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A central decision maker (CDM), who seeks an efficient allocation of scarce resources among a finite number

of players, often has to incorporate fairness criteria to avoid unfair outcomes. Indeed, the Price of Fairness

(POF), a term coined in the seminal work by lBertsimas et all (lZOl]J)7 refers to the efficiency loss due to

the incorporation of fairness criteria into the allocation method. Quantifying the POF would help the CDM
strike an appropriate balance between efficiency and fairness. In this paper we improve upon existing results
in the literature, by providing tight bounds for the POF for the proportional fairness criterion for any n,
when the maximum achievable utilities of the players are equal or are not equal. Further, while
() have already derived a tight bound for the max-min fairness criterion for the case that all
players have equal maximum achievable utilities, we also provide a tight bound in scenarios where these
utilities are not equal. For both criteria, we characterize the conditions where the POF reaches its peak and

provide the supremum bounds of our bounds over all maximum achievable utility vectors, which are shown

to be asymptotically strictly smaller than the supremum of the lBertsimas et al] (IZOI]J) bounds. Finally,

we investigate the sensitivity of our bounds and the bounds in lBertsimas et al] (lZOl]J) for the POF to the

variability of the maximum achievable utilities.
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1. Introduction

In this paper, we consider a problem facing a central decision maker (CDM) who needs to allocate
scarce resources among finitely many players. There are many real-life applications wherein the CDM

cannot use the most efficient allocation due to a fairness constraint. Instead, the CDM often has to

allocate resources while recognizing the tradeoffs between efficiency and fairness (lZenios et a1.| IZOOd,
[Bertsimas et al] bOlﬂ).

An illustrative example of the efficiency-fairness trade-off is the allocation of deceased-donor kid-

neys. Kidney transplantation is a desired treatment for individuals with end-stage renal disease
(ESRD). However, the reality is that the demand for kidneys far exceeds the available supply. To
illustrate, in 2021, 43,617 new patients registered to the kidney waiting list, while only 25,490 trans-

plants were performed that year!. This significant discrepancy between the number of patients in
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need and the available transplants highlights the significance of allocating deceased-donor kidneys in
an efficient and fair manner. Efficiency, in this context, refers to maximizing the overall utility, usu-
ally measured by the total quality-adjusted life-years (QALY). The problem of maximizing the sum
of the utilities among all candidates on the waitlist has been extensively studied in the operations
research literature; see, e.g., lDerman et al.| (|197j), IRightel{ (|198d) and lDavid and Yechiali| (|1995|).

However, a policy solely focused on maximizing total QALYs may inadvertently disadvantage patient

groups with lower expected QALYs gained from transplant. If the policy maker seeks to decrease
such inequities, they must contend with the trade-off of potentially reducing the overall number of

life-years saved, e.g., |Ata et alJ (lZOQ]J), ISu and Zeniosl (bOOd), tBertsimas et al.| (l2013|)

Similar trade-offs between efficiency and fairness naturally emerge in many other applications.
For example, in air traffic flow management, the CDM needs to fairly allocate limited air space to
different airlines (e.g., lBarnhart et a1.| lZOIQL |Vossen et all l2003|, biang et all lZOQQL |Nguyen et a1.| lZOQ]J).
In congested airports, the CDM has to fairly allocate runways and aprons to different airlines (

|brother et al.| IZOQd). Other equitable resource allocation problems arise in finance, where simultaneous

trading with multiple accounts is carried out and the CDM’s goal is to treat all clients fairly while

maximizing collective interests (b’Cinneide et all lZOOd), water allocation, where a CDM attempts

to balance unsatisfied demand of all consumers (IUdl’as et alJ lZOIj), medical funds allocation, where

equity across different regions and populations is a major concern ([Earnshaw et al] l2007|), spectrum

allocation in a communication system where a common frequency band is shared by multiple users

(@ ), and kanban allocation in production systems, where both minimizing the rate of lost sales

and balancing lost sales across product types are under consideration (lRyan and Vorasayan| l2005|).

Finally, efficiency-fairness tradeoffs can arise in classical optimization problems such as location,

vehicle routing, transportation and scheduling, as elaborated in the excellent survey papers by

land Mort0n| (l2015|) and tLussI (|199d).

Naturally, quantifying the efficiency loss resulting from the incorporation of fairness concerns is

essential for the CDM who strives to select the appropriate balance between efficiency and fair-

ness when facing resource allocation challenges. lBertsimas Farias, and Trichakis{ (lZOl]J) (BFT 2011)

introduced the notion of the price of fairness (POF), which is defined as the relative efficiency loss,
compared to the utility-maximization solution (i.e., utilitarian solution), of a fair solution. They
considered two fairness notions that have been widely used in the literature: Proportional Fairness
(PF) and Max-Min Fairness (MMF), and quantified the POF for both. That is, they provided upper
bounds of the POF for both the PF and the MMF cases, which we refer to as the BF'T bounds.
When all players have equal maximum achievable utilities, the BF'T bound for the PF criterion,
when the number of players, n, is a square of an integer, and the BFT bound for the MMF criterion

for an arbitrary number of players were verified to be tight for a specific resource allocation problem.
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By contrast, we theoretically derive tight upper bounds for the POF both for PF and MMF. Indeed,
our approach is shown to reveal the source for the gap between our bound and the BFT bound for
the POF for PF when the number of players, n, is not a square of an integer.

For PF, we prove that the improvement of our bound over the BFT bound achieves a local maxi-
mum when n is a product of two consecutive integers, e.g., n = 2,6, 12, etc. Both bounds increase as a
function of n, and as noted by Bertsimas, Farias, and Trichakig (2011), for a small number of players,
the price of proportional fairness is small. Indeed, for example, for n = 2, which corresponds to Nash
original two-player bargaining problem, the price of fairness according to our bound is at most 6.7%.
By comparison, we note that according to the BF'T bound, the price of proportional fairness for
n =2 is at most 8.6%. We further show that for a fixed number of players, both for PF and MMF,
our bounds and the BFT bounds increase when the variability of the maximum achievable utilities
increases. However, the BF'T bounds increase at a faster rate.

The assumption that players have equal maximum achievable utilities is appropriate in settings in
which the utility functions merely represent the players’ preferences among the various resource allo-
cation options. These preferences are invariant to positive affine transformations of the corresponding
utility functions, and thus, permit the assumption that in such settings, the maximum achievable
utilities of all players are equal. However, there are many applications in which the utility functions
have some intrinsic values, which facilitates interpersonal comparisons of utilities. For instance, in
the context of organ transplantation, as previously discussed, the utility of each patient is commonly
quantified by QALYs (Su and Zenios 2005, Zenios et al| 2000). In air traffic flow management, the
disutility of an airline is measured by the total time delays (Barnhart et al, 2012), and in most
business applications, a firm’s utility can be measured by a monetary value. In all such examples, the
utilities of players cannot be normalized and the assumption of equal maximum achievable utilities
cannot be made without loss of generality.

When the maximum achievable utilities are unequal, the BFT bounds for the price of PF and
MMF are, in general, not tight. We note, though, that for the price of MMF, the BFT bound is
attained in an example of bandwidth allocation in a communication network, where the maximum
achievable utilities follow a special pattern. By contrast, our bounds for both the price of PF and
MMEF are tight in the sense that for any collection of maximum achievable utilities by the players,
we prove the existence of a utility set U for which our bound is attained. The improvement of our
bounds over the BFT bounds for the unequal case are demonstrated in our study of the sensitivity of
the bounds to the variability of the maximum achievable utilities. Both bounds are shown to increase
with such variability, but for a wide range of the maximum achievable utility vectors, our bounds
are shown to be significantly smaller than the BFT bounds both for the PF and MMF criteria.

Additionally, we have studied the supremum of our bounds and the BFT bounds over all possible
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maximum achievable utilities, and have proven that our bounds are asymptotically strictly smaller
than the BFT bounds. Specifically, for a large n, we prove that the BF'T bound for the POF is of the
order of 1 —O(1/n'*) for the PF criterion and 1 —O(1/n?) for the MMF criterion, while our derived
tight bounds are of the order of 1 — O(1/n) for both fairness criteria. See Table m for a summary of

the comparison between our bounds and the BF'T bounds.

BFT Bounds
Equal Maximum Unequal Maximum
BFT Bounds Achievable Utilities Achievable Utilities
Tight? Tight? Asymptotic Order
Proportional Fairness Yes only when /n is integral ~ No 1—-0(1/n**)
Max-Min Fairness Yes No* 1—-0(1/n?)
Our Bounds
Equal Maximum Unequal Maximum
Our Bounds Achievable Utilities Achievable Utilities
Tight? Tight? Asymptotic Order
Proportional Fairness Yes Yes 1-0(1/n)
Max-Min Fairness Yes** Yes* 1-0(1/n)

Table 1 Summary of BFT bounds and our bounds
* “Yes” or “No” refers to whether the bound is tight for all maximum achievable utility vectors.

** Our tight bound for the max-min unequal case reduces to the BFT tight bound for the equal case.

Our paper makes the following contributions:

1. Our paper introduces a fractional programming whose optimal solution delivers tight bounds
for the POF, while a relaxation of this programming yields the BF'T bounds, effectively delin-
eating the source of the gap in the BFT’s estimation. By characterizing the optimal solution
to this fractional programming, we establish the first tight bounds for the POF under both PF
and MMF criteria in general scenarios involving an arbitrary number of players with poten-
tially unequal maximum achievable utilities. Our results complement the work of BFT (2011),
who demonstrated the tightness of their bounds when players’ maximum utilities are all equal
or follow special structures. Under generalized conditions of maximum utilities, our bounds
asymptotically improve over the BF'T bounds for both PF and MMF criteria.

2. The tight bounds for the POF we derived provide qualitative insights into how the POF changes

with problem’s parameters, which allows a CDM to evaluate and compare the POF across
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different application scenarios. We show that when players have different maximum achievable
utilities, the POF is relatively large when the distribution of the maximum achievable utilities
exhibit a large variance. In fact, we show that the POF attains its peak as when one player
has a large maximum achievable utility while all others have a very small maximum achievable
utilities. Our results strengthen BFT (2011) conclusion that the POF is likely to be small for
a small number of players. Indeed, for the two-player case we prove that the POF for PF with
equal maximum achievable utilities is at most 6.7%.

3. A growing body of research, exemplified by studies such as (Hasankhani and Khademi 2022,
Ma et al] 2023, Agnetis et al| 2019), has been concerned with calculating the POF for special
problem instances. Our tight bounds for the POF in general settings could serve not only as
a cap but also as a benchmark for the POF estimates in those papers. This underscores the
broader applicability and relevance of our findings within the literature on the POF across

various applications.

2. Fairness
2.1. Related Literature

There are two stream of literature closely related to our study of the POF. The first stream is
concerned with the various fairness criteria. It is generally understood that different equity/fairness
criteria may be required in different contexts/applications (see, e.g., Sen| 1997, [Young| 1995), and that
no universal criterion of fairness can be applied in all settings. Nevertheless, there are several widely
accepted criteria for fairness.

A simple and common fairness criterion, based on the Rawlsian principle (Rawls 2004), is the
MMF criterion. According to this criterion we seek a solution which is the lexicographically largest
vector, whose elements are either the allocations to the different players or the performance function
values corresponding to the different activities, which are arranged in a non-increasing order.

Some studies handle fairness using an inequality index, which is a function that maps a resource
allocation instance to a scalar value representing the level of inequality. For example, Kozanidis (2009)
uses the difference between the upper bound and the lower bound of outcomes as the inequality
index, and Turkcan et al) (2011) uses variance to measure fairness.

