0 € I and hence, s3(0) > vs7(0) 4+ (1 — ~y). Assume for the sake of
contradiction that s5(0) = vs7(0)+(1—~). Letp € (0, p*). We know from Theorem L.4 that s3(p) <
s5(0) and s5(p) > s7(0), and at least one of these inequalities must be strict (using Corollary L.7).
But then s3(p) < vs3(p) + (1 — ), a contradiction. Therefore, s5(0) > ys3(0) + (1 — 7).

For the converse, assume s3(0) > s3(0) + (1 — ). Then continuity of s} (p) and s}(p) shows that
p* > 0.
This completes the proof of Proposition L.8.

Calculating p*. Assume that s5(0) > ~vs7(0) 4+ (1 — ). Then monotonicity of s7(p) and s3(p)
(using Theorem L.4) shows that p* satisfies:

s5(p") = vs1(p") + (1 = 7).
Now, Proposition L.8 shows that

92— —
07 = P

Since Prlu;e > s5(p*) A uin < s7(p*)] = 0 and similarly for i/, we can express Equation (51) as:
(1 = p*)(Prluiz > s5(p*)] + Prluia > 53 5(p")]) = ca.

Equation (56) shows that s3(p*) > 1 — + and hence, s5 5(p*) > 1 — . Now, three cases arise:

+ (=) (56)

* Here, s3(p*) > . Then s3 45(p*) > 7 as well. Then, p* is given by

ok 2027(1 - 7)
L S S0 (- s,

* Here s3(p*) < v but s 5(p*) > 7. Then, p* is given by

C2

(1—s3(p*))? 53.5(P*) | 1—y"
27(21—7) +1- Mw JrT'yW

1—-p*=

* Here 53 5 < v and hence s3(p*) < 7 as well. Then, p* is given by

C2
s} 5(p*)+s5(p*) I 1—y
v ¥

1—p" =
9_

So far, we have discussed the strict monotonicity properties of s7(p). One can analogously show the
following lemma regarding the strict monotonicity of s5(p). We omit the proof.

Proposition L.14 (Strict monotonicity of s3 w.r.t. p). For any fixed values of the parameters c, 3,7,
there exists a value ¢* € [0, 1] such that s5(p) is strictly decreasing for p € [0, ¢*| and does not
vary with p for p € (q*,1]. Assuming ¢* < 1, s3(p), p € (¢*, 1], is given by the following equation.:
Priuse > so| + Prluye > s2 8] = ¢1 + co. Further, ¢* < 1iffys7(1) > s5(1).

L.5 Numerical results on behavior across preference and correlation parameters

This section numerically examines how equilibrium quantities respond to changes in the candidate
preference parameter p and the evaluator correlation parameter . Figures 8—12 present four key
quantities across varying parameter settings: (i) the equilibrium thresholds s7 and s3, (ii) the
representation ratio R, (iii) the normalized representation ratio A/, and (iv) the utilities I/, and Us
achieved by the two institutions. In addition, Figure 14 explores how fairness metrics vary with
evaluator correlation +, for a fixed preference weight p and varying levels of group bias .
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Effect of preference alignment (p). Figures 8-11 fix ¢ = 0.2 and vary p for different values of 3
and 7.

* In Figure 8 (8 = 0.8,7 = 0.9), increased preference alignment with Institution 1
leads to widening disparity: s7 rises, s falls (consistent with Theorem L.4, Proposi-
tion L.8,Proposition L.14), and both R and A drop significantly monotonically. Institu-
tion 1’s utility rises with p, while Institution 2’s utility declines (both monotonically).

* In Figure 9 (8 = 1.0,y = 0.9), evaluations are unbiased. Representation ratios remain
flat at 1, and utilities vary symmetrically with p, highlighting fairness preservation under
bias-free conditions.

 Figure 10 (8 = 1.0,y = 0.0) shows a similar fairness pattern: no correlation and no
bias yield uniform thresholds and balanced utilities, with representation unaffected by
preferences.

* Figure 11 (8 = 0.8, = 0.8) exhibits gradual threshold divergence and monotonic decline
in R and NV, indicating compounding effects of preference, bias, and correlation.

Effect of selectivity increase. Figure 12 repeats the previous setting with ¢ = 0.5, revealing
sharper phase transitions: R, A/ fall rapidly beyond a critical value of p, and the utility gap between
institutions grows more pronounced. This demonstrates how institutional capacity amplifies the effect
of bias under correlated evaluations.

Effect of correlation (). Figure 13 (for 8 = 0.8, p = 0.6) highlights the non-monotonic impact
of increasing «y. As the correlation grows:

* The selection threshold s3(+y) initially decreases and then increases, resulting in a convex-
shaped utility curve for Institution 2, consistent with the behavior described in Theorem E.1.