Another approach to achieve fairness optimizes an objective function which is some aggregation
of the allocations to the different players. Indeed, proportional fairness (PF), which we study in this
paper, is achieved by maximizing the sum of the logarithms of the utility outcomes corresponding
to the allocations to the players. It is a generalization of the Nash bargaining solution, see, e.g.,

Nash Ji (1950), which has an axiomatic basis as we further elaborate in the sequel. Finally for a
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classification of the extensive literature concerned with fairness in terms of the fairness criteria they
employ, such the Rawlsian principle, its lexicographic extension or an aggregation function, see the
survey by Karsu and Morton (2015).

The second stream of literature related to our study of the POF focuses on the assessment of
the POF in particular contexts. Recent papers in this stream include, for example, Hasankhani and
Khademi (2022), who studied the US heart transplant system and, using a fluid model, have quantified
the POF for both the PF and MMF fairness criteria. They have shown, for example, that consistent
with known theoretical results, the price of PF is smaller than that of MMF. Liu and Salari (2022)
calculated the POF for a facility location problem, considering disutility as an aggregate of transit
time and queueing delays. Agnetis et al| (2019) were the first to investigate the POF in scheduling
problems, providing tight bounds within their defined context. Zhang et al (2020) extended this
exploration to a two-agent scheduling game variant, specifically examining scenarios where one of
the two players has exactly two jobs. Donahue and Kleinberg (2020) provided provable upper bounds
on the gap between the maximum possible utilization of the resource and the maximum utilization
achievable under a natural fairness condition in resource allocation problems with uncertain demand,
showing that for certain distributions, this gap exists but is bounded by a constant factor. Elzayn
et al) (2019) studied the POF using the Philadelphia Crime Incidents dataset and fully characterized
a worst-cast variant of the POF. In the context of indivisible goods, Barman et al) (2020) studied the
POF for two well-established fairness notions, envy-freeness up to one good (EF1) and approximate
maximin share (MMS), and Feldman et al! (2024) studied the tradeoffs between fairness and efficiency,
where envy-freeness up to any item (EFX) is used as a fairness criterion and the Nash welfare is
used as an efficiency criterion. Dickerson et al| (2014) showed that the POF in the standard kidney
exchange model is small and empirically explored the POF under two natural definitions of fairness
using both real and simulated data. Nicosia et al) (2017) characterized the POF for a specific discrete
allocation problem with two agents for multiple fairness notions.

As noted above, our tight bounds for the POF for the PF and MMF criteria, and our related
investigation about the sensitivity of the POF to the distribution of the maximum achievable utilities

could be helpful in future investigations into the POF in different contexts and application areas.

2.2. Fairness Notions

We quantify the price of fairness for two fairness criteria - PF and MMF.

2.2.1. Proportional Fairness Under PF, the preferred allocation, u* (U) = (u{*(U),ul* (U),

PF
n

couyP(U)), from a utility set U, is such that for any other feasible allocation of utilities u, the

aggregate of proportional changes is zero or negative, i.e.,
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z:uZ u; (U)SO,
u;"(U)

i=1 H

for any u € U. (1)

For a convex utility set U, uf*(U) is a generalization on the Nash bargaining solution for n players,
and can be obtained by maximizing the product of the players’ utilities, i.e.,

u"F(U):= argmax Hui.

(uy,u2,...,;un)€U i=1

Equivalently, u?¥(U) can be derived by maximizing the logarithmic transformation of the above

objective function, i.e.,

u"F(U):= argmax Zlogui. (2)

(ur,ug,.un)€U 2

Note that @) is the necessary and sufficient condition for the optimality of u*(U) for the opti-
mization problem associated with (E) As mentioned above, such a solution is a generalization of
the Nash bargaining solution. It satisfies four axioms: Pareto optimality, symmetry, affine invariance
and independence of irrelevant alternatives. Pareto optimality avoids a waste of resources. Symmetry
guarantees that the solution does not distinguish between the players if the model does not distin-
guish between them. By the third axiom, the allocation is invariant to scaling of utilities, and thus
would not be affected if different measurement units of utility are used by players. The fourth axiom
implies that the preferred allocation remains unchanged when inferior allocations are removed, see,
e.g., Nash Ju (1950) and Roth (19794)).

The first application of PF was in the telecommunications field (Mazumdar et al| 1991), and the
term PF was first coined by Kelly et al] (1998).

2.2.2. Max-min Fairness MMF is motivated by the Kalai-Smorodinsky (KS) solution for two-
person bargaining problems, axiomatically characterized by Kalai and Smorodinsky (1975). The KS
solution is the unique solution satisfying the axioms of Pareto optimality, symmetry, invariance with
respect to affine transformations of utility, and monotonicity. According to the KS solution, the
players obtain the largest possible equal fraction of their respective maximum achievable utilities.
However, Roth (1979h) has shown that in n-person bargaining problems, such a solution may not
satisfy Pareto optimality and that there does not exist a solution satisfying all the above five axioms.
[maj (1983) has modified the KS solution to n-person bargaining problems by proposing a weaker set
of axioms. Namely, he proposes a solution which satisfies Pareto optimality, symmetry and invariance
under linear utility transformation. But, instead of the monotonicity axiom, originally proposed by
Kalai and Smorodinsky (1975), he requires the axioms of independence of irrelevant alternatives

other than ideal point and individual monotonicity.
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The axiom of independence of irrelevant alternatives other than the ideal point is a less stringent
requirement compared to the axiom of independence of irrelevant alternatives, which is satisfied by
the Nash bargaining solution. It stipulates that the solution remains unchanged if the alternatives
that have been removed do not alter the maximum achievable utilities by all players. The other
axiom, individual monotonicity, requires that if the utility set expands in a manner which keeps the
projection of the utility set onto the N\{i}-dimensional space unchanged, then the utility of the i-th
player must increase.

Imai (1983) has proven that when all players have equal maximum achievable utility, his solution
coincides with the MMF solution (referred to as lex-max-min in his paper), which, according to
BFT (2011), maximizes the ratios of players’ utilities to their maximum achievable utilities in a
lexicographical manner. That is, the CDM first maximizes the minimum ratio of the players’ utilities
to their respective maximum achievable utilities. Subsequently, the CDM maximizes the second
smallest ratio, the third smallest ratio, and so on. Thus, for two-person problems, the MMF solution

coincides with the KS solution.

2.3. The Price of Fairness

The utilitarian solution, which maximizes the sum of the utilities to all the players, is viewed as a
measure for system efficiency. Naturally, implementing a fair solution, instead of a utilitarian solution,
will reduce system efficiency. To quantify the relative loss incurred by adopting a fair solution over
the utilitarian solution, we employ the concept of the POF as introduced by BFT (2011).

Formally, consider a resource allocation problem with n players, and let U :C R"™ denote the set
of all possible utility vectors of the players. Let u; denote the utility of player i. We assume U to
be convex and compact, which is a common assumption in the literature (see BFT 2011). Since the
PF, MMF, and utilitarian solutions are all Pareto optimal, we can assume, without loss of generality,

that U is monotone. That is:
DEFINITION 1. A set U is monotone if for any u € U and 0 <v<wu,veU.

2.3.1. Utilitarian Solution A utilitarian solution is an allocation based on classical utilitari-
anism, which maximizes the sum of utilities of all players. Thus, the utilitarian solution, denoted by

u*(U) = (ui(U),...,u:(U)), is an optimal solution to the following problem:

max Ui,
; (3)
st (up,ug,...,u,)€U.
The sum of utilities to the players is often used as a measure of system efficiency. Thus, if the

social planner aims to maximize efficiency without fairness considerations, the utilitarian solution

should be used.
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2.3.2. Fairness Solution As previously mentioned, in many applications it would be inappro-
priate to implement solutions based exclusively on system efficiency. In these circumstances, the
central decision maker will choose an allocation scheme based on some fairness criteria, trying to
balance both efficiency and fairness.

We consider two notions in this paper, PF and MMF, and denote the allocation scheme with a set
function wf®" : 2F% — R?, where the superscript, fair, could be PF or MMUF to indicate whether
we use PF or MMF.

2.3.3. The Price of Fairness We use the notion of the price of fairness, introduced by BFT
(2011) and denoted POF(U; fair), to measure the relative loss resulting from an implementation of
a fair solution rather than the utilitarian solution, i.e.,

o u(U) =3 Wl (U) Sy ul™(U)
POF (U; fair) = ==——=5% i=1 7 =1-—&=l i 7
(U fair) Zi:l ui(U) Zi:l uy(U)
fair

where u}, resp., u; """ ,i=1,...,n, denotes the utilitarian, respectively, the fair solution which is being

(4)

used.

BFT (2011) have derived upper bounds for the POF (U; fair) for the cases where the fair solution
is either the PF solution or the MMF solution, and for the cases when the maximum achievable
utilities of the players are either equal or not equal. As will be clarified in the sequel, we improve upon
the bounds derived by BFT (2011), by providing tight bounds for the price of proportional fairness
when the maximum achievable utilities by the players are either equal or not necessarily equal, and

for the price of MMF when the maximum achievable utilities by the players are not necessarily equal.

3. Upper Bounds for The Price of Proportional Fairness
3.1. Equal Maximum Achievable Utilities

We begin by considering the case where all players have equal maximum achievable utilities in the
utility set U. For simplicity and without loss of generality, we set this maximum achievable utility to
one, and denote by N :={1,2,...,n}, the set of players. Consequently, max{u;lu € U} =1for i€ N.

To derive an upper bound for the price of fairness (POF) in U, we employ a utility set U’, U' D U,
such that the PF solutions in U and U’ coincide. Consequently, since U C U’ the POF with respect
to U is bounded by the POF with respect to U’. Formally,

PROPOSITION 1. Suppose U C {u := (uq,us,...,u,) |0 <w; <1,i€ N} is a convex and compact
utility set, and max{u;|u €U} =1 for i€ N. Then there exist ¢; € [1/n,1], i € N, such that U C
U'={u|>" cu <1,0<u; <1,4€ N}, and max{) ;  logu;|u € U} =max{d "  logu;|u €
U'}. Consequently, POF(U; PF) < POF(U'’; PF).
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The proof of Proposotion E is in Appendix . By Proposition El, we can derive an upper bound
for the price of proportional fairness (PF) with respect to U, by finding this bound with respect
to U, U' = {(u1,ug,...,u,) | > i cu; <1, 0<wu; <1, i € N}. To that end, we need to find the

utilitarian solution w*(U”), which is an optimal solution to the following Problem (B)

max Z u;, (5a)

i=1
s.t. 0<wu; <1, Vie N, (5b)
Z ciu; < 1. (5¢)

i=1

Without loss of generality, we assume that

1< << ey (6)

Following BFT (2011), we define
I(c) :=max{j | Zj:cigl}, d(c) :ziﬁgcie [0,1). (7)
i1 Ci(c)+1
Then, since Problem (B) is a linear relaxation of the 0-1 knapsack problem, the optimal solution,
u*, to Problem (a) s uj =u; ==y =L uj =0(0) U= U3 =" =u,=0, and the
optimal value of Problem (a) is l(c) 4+ d(c).
On the other hand, the PF solution can be obtained by solving the following Problem (B)

max Zlog(ui), (8a)

st. 0<w; <1, VieN, (8b)

D eu <1, (8¢)
i=1
Problem (E) has a unique optimal solution, u”¥, which has the following explicit form:

PROPOSITION 2. u”(U’) := (1/ncy,1/ncy, ..., 1/nc,) is the unique optimal solution to Problem

®.

The proof of Proposition E is in Appendix .
The utilitarian solution, w*, and the PF solution, u”*, we have derived with respect to U’, can
be used to find an upper bound for the price of proportional fairness by minimizing fo(c,l) :=

1—POF(U; PF)=>"" ul"(U")/>."  ur(U’), which is equivalent to Problem (B)
>t

—
l + 1_qu:1 Cq

Cl+1

Hcl,izn fole,):= (9a)
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1
s.t. —<c<ep<--<e, <1, (9b)
n
l
E C; < 1, (9C)
i=1
41

ch- >1, (9d)

where the numerator of the objective function can be interpreted as system efficiency, i.e., the sum of
players’ utilities, under the proportional fairness solution, the denominator of the objective function
stands for system efficiency under the utilitarian solution, and (@), (@) restrict [ to satisfy the
definition of I(c), as given in the Expression (H)

The optimal value of Problem (a) thus gives a tight bound for the price of proportional fairness.
Later, we will derive an explicit expression for the optimal value and show that it strictly improves
upon the upper bound, 1 — (2y/n —1)/n, derived by BFT (2011). Before proceeding, we investigate
the source of the gap between our bound and the BFT bound. To that end, we introduce a fractional
programming formulation (@) below, which is an alternative formulation for Problem (E), and whose
optimal value yields the tight bound for the price of proportional fairness. We then prove, in Propo-
sition @, that a relaxation of Problem (), derived after the removal of Constraints (@) therefrom,
yields the BFT bound. Thus, the difference between the two bounds can be entirely attributed to
the removal of Constraints (@) from Problem (@)

In Problem (), we introduce new variables, y;’s, y; € [0, 1], to replace the superscript variable
[. Each such variable y; represents the portion of good ¢ that is included in the knapsack. We also

introduce new variables, dy;_1,ds; such that dy;_1 = do; = ¢;. Problem (@) is defined as follows:

1 .
o Z”L 1(d22 1 d;:z)

min  fi(d,y) = s , (10a)
s.t. %gdl,dggdg,d4§~--gd2n,1,d2n§1, (10b)
dojy =dyi,  i=1,2,...,n, (10¢)
Zyiin—l =1, (10d)
vy, i=L2..me1 (10¢)
0<yi <1, (10f)

Zf yi) ﬁf yit+1)—1. (10g)

Note that Constraints (@) correspond to Constraints (@), Constraints (@) and (@) correspond
to Constraints (@), and Constraints ()—() ensure that y; is decreasing in ¢, and that there is
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at most one variable y; which is strictly between 0 and 1. Thus, the y; variables act as a substitute
for [. Formally, the following proposition, whose proof is in Appendix , states the equivalence of

the two formulations.
PROPOSITION 3. Problems (E) and (@) are equivalent.

In Proposition H below, we prove that the optimal value of Problem (@) from which Constraints
(@) were removed yields the BFT bound for the price of proportional fairness. For brevity, let k
denote the largest integer that is not larger than the square root of n, i.e., k= |/n].

PROPOSITION 4. The optimal solution to Problem (@) from which Constraints (@) have been

removed is given by

ylzzgk: I \/> k yk+2i :yn:()?

— 1 —
dgl'_l:%fO'f’ie{Z.Iyi#O}, dglzlfOTZE{Zyl#l},

all other variables d; can assume any feasible value.

with a corresponding optimal value, (2¢/n — 1)/n, which yields the BFT bound for the price of
proportional fairness, 1 —(2y/n—1)/n.

Proof. By Cauchy-Schwarz inequality, we have

de ) ZyidZi—l)Z(Zyi)Z- (11)

By (@), o Yidei—1 =1, and thus, (@) reduces to

3
3

oz (ow (12)

where equality holds when all dy;_; variables are equal for i € {i:y; #0}.
In addition,

Z @ Z>Z (1—y)=n- Zyl, (13)

=1 =1

where equality holds when dy; =1 for i € {i:y;, #1}.

Thus by (@) and (@)7

1

S n Yi n 1—y; " N
f1(d y) _ n(Zi:l dai_1 + Zi:l do; ) S (Zizl %)2 +n— Zi:1 ”
’ Z:L”:l y’L - nzj 1 yl

Zyl TR

z11

2y/n—1
n b

where the first inequality is tight when the equality conditions in (@) and (@) are satisfied, and the
second inequality is tight when > |y, = v/n.
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For convenience, let k= |\/n] and define SF = {i|y; =1},SF ={i|0 <y, <1},5F ={i|y; =0},
and dy;_; =z for i € SF USY. In addition, we have dy; =1 for i € S¥ U S¥ by the equality condition

of ().
From (@),
. 1

Zz:;?/idm—l: Z Yidoiy =T - Z yi:x.zyi:$ nlex:%‘

iesPuslk iesfusk i=1

Constraint ([L0g|) ensures that S¥ is either a singleton set or an empty set. Given that y; is non-

increasing with ¢ and ", y; = v/n, the only possible scenario for the optimal solution is

1
Jn

all other variables d; can assume any feasible value.

for i € {i:y; #0}, do;=1for i € {i:y; #1},

821'—1 =
Then the optimal value is

In the absence of Constraints (@), both the first term and the second term in the numerator of
the objective function (@) can reach their respective minima simultaneously even when y; is neither
0 or 1, as shown in (@) and (B) Specifically, for ¢ such that y; is strictly between 0 and 1, ds; 4
should be equal to 1/4/n to allow the first term in the numerator of (@) reach its minimum with
fixed Y7 | i, as shown in (), while dy; should be equal to 1 to allow the second term in (@)
reach its minimum with fixed Y7  v;, as shown in (@) However, in the presence of Constraints
(@), dy;—1 is constrained to be equal to ds;, for each i, preventing the first and second terms in
the numerator of () from being minimized simultaneously. This discrepancy, stemming from the
possible existence of Constraints (@), creates the difference between our bound and the BF'T bound
for the price of PF. However, if \/n is an integer, then ¥, , =0, and thus, one optimal solution
could be dy;_1 = do; = 1/y/n for i € [1, k], and dy;_, = dy; = 1 for i € [k+1,n], which already satisfies
Constraints (@) Therefore, in this case, Problem () and Problem (@) without Constraints (@)
have the same optimal value.

Next, we proceed to solve Problem (@) Recall that k= |y/n]. Claims m and E below assert that
the optimal values of the y; variables, ¢ # k + 1, coincide with the optimal values of the 7, variables
in the relaxation of Problem (@) Note that for i # k + 1, the dy;_; = do; constraints are easily
satisfied since either dy; 1 or dy; can assume any feasible value. However, doy 1 and day 2 do not

satisfy (@) We will show that the difference between the optimal solutions of Problem (@) and its
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relaxation stems from the values of y;, ;1 and d;,i < 2k + 2. The proofs of Claims E and E are provided

in Appendix .

Let (d*,y*) denote an optimal solution to Problem (@)
Cram 1. > yre€lk,k+1].

Next we will derive an explicit expression for the optimal value of Problem (@) To that end, we
will keep the constraints dy;_1 = dy; for i =1,...,n, and for simplicity, let ¢; = ds;_1 = do;. By Claims

m and E, we can replace Y1 with (1— 25 ¢;)/¢ps1, leading to Problem (@)

n st o

i = 14
i o) = (1
Cht1
1
s.t. — < << <e, <1, (14b)
n

k

Y a<l, (14c)

i=1
k+1

d a1 (14d)
=1

A key step towards the derivation of the optimal value is the characterization of the optimal

solution, ¢f,i=1,...,n, to Problem (@), as stated in Proposition E

PROPOSITION 5. (1) Whenn=2, ¢ =+/3—1,c5=1.

(2) Whenn>3 andn<k(k+1),ci=---=c;=1/k,c; ., = =c;=1.
(3) Whenn>3 andn>k(k+1),ci=---=ci=1/(k+1),¢cf o ="=c,=1.
Proof.

Claims a - H, whose proofs are provided in Appendix , are used in the proof of Proposition B
CLAM 3. c¢f =1 fori=k+2,...,n.
CLAamM 4. ¢i=cy=---=cj.

Now, for convenience, let z:=¢;(=cy =+ =¢;), and let hy(x,cy1) denote the objective function

() in terms of variables, z and ¢4, after removing the constant 1/n. Then,

P dn—k-1
hai(,cppa) 1= ];_i_ hz : (15)

Ck+1

We next characterize an optimal solution (z*,cf, ) in the next three claims.
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CLAIM 5. ¢, is either max{x,1—Fkx} or 1.

CLAIM 6. When n >3, hi(x,cri1) reaches its minimum either at v =1/(k+1),c,01 =1/(k+1) or
at t=1/k,ci1 =1.

Comparing the objective function values at the two solutions, we have

1 1 1
— < — < .

CLAIM 7. Whenn=2, ¢ =+3—1,¢5=1.

When n = 2, Proposition a coincides with Claim H When n > 3, we have 2* =1/k,c; , =1 if
n <k(k+1), and otherwise, * =1/(k+1),c;,, =1/(k+1), by Claim E
[ |

Proposition B provides a complete characterization of the optimal solution to Problem (a), which

leads to the first main result on the upper found of the POF for the proportional fairness criterion.

THEOREM 1. Consider a resource allocation problem with n players, n > 2, for which the utility set
U C[0,1]™ is compact and convex, and the mazimum achievable utilities of all players are equal.
Let \/n=k+ ¢, where k € N is the integral part of \/n and € € [0,1) is the fractional part. Then,

the tight bound of the price of proportional fairness solution is:

(a) For n=2,
POF@APF)gziJ@.
(b) Forn>3:
(1) Forn<k(k+1),
2/n—1+%

POF(U;PF)<1-—

n

(2) Forn>k(k+1),

2
2y/n—1+ 4"

POF(U; PF)<1—
n

Proof. (a) For n =2, we have g;(c*) = (2 ++/3)/4 by Proposition 57 and

2+v3 _2-V3
4 4

POF(U;PF)<1—gi(c")=1
(b) For n >3, by Proposition E, we have

kol 1 <k(k+1
n +E’ n < k( ),

kool
—+—— n>k(k+1).
+
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Figure 1 Upper bound of the Proportional POF as a function of the number of players.

Thus, if n < k(k+1), then g,(c*) = (n+k(k—1))/nk = (2y/n—1+¢€*/k)/n, and

2/m—1+<
k.

POF(U;PF)<1—
If n>k(k+1), then g;(¢*)=(n+k(k+1))/(n(k+1))=2yn—1+(1—¢€)?*/(k+1))/n, and

(1-¢)?
2\/ﬁ -1+ TRl
" .

POF(U;PF)<1—

The above bounds are tight, as we have explicitly derived in Proposition a the optimal solution to

Problem ()

Figure m plots our bound for the price of proportional fairness, POF(U; PF’), as a function of the
number of players, n. Evidently, the bound increases in n.

Let us consider the relative improvement, A(n), of our bound over the BFT bound, and note
that for /n € N, i.e., e =0, the BFT bound coincides with our bound. Indeed, when /n is an
integer, there exists an optimal solution for Problem (@) without Constraints () which already
satisfies Constraints (@) Thus, the optimal values of Problem (@) with or without Constraints
(@) coincide, both yielding the BFT bound.

A(n): BFT bound — our bound { Wﬁ/ﬁﬂ)’ n<k(k+1); (16)
= - 1—e 2
BFT bound Ty n2k(k+ 1),
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The relative improvement of our upper bound of the proportional POF over the BFT bound.

Figure E plots A(n) as a function of n, and we note that it reaches a local maximum when the number

of players, n, is a product of two adjacent integers, that is, when n =a(a+ 1) for some a € N, as in

the cases when n=6,12, ..., etc. In Lemma m below, whose proof is in Appendix , we formally
prove this result.