* Both the representation ratio R(v) and the normalized selection share A/(7y) increase
monotonically, as established in Corollary 4.1. In addition, Figure 14 shows that for any
fixed v and p, the representation ratio R(vy) and the normalized selection share N ()
increase monotonically with 5 — this pattern closely mirrors the trend observed in Figure 2.

First-choice ratio parameter. When p < 1, we can further define a fairness metric called the
first-choice ratio, denoted by F, which measures the relative likelihood that candidates from the two
groups receive their first-choice institution. Formally, for given parameters p, c, 3,7, let f; denote
the fraction of candidates from group G'; who are assigned their first-choice institution under the
stable assignment, i.e., given the stable matching thresholds (s7, s3),

fi = pPrla;;1 > 7]+ (1 — p) Pr[i;,2 > s3],

where i; denotes a candidate from group G;. Then, F := f5/ f1. This metric was also studied in the
centralized selection setting by [15].

Figure 15 illustrates how JF varies with p for different values of 8 and v when ¢ = 0.3. We find that
F is typically unimodal, attaining its maximum when p is near 1/2. At this point, the top-ranking
candidates from GG; are evenly distributed across both institutions, allowing a larger fraction of G4
candidates to secure their most preferred institution. As expected, increasing /3 reduces the bias
against G5 and consequently increases F.
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Figure 11: Variation of thresholds, representation ratio, normalized representation ratio, and utilities
with p for a fixed value of ¢ = 0.2, 5 = 0.8, and v = 0.8.
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Figure 12: Variation of thresholds, representation ratio, normalized representation ratio, and utilities

with p for a fixed value of ¢ = 0.5, 5 = 0.8, and v = 0.8.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes] .

Justification: The abstract and introduction accurately reflect the main contributions of the
paper, including theoretical characterization of thresholds and representation, identification
of nonlinear bias-correlation interactions, and implications for fairness interventions.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer:[Yes] .

Justification: Limitations are discussed in the Conclusion section. Specifically, the paper
notes assumptions such as uniform attribute distributions and fixed candidate preferences,
and highlights challenges in extending the framework to heterogeneous preferences or
real-world complexities.

Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

 The authors are encouraged to create a separate "Limitations" section in their paper.

The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms

and how they scale with dataset size.

If applicable, the authors should discuss possible limitations of their approach to

address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs
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Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes] .

Justification: All theoretical results are clearly stated with assumptions and accompanied
by full proofs either in the main text or the appendix. Cross-references to theorem and
proposition numbers are consistently used.

Guidelines:

* The answer NA means that the paper does not include theoretical results.

* All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

* All assumptions should be clearly stated or referenced in the statement of any theorems.

* The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

* Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

» Theorems and Lemmas that the proof relies upon should be properly referenced.
. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes] .

Justification: The simulations are fully specified using closed-form formulas and all code
used to generate figures is available in the supplementary material.

Guidelines:

* The answer NA means that the paper does not include experiments.
* If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.
If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.
Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-

sions to provide some reasonable avenue for reproducibility, which may depend on the

nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
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some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes] .

Justification: Code is included in the supplemental materials and is sufficient to reproduce
the key numerical experiments and heatmaps shown in the figures.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (https://nips.cc/pu
blic/guides/CodeSubmissionPolicy) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

* The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes] .

Justification: All experimental plots are generated from closed-form analytical formulas.
The figure captions and supplemental material describe the parameter settings used.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [NA] .

Justification: The paper does not involve statistical trials or learning-based experiments; all
figures are derived from deterministic analytical computations.

Guidelines:

* The answer NA means that the paper does not include experiments.

72


https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy
https://nips.cc/public/guides/CodeSubmissionPolicy

8.

10.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

* It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

* It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

* For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [NA] .

Justification: No significant compute resources were used; all computations are analytical
and run efficiently on standard personal machines.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes] .

Justification: The paper complies with the NeurIPS Code of Ethics. It does not involve
human subjects, private data, or potentially harmful technologies.

Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes] .
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12.

Justification: The paper discusses potential impacts on equitable admissions and hiring,
particularly regarding fairness in decentralized selection systems. It also identifies where
bias and misalignment can amplify disparities.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.

o If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

* Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

* The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer:|[NA] .
Justification: The paper does not release any model or dataset with a high risk of misuse.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [NA] .
Justification: No external assets (code or data) are used in the paper.
Guidelines:

* The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.
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14.

15.

 The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

* If assets are released, the license, copyright information, and terms of use in the package
should be provided. For popular datasets, paperswithcode.com/datasets has
curated licenses for some datasets. Their licensing guide can help determine the license
of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA] .
Justification: No new datasets or pre-trained models are released.
Guidelines:

* The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA] .
Justification: The paper does not involve crowdsourcing or human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA] .
Justification: Not applicable, as no human subjects are involved.

Guidelines:
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* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

16. Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA] .

Justification: LLMs were not used for core methodology development. Any LLM assistance
was limited to minor editing and formatting.

Guidelines:

* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

¢ Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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