LEMMA 1. For any a € N*, A(n) reaches a local mazimum when n=a(a+1).

Finally, as BET (2011) have noted, the price of proportional fairness is relatively small when n is

small. In particular, for n = 2, which corresponds to the Nash Bargaining two-player game setting,
the BFT bound is 8.6%. Our results strengthen BFT (2011) observation. Indeed, as shown in Figures
m and E, for n =2 the POF for our bound is 6.7%, an improvement of 22% over the BFT bound.

3.2. Unequal Maximum Achievable Utilities

We next consider the case where players have unequal maximum achievable utilities. Denote the
maximum achievable utility for player i by L;. Thus, 0 <wu; < L; for all u € U.

To derive an upper bound for the POF in this case, we again start by employing a utility set
U’ DU, as stated in the following proposition. The proof can be found in Appendix .

PROPOSITION 6. Suppose U C {u|0 <wu; < L;;i € N} is a convex and compact utility set, and
maxyey Ui = L; for i € N. Then there exist ¢; € [1/nL;,1/L;], i € N, such that U C U' =

{w|Y"  cu; <1,0<w; < L;,;i€ N}, and max{)  logu;|u € U} =max{) ,  logu;|u e U'}.
Consequently, POF(U; PF) < POF(U'; PF).
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3.2.1. Proportional Fairness To find the PF solution in the unequal maximum achievable

utilities case we need to solve the following optimization Problem (@)

max log(u;), o
(ul’UQ,u.,un) ; g( ) ( )
st 0<w<L, VieN, (17b)

Zciui <1. (17¢)
=1

Let k; =w;/L;, then Problem (@) can be written as Problem (@)

max Zlog(ki)—l—Zlog(Li), (18a)
"=t i=1

(k1,k2,..,
st.  0<k<1, VieN, (18b)
=1

The PF solution in the unequal maximum achievable utilities case is provided in the next propo-

sition. Its proof is essentially identical to the proof of Proposition a and is therefore omitted.

PROPOSITION 7. The unique optimal solutions to Problems (@) and () are k¥ = (1/(nc, Ly),
1/(neyLsy),. .., 1/(nc,Ly)) and utF = (1/(ncy),1/(ney),...,1/(nec,)), respectively.

3.2.2. Utilitarian Solution By Proposition B, the utilitarian solution in the unequal maximum

achievable utilities case is the optimal solution to

max Zui, (19a)

Zciui <1. (19¢)
i=1

Let k; =u;/L;, then the above optimization problem can be written as Problem (@)

max Liks, 20a
(k1,k2,. kn) ; ( )
s.t. 0<k <1, Vie N, (20b)

ZciLiki <1 (20c)
i=1
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Problem (@) is a linear relaxation of the 0-1 knapsack problem with rewards L; and costs ¢;L;.

Thus, its optimal solution is

where

J
(o) =max{j | Y coiyLowy <1}, 6(e):=
i=1

(o)
1= oo Loy

and o(4) is the index of the i*" smallest element in vector c.

Coti(e)+1) Loti(e)+1)

(21)

Without loss of generality, we assume that the L;’s are decreasing, i.e. Ly > Ly > ---> L,,. Then
let us consider the following Problem (@),

n
max E lefl,
(k1,k2,....kn) i=1

st.  0<k <1, 4€N,

i Ca(z’)Liki < 1.
i=1

(22a)
(22b)

(22¢)

Problem (@) is a knapsack problem with rewards L; and costs ¢,(;L;. Compared to Problem (@),

in Problem (@) items with larger rewards, L;, have smaller costs, c,(;yL;. Thus, the optimal value

of Problem (@) exceeds that of Problem (@) Note further that replacing all ¢; with ¢,(;) does not

affect the sum of the players’ utilities in the PF solution. Thus, optimality would be achieved when

1 <y <---<e¢,, and we can therefore assume in the sequel that ¢; < ¢, <---<e,.

3.2.3. The Price of Proportional Fairness Similar to our analysis of the equal maximum

achievable utilities case, to calculate the upper bound of the price of proportional fairness, we solve

the following optimization Problem (@)

min
c,l

s.t.

n 1
(Z?:l ufDF _) Zi:l TCz

Cl41

1 1
— << <, < —
nL1_1_2_ _n_Lna

m

1
—<¢L; <1, i €N,
n

l
Z alL; <1,
i=1
I+1

ZciLi> 1.

i=1

n * 1-5¢ L]
im ¥ Y L4 PRl

(23a)

(23b)

(23c)

(23d)

(23e)

Constraints () and () ensure that [ satisfies the definition of [(c), given in Expression (@)
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Let (¢*:=(c},¢,...,c),1*) denote an optimal solution for (@) The derivation of (¢*,1*) would
yield a tight bound of the POF for the proportional fairness case when players have unequal maximum
achievable utilities.

Recall that, for a resource allocation problem with n > 2 players and a utility set U with a
corresponding positive vector of maximum achievable utilities L = (L1, Lo, ..., L,) > 0, we denote by
POF(U; PF) the price of proportional fairness of a problem instance with a utility set U. The next
theorem derives an explicit expression for the upper bound of POF(U; PF), UB(n,L; PF), with

given parameters n and L, and proves its tightness.

THEOREM 2. For anyn>2 and L= (Ly,La,...,L,) with Ly > Ly >---> L, >0, we have

max {POF(U; PF)|U is convex and compact, dim(U) = n,

(24)

max(U) = (maxuy,..., maxu,) = L} =UB(n,L; PF),
uelU uwelU

where

¢

|- Ea VI T L
[
nZizlLi ’

if Z?=1 L;- Ly < L%,

UB(n,L;PF)=¢ | . { (o VED? S gy L

anzl L; ’
(\/L2+2L1Lo+(L1+Lo) % 5 Li++/L1L2)? . n
\/ : — nlejLQ)z . \/ — }7 Zf Zi:l Li'L2>L%7
/- 1, if S¥ =&,
| max(SY),  otherwise

and 87 = {1 eN* N (20— 1 [ VLI, VI + X0 L) 2250 L S V)

According to Equality (@)7 our bound, UB(n,L; PF), is tight in the sense that for any given
n>2 and L >0, there exists a utility set U for which POF(U; PF)=UB(n,L; PF). Equality (@)
does not hold for the BFT bound except when all entries of L are equal and /n is an integer.

Proof.

To characterize an optimal solution, (¢*,1*), to Problem (@), we start by fixing [ and characterizing
the corresponding minimizers, ¢; (i =1,...,n). The next two claims characterize ¢; for i <[ and

1 > 1+ 2, respectively, except for ¢; 11 whose value cannot be determined. The proofs of the two claims
are provided in Appendix .

Cram 8. ¢;=1/L;, fori=1+2,...,n.

CLAIM 9. 6,/ L1 =Co\/Ly=---=¢/L,.
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Given Claim E, we define y :=¢v/ L. We also define x := ¢; ;1. Then, Problem (@) can be written

as follow:
1 n
. i Zi:l VLi+ i + Zi:l+2 L
PN l SV (252)
'Y, Zi:1 LZ+ Yy zz:l i
Y 1
s.t. <z< , 25b
VLT T L (25b)
1
x> , (25¢)
nli
1 1
SYS 70— (25d)
nv Ly Zi:l VLi

l
yY VLi+zLi>1. (25¢)
i=1

For convenience, we define A(l) :=>\_ /L;, B(l) := > s Li and M(l) == S, L;. Problem
(@) below is a relaxation of Problem (@), derived therefrom by removing the left-hand-side con-
straints of () and ()

A(l)+ 1+ B(l)

1
min f2(x7y7l7L) = .

.1 M (1) + 1—yAQ) (26a)
s.t L <z< L (26Db)
o nLiyt = 7 Ly
1
Yy S AN (26C)
(1)

We next characterize an optimal solution, (z*,y*,l*), to Problem (@) Later, we will show that
(z*,y*,1*) is also a feasible solution to the original Problem (@), and thus, it is an optimal solution
to Problem (@) as well. The characterization of (z*,y*,[*) leads to a complete characterization of
an optimal solution, (¢*,l*), to the original Problem (@) We start by characterizing z* and y* for
a given [* in the next two claims, whose proofs are in Appendix .

Cramm 10. x*=1/Lp .

Cram 11. (1) y* =1/A(l*) when I* =1 with Y | L;- Ly < L}, or when I* > 2.

Finally, it remains to characterize [*. If Z?zl L;- Ly < L2, then, by Claims @ and EI, the objective
function (@) attains the minimum at z* =1/L;=4,y* = 1/A(l*), regardless of whether [* =1 or
I* > 2. Knowing that, we may rewrite the objective function (@) as

L1 (AW + L+ BO) _ (AP +BU-1)
T A@ P H= RT0) B VIO

ha(l) := fa
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In Claim [19 below, whose proof is provided in Appendix , we prove that the objective function
ho(1) is unimodal, i.e., there exists £ € [1,n — 1] such that h(() is decreasing for [ € [1,¢] and increasing
for [ € [¢,n — 1]. Thus, we can search for a minimizer ¢ by comparing hs(l) for successive values of [.
Y Li-Ly>L3 thenx=1/Ly, y=9,l=1,aswellasz=1/L; 1, y=1/A(l),1=2,3,...,n—1,
are all candidates for an optimal solution. So we need to compare the values of f5(1/Ls,9,1; L) and

ho(l) for 1=2,...,n—1.

CLAIM 12. hy(1) is unimodal, i.e., there exists £ € [1,n— 1] such that ha(l) is decreasing for l € [1,4],
increasing for l € [¢,n— 1], and
. 1, if SF =&,
| max(SY),  otherwise
where ST :={l € N* N [2,0 = 1] | VI, V) + X0 L 22300, L 5 V)
Thus, if > L; - Ly < L3, then I* = ¢. If 3" L, L, > L3, then [* is either ¢, if hy(f) <
f2(1/Ls,g,1; L), or 1 otherwise.
So far we have characterized an optimal solution (z*,y*,l*) to Problem (@) It remains to show

that (x*,y*,1*) is feasible to the original optimization Problem (@), and thus, it is an optimal solution

to Problem (@), since Problem (@) is a relaxation of Problem (@)
CrLamM 13. (z*,y*,l*), as characterized in Claims B—, is feasible and thus optimal to Problem (@)

To characterize, ¢*, we set ¢f =y*/\/L; for i=1,2,...,1*, ¢}y =x* and ¢ =1/L; for i =1* +
2,...,n. We thus obtain an explicit construction of an optimal solution, (c*,l*), to Problem (@)
This also confirms the tightness of our upper bound for the price of proportional fairness, as for
any given (L1,...,L,), the upper bound can always be achieved by constructing a utility set U :=
{30 ciu; <1,0<w; <L;, i € N}, which is non-empty since it was verified in the proof of Claim
@ that ¢; € [1/nL;,1/L;] for all 7.

|

The relationship between Theorem 1 and Theorem 2 is formalized in the following corollary, whose
proof is provided in Appendix .
COROLLARY 1. When the players have equal maximum achievable utilities, the bound in Theorem@

reduces to the bound in Theorem B

3.2.4. Worst-Case Bound for the Price of Proportional Fairness Next, in Proposition
E, we derive the supremum of UB(n,L; PF') across all possible values of L, for a fixed n, under
the condition that 1> L; > Ly > --- > L, > 0. The proof can be found in the Appendix .
Investigating this supermum is crucial for understanding the worst-case price of proportional fairness

and its dependence on the distribution of players’ maximum achievable utilities.
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PROPOSITION 8.

1
sup UB(n,L;PF)=1-——,

L: 1>L1>..>Lp,>0 n

where the supremum is approached when L= (1 —¢€,e/(n—1),...,¢/(n—1)) with e — 0.

According to Proposition B, the worst case for our bound for the price of PF is when one player
has a very large maximum achievable utility L, and all other players have very small maximum
achievable utilities.

Next, we calculate the supremum of the BF'T bound for proportional fairness among all L under
the same condition 1 > Ly >--- > L, >0, and compare it with ours. Let BFT(n,L; PF):R" - R
denote the BFT bound of the price of PF for a given n and L. The supremum of BFT(n,L; PF)
over all L has a more complicated expression than the supremum of our bound, but it admits a

simple asymptotic characterization when n is large; see the next proposition, whose proof is in the
Appendix .

PROPOSITION 9.

2
(/)
1
sup BFT(n,L;PF)=1——+ =1-0(
n

L: 1>L1>..>Lp>0 n—1
where the supremum is reached when

L:(\fé L-vo ”71_\/5> andézmn_l. (27)

"p—1"" n—1

The comparison of the supremums of the upper bounds derived in Proposition B and Q shows that
the supremum of our bound, which exhibits an asymptotic order 1 — O(1/n), strictly improves the
BFT bound characterized by an asymptotic order 1 — O(1/n'?%). This improvement is achieved by
deriving a tighter bound for the second term in (H), which represents the ratio of the total utility
gained by a proportional fairness solution to the maximum possible total utility.

We observe that the worst-case L values for our bound and the BFT bound follow the same
pattern, with Ly > L, =---= L,,. However, our bound reaches its supremum when L; is much larger
than L;, whereas the BFT bound reaches its supremum when L; is moderately larger than the L;’s.

In the following section, we will numerically investigate how these two bounds vary with the values

of Ly and L; (i >2) when L satisfies Ly > Ly =+ = L,,.

3.2.5. Numerical Illustration We compare our bound with the BFT bound for the price of
PF under varying structures of the maximum achievable utility vector L = (Ly,...,L,).
We first examine the case where L is structured as L; > Ly = --- = L,,, which was shown to derive

the worst case for our bound and the BFT bound. In the numerical analysis, we consider a scenario
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Figure 3 The two upper bounds of the price of proportional fairness as a function of the variance for n =9 and

for a vector L for which 41 > Lo =---=1L,.

with n =9 where L has the parametric form (a+ (1 —a)/n,(1 —a)/n,...,(1 —a)/n) for a € ]0,1).
By varying «, we generate a family of vectors that maintain the structure L; > L, > --- > L,, and
satisfy > . L; = 1. The corresponding values of our bound and the BFT bound are plotted in Figure
q

From Figure E, we observe that at o= 0, both bounds coincide at a value of 4/9, approximately
0.444. This coincidence occurs because both bounds are tight when the players’ maximum achievable
utilities are equal, i.e., L=(1/9,...,1/9), and n is a square of an integer. As « increases, leading to
greater variance across the L; values, both bounds increase, although the BFT bound increases more
rapidly. Specifically, at a = (3v/5 —1)/8 2~ 0.714, when L coincides with the expression in (@), the
BFT bound peaks at its maximum of 0.897, indicated by the upper yellow dashed line. As o continues
to increase and approaches 1, the gap between the two bounds narrows. At the limit, as a — 1
and L approaches (1,0,...,0), our bound approaches its supremum, as delineated in Proposition E,
marked by the lower yellow line. At this point, the BE'T bound converges to our bound, both equal
to1—1/9~0.889.

When L adopts forms other than L; > L, =--- = L,,, the improvement of our bound over the BFT
bound becomes even more pronounced. Figure H illustrates the comparison of the two bounds for
n =9 when L assumes the structure of (1,1,...,1, L,,), with L,, varying from 1 to 0. As expected, in
the case where L,, =1 and all players’ maximum achievable utilities are equal, both bounds are tight,

having the value of 4/9 =0.444. As L,, decreases, the BFT bound increases faster than our bound.
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Figure 4 The two bounds for the price of PF when n=9 and Ly =Ly =---=Lp_1=1,L, € (0,1].

This reveals a greater sensitivity of the BFT bound to the variance of the maximum utility values
than our bound for the case when L has this structure. The performance of the two bounds behaves
similarly for utility vectors of the form L= (1,1,...,1,L,,_x11,...,L,) when k is a small integer and
L, i1,...,L, varying between 1 and 0. Thus, in scenarios where the maximum achievable utilities
of most players are equal and is very high, but the maximum achievable utilities of a few players are
much smaller and thus possibly difficult to accurately estimate, our bound offers a more robust and
significantly lower estimate for the price of PF compared to the BFT bound.

Finally, we explore scenarios where L does not follow a specific structure. In this study, we fix
n =100 and generate 100 random maximum achievable utility vectors L. The entries of the t'* vector
for t=1,...,100 are independently drawn from a truncated normal distribution with mean 1 and a
standard deviation o, = 0.01(¢ — 1). The distribution is truncated to ensure that all elements of L
remain positive.

Figure a displays the two bounds for the 100 L vectors with varying o;. At g, =0, the situation
reduces to the case of equal maximum achievable utilities L = (1,1,...,1), where both bounds are
tight. However, as o, increases, the value of the BF'T bound increases more rapidly than our bound,
significantly widening the gap between them. The solid lines in the figure represent a nonlinear
regression fit to the values of each bound for the 100 instances.

From these numerical examples, it is evident that our bound consistently outperforms the BFT
bound in situations involving unequal maximum achievable utilities, whether for small or large val-

ues of n. The advantage of our bound becomes more pronounced as the variation among players’
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Figure 5 Comparison of two bounds for the price of PF for varying o

maximum utilities increases, affirming its robustness and effectiveness across a broad spectrum of

utility vector structures.

4. Upper Bounds for The Price of Max-Min Fairness

In this section we improve upon the BFT bound for the price of max-min fairness when the players
maximum achievable utilities are not necessarily equal. Specifically, we prove that the bound we
derive is tight and we investigate the gap between our bound and the BFT bound for the unequal
case. Further, we prove that when all players have equal maximum achievable utilities, our tight
bound for the unequal case reduces to the bound derived by BFT (2011) for the equal case. Thus,
our result theoretically confirms the tightness of the BFT bound for the case of equal maximum

achievable utilities, which was verified by a specific resource allocation problem.

4.1. The Max-Min Fairness Solution

Similar to the PF case, we first utilize a super set U’ of the utility set U, to derive an upper bound
for the price of MMF in a tractable form, as stated in the following proposition. The proof can be

found in the Appendix .
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PROPOSITION 10. Suppose U C {u|0 <w; < L;;i € N} is a conver and compact utility set, and
max{u; |[u €U} =L, fori € N. Then there ezist ¢; €R fori € N, such thatU CU" :={u|>., | ciu; <
1,0<u; < L;, i € N}, and max{min;cy(u;/L;) |uw € U} = max{min;en(u;/L;) |u € U'}. Then,

St L
POF(U;MMF)<1- =5 =1 . (28)
Zi:l ¢Li Zi:l u*(U);

4.2. The Utilitarian Solution

The approach to find the utilitarian solution for U’ is similar to that used to derive the price of

proportional fairness, which involves solving the following optimization Problem (@)

max Z u;, (29a)

(u1,u2;..s
> <1 (29¢)
=1

Let k; =w;/L; for all i. Then Problem (@) can be formulated as Problem (@)

ma; L;k;, 30a
(k1, k27--)f Z ( )
s.t. ngi <1, Vie N, (30b)
> eLik <1 (30c)

=1

Problem (@) is a linear relaxation of the knapsack problem with rewards L; and costs ¢;L;.

Without loss of generality, we assume that ¢; is increasing in 1, i.e.,
< <---<g,. (31)

As before, following BFT (2011), we define

1 —2 ©) LaL;

€10,1). 32
C c+1Ll(c)+1 [ ) ( )

I(c) :=max{j | ZciLi <1},  O(c):=

Then the optimal solution to Problem (@) is given by

1 i=1,...,1(c)
ki=1 d(c) i=l(c)+1
0 i=1(c)+2,...,n,

and the optimal value is Zl(c) L; +6(c)Ligeys1-



Authors’ names blinded for peer review

28 Article submitted to Operations Research; manuscript no. (Please, provide the manuscript number!)

4.3. The Price of MMF

In order to calculate the upper bound of the price of max-min fairness, it suffices to minimize the
negative term on the right-hand side of (@), by incorporating the optimal solution to Problem (@)
derived above. Let [ denote I(c), and consider the optimization Problem (@)

min  f3(¢,l; L) := Cir1 iy Li ’ (33a)
o (i) - (Cl+1 Zé:l Li+1- Zizl CiLi)
s.t. <y <<y, (33b)
eLi<1, i€N, (33¢)
i e <1, (33d)
i

> aLi>1 (33e)
=1

The first Constraint, (), is from (@) Since (0,...,L;,...,0) €U for all i and U CU’, we have
0,...,L;,...,0) € U’, which implies Constraint () Constraints (B3d) and (B3d) ensure that [
satisfies the definition of I(c), given in Expression (@)

We next derive a tight bound for the prices of max-min fairness for a resource allocation problem
with n > 2 players, where the utility set U is assumed to be compact and convex, and the maximum
achievable utilities are assumed, without loss of generality, to satisfy Ly > Ly >---> L, > 0. We will
show below that we can simultaneously assume both ¢; < ¢y <---<c¢,and Ly > Ly >--- > L,. Recall
that POF(U; M M F') denotes the price of max-min fairness for a problem instance with a utility set
U, and let UB(n,L; MMF') denote the upper bound that we will specify in the next theorem.

THEOREM 3. For anyn>2 and L= (Ly,Ls,...,L,) with Ly > Ly >---> L, >0, we have

max {POF(U; MMPF)|U is convex and compact, dim(U) =n,
(34)
max(U) = (meagcul, . ,mEag;un) = L} =UB(n,L;MMF),

where e
— 1*4+12.5=1 L4 . M
! (L Lt (=1 +1) Lyx 4 1)2] if Si' # 2,
UB(n,L; MMF) =

n oL . M
11— ==l if St =0
S Li(n—1*+1)” /5 ’

l*:{maxslM, if S+,

min S, if SM =g,
and SM = {leN* |(n—1 =1Ly <Y L <(n—1+1)Li}, S¥:={leN*t | L;>(n—1+
].)LlJrl},
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Proof.

The proofs of all claims used to prove Theorem E are in Appendix .

Let (¢* :=(¢})iz12,...n, ") denote an optimal solution of Problem (@) As before, we first charac-

terize the minimizer ¢; for 4 >[4 2 corresponding to a given [.
Cram 14. ¢;=1/L; fori=142,...,n.

To simplify the notation, we define

1 l
Ti=Cr1,Y = ZCiLi7 and A := ZLZ"
=1 =1

According to Claim @, Problem (@) can be reformulated as Problem (@)

z E?:l L;

M n—l—l4eLo)(Arti—y) (35a)
s.t. y < Az, (35b)
0<zL;;<1, (35¢)
O<y<1, (35d)
y+aLl; > 1 (35¢)

To solve Problem (@)7 we first fix the value of [,1 € [1,n — 1] and characterize the corresponding
optimal values of z,y. Note that if [ =n, then > "  ¢;L; <1 and thus L:=(Ly,Ls,...,L,)€U. In

this case, both the utilitarian solution and the MMF solution are L, with a corresponding POF of

0, which is not an interesting case to explore.

Let g3(x,y;1) denote the objective function without the constant " | L; in (), ie.,

g3(z,y;1) := (

T
y+n—Il—1+xzL)(Az+1—vy)’

For a given [, we have the following characterization of z*, y*, and g3(z*,y*;1).

Cram 15. If A<(n—1—1)L;4q,

1 1 1
re|l—— —], =1—x"L 4, ¥y l) = ;
el U s 9@y = E AT
[f(n—l—l)LH_l<A§(n—l+1)Ll+1,
1 1 4044
Tt = , = —n—+Il+1), s(x*,y"; 1) = ;
oo VT3 S R D el wroy ey B y A
IfA>(n—1+1)L,
1 1
€ Ll+1, Yy ) g3(x s Y3 ) A(n—l+1)



Authors’ names blinded for peer review

30 Article submitted to Operations Research; manuscript no. (Please, provide the manuscript number!)

We next characterize the order of the L’s at optimality. For convenience, we introduce p(A4, L, 1;1),

defined as follows:

( A<(n—1—-1)Lyy,

.
(n=0(A+Lj4q1)’

(A, Ly )= g5(2", 57 D) = § Grgredrnye (1= DL <A< (n=14+ 1Ly, (36)

\ AT A>(n—=1+1)L1,.

CrLAM 16. p(A, L. q;1) is decreasing both in A and L.

Since A = Zizl L;, the internal order of L; to L; does not affect the value of A and thus, does
not affect the objective function value. Therefore, without loss of generality, we assume that L,
to L; are arranged in a descending order. Then, according to Claim @, the permutation of the
L!s that would minimize p(A, L;;1;1) should satisfy: Ly > Ly > -+ > L; > Lyyo, Ly > Lyyo and
Ly o>L;3>--->L,. In fact, in Claim @ below we prove that the L’s should be in descending

order overall, i.e., L1 > Ly >--- > L,,.

CrAM 17. The value of p(A, Lii1;1) is minimized with respect to the L;,i=1,...,n, if they are

arranged in a descending order.

Next we discuss the value of [ at optimality. For convenience, we define

l
Sy ={leN|) L;<(n—1-1)Li},
=1

l
S i={leN"|(n—1-1)Liy <Y Li<(n—1+1) Ly},

i=1

!
Sy ={1eN*|> L;>(n—1+1)Li}.
=1
CrAm 18. Let I* denote an optimal value of I. If SM # &, I* =max SM, otherwise [* = min S}

Now, [* =max S, corresponds to the second case in Claim @ Thus, g(z*,y*;1*) =4Lp 11 /(A+
(n—10"4+1)Lj»41)* and 1 — POF(U; MM F), which is the objective function of Problem (@), is given
by 4Lp1 Y0 Li/(A+ (n—1* 4+ 1)Ly« y1)?. Similarly, * = min S3* corresponds to the third case of
Claim [l Thus, g(z*,y;1%) = 1/A(n — * + 1) and 1 — POF(U; MMF) =" L;/A(n — I* + 1),
and we have derived the expressions for the upper bound for the price of MMF given in Theorem E

Finally, for any vector of maximum achievable utilities, L, we construct below an instance of U

to illustrate that the above values of I*, x*, and y* (or ¢*) can be achieved, which implies that the
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upper bound in Theorem E is tight. Specifically, for a given L = (Ly, Lo, ..., L,), we can derive the

corresponding SM,SM and [*, and define:

Ll*+1
1 if * =min S}M.

o
Vo { %(Li:l% —n+1*+1), ifl*=maxSM,
If I* =maxSM, (n—1* — 1)Ly, < Zill L;, and thus Y is always positive. We then construct a
utility set U={u|0<wu; <L;, > c;u; <1}, where

Y L *
o= ﬁ Z—l,...,l,
T .

Lo i=r+1,... n.

L;

Now, recall that to obtain the MMF solution, we initially maximize the minimum ratio of play-
ers’ utilities to their corresponding maximum achievable utilities, i.e., max, ey min;ey u;/L;. In the
above specific example, the solution to this max-min optimization problem can be shown to be
w:=L/(Y +n—10*),L/(Y +n—1"),...,L, /(Y +n —[*)), at which, obviously, all the ratios
of the players utilities to their maximum achievable utilities are equal. Since at u, the constraint
Zizl ciu; <11in U is satisfied as equality, and since all ¢}s are positive, any increase in the utility of
any of the players will violate this constraint. Therefore, w must be the MMF solution.

Furthermore, since the utilitarian solution, w*, for this example is w* = (Li,...,L;, (1 —

Y) L+ 41,0,...,0), the price of MMF for this example is

n MMF
POF(U:MMF) =1 2=t

*

Zi:l U;

. ALpx 1 35y Ly % M
i=1Li 1 (Zi*:l Li+(n—U*4+1)Ljx 1 1)? ire Sl ’
1 _ Y+n—I1* _
= 7 =
Zz:l + ( ) *+1 1 Zz:l L l* c Sé\/[

Y Li(n—lr41)

We conclude that (@) is indeed satisfied for the above example, which establishes the tightness of
our bound for the price of max-min fairness. In contrast, for the BFT bound, in general, (@) is not
satisfied.

We note that in the special case when all players have equal maximum achievable utilities, that is,
when L; = Ly =--- = L, our upper bound, UB(n, L; M M F'), reduces to the BFT bound. Therefore,
in some sense, our result theoretically confirms the tightness of the BFT bound in this case, which
was shown by BFT (2011) to be tight for a specific resource allocation problem.

BFT (2011) provide an example where the maximum achievable utilities vector L has a special
structure, Ly = Ly = -+ = L41y)2 > 1, Ln43)/2 = L(n45)2 = - -+ = L, = 1, for which their bound is
achieved. As we show below in Corollary E, whose proof is in Appendix , also in this case, for
a more general maximum achievable utility vector, L, Ly = Ly = - -+ = L, /2|11, equality (@) holds

and our bounds reduces to the BFT bound.
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COROLLARY 2. (a) For Ly =Ly=...=L,, our upper bound reduces to the BE'T bound for the case

of equal mazximum achievable utilities, i.e.,

4

UB(n,L; MMF)=1— ——_

(n+1)2
(b) For Ly =Ly ="---=L|y2)41> L|n2j12 > -+ > Ly, our upper bound reduces to the BFT bound
for the case of unequal mazimum achievable utilities, i.e.,

A" L

UB(n,L;MMF)=1—- —==""

(’I’L, ) ) (n+ 1)2L1

4.4, Worst-Case Bound for the Price of Max-Min Fairness

Similar to the proportional fairness scenario, we investigate the worst-case upper bound for the
price of max-min fairness, which is the supremum of UB(n, L; MM F') across all possible vectors L
under the condition that 1> L; >---> L,, > 0. The forthcoming proposition demonstrates that the
supremum of UB(n, L; MMF) is also 1 — 1/n, which coincides with the upper bound supremum for
the price of proportional fairness. The proof can be found in the Appendix .

PRroPOSITION 11.

1
sup UB(n,LyMMF)=1——.
n

L:L;€(0,1],L1>>Ln

where the supremum is approached when L= (1—¢€,¢/(n—1),...,¢/(n—1)) with e — 0.

Next, let BFT(n,L; MMF') denote the BFT bound of the price of max-min fairness with input
parameters n and L. The next proposition characterizes the supremum of BFT (n,L; MMF') over

all L such that Ly > Ly, >---> L,, > 0. Its proof can be found in the Appendix .

PROPOSITION 12.

4 1

sup BFT(n,L;MMF)=1— 1-0(=).

L: 1>L1>>Lp>0 (n+1)2 B

where the supremum is approached when L= (1—¢,¢/(n—1),...,¢/(n—1)) with ¢ — 0.

For alln>2,1/n>4/(n+1)? Thus, the supremum of the BFT bound is strictly larger than that
of our bound for all n > 2. When n is large, our bound, 1 — 1/n, asymptotically improves the BFT
bound, which is 1 —O(1/n?).

Finally, it is important to note that for the price of max-min fairness, both our bounds and the
BFT bounds approach their supremum values as L tends towards (1,0,...,0). This contrasts with
the proportional fairness scenario, where our bounds and the BFT bounds reach their supremum

values under different worst-case L configurations.
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4.5. Numerical lllustration

We compare the two upper bounds for the price of max-min fairness through numerical analysis.
Similar to the PF scanario, we begin with n =9 and where L assumes the parametric form (a+
(1—a)/n,(1—-a)/n,...,(1 —a)/n) for a within the range [0,1). Figure B illustrates the behaviour
of our bound and the BFT bound as « varies from 0 to 1. At =0, L=(1/9,...,1/9), where
both bounds are tight and yield a value of 0.64. As « increases, so do both bounds. As a — 1, each
bound approaches its respective supremum, indicated by the yellow dashed lines. The values of these

supremums are detailed in Proposition El and @
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@
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Figure 6 The two upper bounds of the price of MMF' as a function of sample variance for n =9, and a maximum

utility vector L for which Lo =---= L,,.

We further evaluate the performance of the two bounds when L lacks a specific structure. Setting
n =100, we generate 100 random vectors of maximum achievable utilities, L. Every entry of the #**
vector (t=1,...,100) is independently drawn from a truncated normal distribution with a mean of
1 and standard deviation of o, =0.01(¢ — 1). We compute the BFT bound and our bound for these
100 L vectors, with the results displayed in Figure B At 0, =0, both bounds are tight and yield
a value of 0.961. However, as o, increases, a notable widening of the gap between the two bounds
is observed in Figure H We also observe that the improvement of our bound over BFT bound for
the price of max-min fairness is more significant compared to the PF scenario, which aligns with the

theoretical result that the improvement is 1/n — O(1/n'?%) in the PF scenario and 1/n — O(1/n?)
in the MMF scenario.
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Figure 7  The two upper bounds of the price of MMF.

5. Conclusion

We have derived tight bounds for the price of proportional fairness for all positive integers n and for
both the equal and the unequal maximum achievable utilities cases. As such, we improved on the
bounds derived for this case by BFT (2011). Specifically, their bound for the price of proportional
fairness is tight only when y/n is an integer and when all players have equal maximum achievable
utilities.

We have also studied the price of the Max-Min fairness (MMF) criterion, which is a fairness in the
spirit of Rawlsian justice and is consistent with the Kalai-Smorodinsky solution for the two-player
case (see BFT 2011). BFT (2011) have derived a tight bound for the price of MMF only when the
maximum achievable utilities for all players are equal. By contrast, we have derived a tight bound
for the price of MMF for the unequal maximum achievable utilities case, which reduces to the tight
bound derived by BFT (2011) for the case of equal maximum achievable utilities.

For both fairness notions, we have also studied the sensitivity of our bounds and the BFT bounds
to the variability of the maximum achievable utilities. Both bounds increase with the variability
of the maximum achievable utilities, but the BFT bounds increase at a faster rate. The numerical
experiments reveal that for maximum utility vectors with or without a special structure, our bounds
significantly improve upon the BFT bounds for both fairness criteria.

Finally, for the unequal maximum achievable utilities case, we have introduced, for both fairness

criteria, the notion of the worst-case price of fairness in terms of the maximum achievable utilities.
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We have proven that for our bounds, both for the PF and MMF criteria, the worst-case of the
POF is 1 — 1/n. In contrast, we have proven that the BET supremum bound for the price of PF is
1—0(n'?®), and that of MMF is 1 — O(n?). Therefore, our bounds asymptotically improve upon the
BFT bound for both fairness criteria when there is a large number of players. The characterization
of the worst-case maximum achievable utility vectors should also help the decision maker understand

in which scenarios it is most costly to implement a fairness solution.
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Endnotes

1. See https://optn.transplant.hrsa.gov/data/
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EC.1. Proof of Propositions @ -

PROPOSITION m Suppose U C {u = (uy,u,...,u,)|0 <w; <1,i€ N} is a conver and compact
utility set, and max{u;|u € U} =1 for i € N. Then there exist ¢; € [1/n,1], i € N, such that U C
U'={u|d> cu <1,0<wu; <1,i€ N}, and max{) ;  logu;|u € U} =max{) ;" logu;|u €
U'}. Consequently, POF(U; PF) < POF(U'; PF).

Proof. Let v denote the optimal solution to max{}, logu;|u € U}. Define v(u) :=
>o"  logu; and denote by V(v(v)) the gradient of v(-) at v. Since U is convex and compact, and
the objective function v(-) is concave, the necessary and sufficient optimality condition is

(u—v)TV(u(v)):i(Z?—1)<o@§n:ciui<1, Vuel, (EC.1)

i=1 i=1
where ¢; := 1/(nv;). Therefore, the optimality condition implies that U C U :={u|> ;" c;iu; <1,0<
u; <1,i€ N}, for ¢; =1/(nv;).

We claim that v is also the optimal solution to the optimization problem to derive the PF solution
with respect to U’, i.e., max{>"""  logu;|u € U'}. Indeed, since v € U CU’, v is feasible to this opti-
mization problem. Further, for all uw € U’, we have >  c;u; =Y . u;/(nv;) <1. Thus, v satisfies
the necessary and sufficient optimality condition ([EC.1|). Therefore, v is also the PF solution with
respect to U’'. We thus have u”¥(U) = u"(U").

Given that U C U’, we have >, uf(U) <> . u;(U’), where uf(U) and u;(U’) denote player i’s
utility at the utilitarian solution with respect to U and U’, respectively. Therefore, by the definition
of the POF, ie., (), we have POF(U; PF) < POF(U'; PF).

Finally, since 0 <wv; <1, we have ¢; =1/(nv;) > 1/n. Let e, denote a vector whose i-th element is
one and all other elements as zero. By assumptions of U, e; € U and thus e; € U’ for i € N. Then

Z:’L:l CiU; S 1:>Cl§1 ]

PROPOSITION E uPF(U") = (1/ncy,1/ney, ..., 1/nc,) is the unique optimal solution to Problem (E)

Proof. Since ¢; > 1/n, we have ul’*(U’') < 1. So u”¥(U’) is a feasible solution to (E) For any
feasible uw € U, (uw —u"(U"))"V(v(u"7(U"))) =Y 1 (u; — T (U")) JuP T (U') =37 neiu; —n <

0, which implies the optimality of w”¥(U’). Finally, since in (E) we maximize a strictly concave

function over a convex compact domain, the maximizer must be unique. |

PROPOSITION B Problems (a) and () are equivalent.
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Proof. (I) For any feasible solution, (¢,!), to Problem (a), we can associate a feasible solution,

(d,y), to Problem () as follows:

1, ifi <1,
For each i,i=1,...,n,  dy 1 =dy=c;, and yp={ =2i=18 =141, (EC.2)
0, ifi>1+2.

We will show that (d,y) is feasible for (@) By (), (@) hold, and by (@), (@) are also
satisfied at (d,y). Further, (@) holds since

n l l
-5 ¢
Zyid%q = ZCi + L ey = 1.
i=1 i=1

Cl41
By (@) and (@), we have
!
1—> i G c
Ci+1

Therefore, () and () are satisfied at (d,y).
In addition, examining (), we have for any i 1+ 1, \/y; —y; =0, so

Y1 = [07 1)

n n

Z(\/E_yi):m_ylﬁ-l:H(@_yi‘i‘l)—l.

i=1 =1
Finally, we show that fi(d,y) = fo(c,l) for any feasible solution (¢,!) to Problem (E), and the
corresponding solution (d,y) defined in ([EC.9). For the numerator,

1 Yi L=y, 1 vi -y 1
n (d2i71+ dy; )_HZ(Ci+ C; )_chi’

i=1 i=1 v i=1

and for the denominator,

- 1-— l C;
Zyi=l+yz+1+0=l+£.

im1 Cl41

(IT) Next we show that for any feasible solution, (d,y), to Problem (@) we can find a corresponding
feasible solution, (e¢,!), to Problem (B), such that they achieve the same objective function value. By
Constraints (@)—(), y; is decreasing in 7, and there is at most one y; which is neither 0 nor 1.
Let y,. be the last variable equal to 1, ie., yp =1,yr1 < 1. Then y; =1 for i <k, 0 <y, <1 and
y; =0 for ¢ > k+ 2. Then, a feasible solution (c¢,!) of Problem (a) that corresponds to (d,y) has the

following expression:

Ci:dgi_l forizl,?,...,n, l=k.

By (@), we have

k+1 k

k k n n
Z dyi—1 = Z yidm‘—l < Z yidm‘—l =1, and Zd%—l = Zyz‘dzi—l + d2k+1 > Z yz‘d%—l =1.
i=1 i=1 i=1 i=1 i=1 i=1
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Therefore,
I+1 k+1

ch de 1 <1, and ZC’ ngz 1>1,

and thus (@),(@) are satisfied.
Finally, we show that fy(c,l) = fi(d,y). For the numerator,

1 Y
chz P nd2, 1 z; dgl 1 dgi )7

and for the denominator,

@ ke 1= yidais

:k+yk+1zzyi-

[+
Cit+1 dok11 i1
[

EC.2. Proof of Claims [l - B
CLAIM m S yrelk k+1].

Proof. First, the following two solutions are feasible to the original Problem (@)

(dy):di=dy=---=dy =, dyy = =dy, =Lyt = =4 =L ghy = Yo = =y, =0

(d”,y’) d// d// :dgk+2:k—ﬂ7d’2’k+3:...:dgnzl’yilz...:yl’c’+1:17yl’€’+2:y;€’+3:...:
yn =0.

For convenience, we define go(y) and gpprr(y) as follows: go(y) := ming f1(d,y) s.t.(@) -
(),gBFT(y) :=ming f1(d,y) s.t.(@), (Lod) — () Therefore, go(y) and gprr(y) give the objec-
tive function value of the optimization problem that gives our bound and BFT bound for a given
y, respectively. Since the optimization formulation for the BFT bound includes an extra constraint
(@), we have go(y) > gprr(y) > fi(d,y). Next, we will show that for any y such that > y; <k
or Y. y; >k+1, we have go(y) > go(y’), so that y is not optimal. Thus, at the optimal solution
(d*,y*), we must have > 1" yr € [k, k+1].

Recall that f1(d,y) = (1/n S0, (ys/dais + (1= y;) /da)) /31y v By Inequalities (19) and (3),

we have

fild,y) >~ Zy s,

1 1yz
where equality holds when all dy;_; variables are equal for ¢ € {i:y; #0} and dy; =1 for i € {i:y; #
1}. For v/, these conditions are satisfied by d'. Thus, d' € argmin, f1(d,y’). Furthermore, (d’,y’)
satisfies all the constraints of Problem (@), and thus we have

90(¥") = 9prr(y') = S Zyz 1)=l(k+%—1)-

zlz
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Similarly, we have

1 n
1" — / dl/ // _1 — k .
0oy = gmer(y) = fi( Zy st D=k )
(a) For any y such that >  vy; <k, we have
1 n , ,
90(Y) = gprr(y Zyz ST )>E(k+g_1):gBFT(y):gO(y )-
z 191
(b) For any y such that > | y; > k+1, we have
> i n k; 1 — 1 .
90(y) = gprr(y Z@/ ST -1)> ( +7k+1) gsrr(Y") = 90(y")
[
N * * * * *
CLAIM yi=ys=-=yp=Lyi,=-=y,=0.

Proof.  Since y; is decreasing with 4, we only need to prove that y; =1 and y;_,, = 0. Suppose

yp # 1, then if y; =0, y;,, = --- =y, = 0 because y; is decreasing with 4; or if 0 < y; <1, then
Yipr ==y =0 as Constraint () ensures that at most one y; can be strictly between 0 and 1.

Thus, S0y = S2F  yr <k, contradicting Claim m Therefore, we have y; = 1.
Next, we claim that y;,, = 0. To show that, if y;,, =0, the conclusion holds as y; is decreasing
with 4; if 0 <y, <1, it holds due to Constraint (), if y;,, =1, it holds because Y y; must

be no larger than k + 1, as required by Claim m ]

CLAIME ci=1fori=k+2,...,n

Proof. Suppose, on the contrary, that there exists [ € {k+2,...,n} such that ¢; <1. Then let
c¢;=cf fori<l—1and ¢, =1 for ¢ > . By construction, ¢’ satisfies () Since the first k41 terms
of ¢’ and ¢* coincide, ¢’ also satisfies () and (), and we conclude that ¢ is feasible for Problem

(4.

Since the objective function () is a decreasing function of the coefficients ¢; for all [ > k+2, ¢’

attains a strictly lower objective value than ¢*, which contradicts the optimality of c*. |

CLAIM@ ci=cy=--=c.

Proof. Suppose, on the contrary, Claim @ does not hold. Let ¢ = (Z
and let ¢/ = ¢} for all i >k + 1. Since S

i1 Z>//€ for all ¢ <k,
Zf ¢/, " is feasible to Problem (@)

7,11
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Using Claim E, the objective function in Problem (@) can be reformulated as

Ziﬁll C% +n—k—1
1_22‘:1 S '

Chk41

9~1(017-~7Ck+1) =
k+

Since the harmonic mean is always no larger than the arithmetic mean, we have

L Zats ! zllfrz@ okl

gl(clﬂ"'7ck+1)_ I 1— Z 1-3k er k 1— Z 1-3k o o’

+ k:Jrl + kJrl
Zflcll+ // +7’L k—1 ~
/1
= Ic o f(cl7 Ck+1)’

k:_|_ 1 1¢ Z Lai=1 "5

k+l

where equality holds only when ¢* = ¢”. Therefore, if ¢* # ¢”, ¢’ yields a strictly lower objective

function value than ¢*, which contradicts the optimality of ¢*. |

CLAIM B Ciyq s either max{x,1 —kx} or 1.
Proof. Recall that, after removing the constant 1/n, the objective function () reduces to:

By

+n—k—1
Ck+1
k + 1—kz

Ck+1

h1($>ck+1)

The partial derivative of hy(z,cxy1) with respect to ¢y is given by

ah1($,0k+1) _ 1
ﬁckH (k'Ck+1 + 1—kx

(k-1 Bk k). (EC3)

and note that its value is independent of ¢ ;. That is, Oh (2, cxy1)/Ock1 is either always positive, or
always negative for all ¢, € [max{x,1 — kx},1]. Thus, hy(z,cx.1) attains its minimum at one of the
two endpoints of the feasible interval for ¢, 1, implying that ¢}, is equal to either max{z,1 — kx}

or 1.

CLAIM E When n >3, hi(z,cry1) reaches its minimum either at t=1/(k+1),c,1 =1/(k+1) or
at t=1/k,ci1 =1.

Proof. By Claim a, we know that ¢, is either max{x,1 —ka} or 1.

(1) If ¢;, =max{x,1 — kzx}, then we can characterize z* as follows.
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(i) f x€[1/n,1/(k+1)], we have ¢;,, =1 —kx, and

(’,%i—l—1_1k1)-(kx+1—kx)+n—k—1 S (k+1)*+n—k-1
k+1 - k+1

n
:k‘ —_—
+k:+1’

hi(z,cp ) =hi(z,1—kz) =

where equality holds when x =1/(k+1).
(i) If x € [1/(k+1),1/k], we have ¢}, =z, and

hl(m,czﬂ):hl(az,aj):k+1+(n—k—1)x2k+kL+1,

where equality holds when z=1/(k+1).
Thus, in this case, hi(z, cxy1) reaches its minimum at =1/(k+1),cp01 =1/(k+1).
(2) If ¢;,, =1, then we let hy(z) == hi(x,1) = (k/x +n—k)/(k+1— kz). The partial derivative of
hy(z) is given by

- k(n—k) , 2% k+1
hy(z) = —— :
() (k41— kx)%x? (ZU e n—k)

Note that the sign of 2} (z) depends on the expression in the last bracket, denoted by A ().
Clearly, h/)(z) increases with . Now, we show that k) (1/k) <0 when n > 4, and the case n =3
will be subsequently considered. Indeed, if it is true, then A} (x) <0 for all z <1/k, and thus
hy(z) reaches its minimum at = =1/k.

Suppose, on the contrary, that Bg(l /k) >0, which implies that
K+ — k> k. (EC.4)

Let Z denote the positive root of hf(x) = 0. Then h,(z) reaches its minimum at Z, and we know
that T < 1/k.

By optimality of the solution (Z, 1), the value of hy(x,cry1) at =T, cx1 = 1 is smaller than
that at x =1/(k+1), cxp1=1/(k+1), ie.,

Evn—k _(k+1)24+n—-k—1
kE+1—kx — kE+1 ’

which implies that
(K*+k+n)z*—(k+2)(k+1)T+k+1<0. (EC.5)
By (), we have
0> (kK*+k+n)z>— (k+2)(k+1)T+k+1
> (k*+2k)2° — (k+2)(k+ )T+ k+1 (EC.6)
=k -1)((K*+2)T—k—1)+k(k—2).
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When n >4, we have k = |/n| > 2. Furthermore, since 7 < 1/k and k > 2, it follows that
kT —1<0,(k2+2)F—k—1<2/k—1<0, and k(k—2) > 0, which contradicts (EC.6). Therefore,
ho(1/k) <0 and thus 2* =1/k when n > 4.

We will next show that n =3 does not fall under this case, but rather under the previous
case, i.e., cj,, =max{z,1—kz}=1/(k+1). We have k= [v/3] = 1. It is sufficient to show that
hi(z,1) > hi(1/2,1/2) = 5/2. Indeed,

5 S2+1-3_V10-3
g x > .
M) =g ="F= =275, >0

CLAM [l Whenn=2, ¢;=v3—1,c5=1.

Proof. Note that for n =2,k = [v2] = 1. By (), we have x > 1/2 and ¢y < 1. Thus, the

partial derivative of h;(x,c;) with respect to ¢y, as shown in , is non-positive, i.e.,

8h1($,02) _ 1—-2x <0.
Ocs x(ca+1—1x)% —
Thus, we have c; =1. Then,
~ 1+=2x
h =h 1)=—
1(:6) 1(‘T7 ) I‘(2—$)7

whose derivative is:
B,(x)_xz—i—Qm—Q <0, xe[%,\/§—1];
220 — 22)2 >0, rzc(v3-1,1].

Thus, hy(x) reaches its minimum at  =+/3 —1 and hy(x) = (2+/3)/4, i.e., ¢; =3 —1.

EC.3. Proof of Lemma m

LEMMA [l For any a € NT, A(n) reaches a local mazimum when n=a(a+1).

Proof. For any integer n > 2, there exists a € N such that n € [a?, (a +1)?). We will show that
when n € [a?,a(a + 1)], A(n) increases with respect to n; and when n € [a(a + 1), (a + 1)?), A(n)
decreases with respect to n. Therefore, A(n) reaches a local maximum when n =a(a+ 1). Note that
k=|vn|=a,e=+/n—a.

(1) When n € [a®,a(a+1)), by (@), we have A(n) = (y/n—a)?/(a(n —2y/n+1)), whose derivative

is:

o (i—a)a—1)
A= e =
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(2) When n € [a(a+1),(a+1)?), by (@)7 we have A(n) = (1—+v/n+a)?/((a+1)(y/n—1)?), whose
derivative is:

N (1-vn+a)a

=— <0.

(a+ Dv/a(yn—1)°

EC.4. Proof of Propositions H E and E

PROPOSITIONB Suppose U C{u|0 < wu; < L;;i € N} is a conver and compact utility set, and
maxyey u; = L; for i € N. Then there exist ¢; € [1/nL;,1/L;], i € N, such that U C U’ =
{w|Y"  cu; <1,0<w; < L;,;i€ N}, and max{)_  logu;|u € U} =max{) logu;|ueU'}.
Consequently, POF(U; PF) < POF(U'; PF).

Proof. By definition, U is a subset of a polyhedron with constraints 0 <wu; < L;,i € N. Let K
denote a transformation of U such that K = {(ki,ks,...,k,)|(k1L1,koLo,... k,L,) €U}. Then K
is a subset of the unit cubic, i.e., K C[0,1]™.

By Proposition m, there exist a; € [1/n,1], i € N, such that K C K’ = {k := (ky,ka,...,
ko) |00 aik; <1,0<k; <1,i€ N}, and max{)_  logk; |k € K} =max{> .  logk;| ke K'}.

Finally, we derive the expression of U’ corresponding to K'. Let ¢; =a;/L; € [1/nL;,1/L;], i € N.
That is, U' = {w|(u1/L1,us/Ls,...,u,/L,) € K'} ={u|> " ciu; <1,0 <u; < L;,i € N}. Then,
max{> " logu;|u € U} = max{> "  logk;|k € K} +>." logL; = max{> . logk;|k € K'} +
Sor log Ly =max{>"""  logu; |luecU'}. u

PROPOSITION B

1
sup UB(n,L;PF)=1——,
n

L: 1>L1>..>Lp,>0

where the supremum is approached when L= (1—¢€,¢/(n—1),...,¢/(n—1)) with ¢ — 0.

Proof.
From Theorem E, UB(n,L; PF) has the following two possible expressions:

(C VI + Y0 L

UB(n,L; PF)=1—min . ; (EC.7a)
IEN nY | L;
Li+2L,L Li+L Y Li++LiLy)?
UB(n,L;PF)=1-— (VI3+20Ly+ 51(2++ 2) )22313 VL) (Only possible when (EC.7b)
1+ Lo

> Li-Ly>1}).
=1
(1) If UB(n, L; PF) is given by (EC.7d), then

l n l n
(Zi:l \% Li)2 + Zi:l+1 L min Ei:l L; + Ei:l+1 L

UB(n,L; PF)=1—min . <1- .
leN ”Zi:l Li leN nzz‘:1 L'L (EC 8)
1 m o L 1 '
:1———min£<l——.
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(2) If UB(n, L; PF) is given by (EC.7H), then

(VLI34+2L Lo+ (L + Lo) Y.y Li + /L1 Ly)?

UB(n,L;PF)=1-

n(Ll +L2)2
WA L) ST L I+ VI L)
n(Ly + Ly)?
(\/(Ll‘f‘LQ)Iﬁ—L%—I—\/E)Q n
To .
<= By Y Li-Ly>L}) (EC.9)
n(Ll +L2)2 —
(L, % ++/LiL,)?
—1—
n(L; + Ly)?
2
<]1-— M =1— l
n(Ly + Lo)? n

Thus, for any vector L of maximum achievable utilities, UB(n,L; PF) < 1—1/n. We next prove
that sup, UB(n,L; PF)=1—1/n.

Indeed, we will show that for any positive 6 and a number smaller than 1 — 1/n — §, there
exists a vector of maximum achievable utilities L*, for which UB(n,L*; PF') >1—1/n — . Specif-
ically, let Li:=1—¢€, and L} :==¢/(n — 1),i = 2,3...,n, where € is sufficiently small (e.g., € <
(2n—1—+/4n—3)/(2(n —1))) so that >  Lr- L5 < L% Then, for any given § > 0, by choosing
e =min{nd/(2+né),(2n —1—+/4n—3)/(2(n — 1))}, we have

l—et+(1-1)/;5)+(n—1);5
UB(n, L PF) =1 — min L= DV + (0= D35

leN n(l—e+(I—1)e)
1 1 1

>1-— 21———§>1———5.
n(l—e) n 2 n

PROPOSITION @

2
(-
1 " 1
sup BFT(n,L;PF):l—E—i- =1-0( )

L: 1>L1>..>Lp>0

where that supremum is reached when

Lz(\/g,l_\/g ...,1_\/S> andézm.

n—1"~ n—1

Proof.
From BFT (2011), we have

BFT(n,L;PF)=1-"Y—_~2n_ ~ 4
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Note that we can assume, without loss of generality that > | L, =1, since for a normalized vector
L' with "' | L!=1,BFT(n,L; PF)= BFT(n,L’; PF). For convenience, define 6 := (2y/n —1)/n.

Then, we have

1 )
BFT(n,L;PF)=1——+(1——)L,.
n L1
By definition, since L,, is the smallest component of L, the average of Lo, Ls,...,L,_, is greater

than or equal to L,, i.e.,

@ZLné[qSl—(n—l)Lm
n—
which implies that
BFT(n,L;PF)=1 1+(1 5)L <1 1—I—(l 0 )L (EC.10)
n, L; =1--— -5 ) sl—== - ne :
T n L, n 1—(n—-1)L,

To find the maximum of the right hand side of (), we use the first order condition, which
yields, at optimality, that
Li=1—(n—1)L,=V5.

In addition, observe that the sum of middle L;’s, i.e., Z;:; L; is exactly equal to (n —2)L,,
implying, since L,, is the smallest element, that Ly =Ly ="---=L,.

We next verify that Ly > Ly =Lz =---= L,. Indeed,

1_\/13<:>n(2\/ﬁ—1)21,

Li=V§>

where the second inequality is valid for any n > 1.

Thus, the vector L derived above is feasible and for which

2

(=)
1 n
BFT(n,L;PF)=1—— + :
n

n—1

Finally, we have

2
2y/n—1

n n—1 n(n—1) N n%2%(n—1)
2+/2 4+/2 1
< 025f < v2 =O0(—5)-
n02(n —1) = pl2 nl-25

The last inequality holds when n > 2. Thus,

2
(-
1 " 1
sup BFT(n,L;PF)=1——+ =1-0( ).
n

L:L;€(0,1),L1>>Ln n—1
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EC.5. Proof of Claims E - @
Cram B @ =1/L,, fori=1+2,....n

Proof.
Recall that the objective function () is

D it e
i=1 nc;

l 1=t en;
Zi:l L; +

Cl+1

Note that ¢; =1/L;,i=1+2,...,n, is feasible for Problem (@), and since ¢;,i=142,...,n, only
appear in the nominator of the objective function, (), which is to be minimized, at optimality,
they should attain their upper bounds.

[ |

CLAM @ e@VLi=VLs=---=¢L,.

Proof.
By Cauchy—Schwarz inequality, we have

S 1 (S V)
;C ST (EC.11)

where equality holds when ¢3L; = ¢3L, =--- = ¢?L;. When adjusting the values of ¢; for i =1,2,...,1,
while keeping Zi:l ¢;L; constant, the denominator of the objective function () remains invariant,
and the numerator of the objective function () reaches its minimum when the equality in ()
is satisfied. So, at optimality, ¢;v/L1 = Co/Lo =--- =/ L;.

|

CLAIM T* = 1/Ll*+1'
Proof. Recall that
A+ +B()

M(l)+ml‘y7““”’ AD=> VL, Bl)=}_ L M(Z)ZZLi.

T i=1 i=l+2

1
f2($7y7l7L) = !

Then, the partial derivative of fy(z,y,l; L) with respect to x, is:

Ofa(z,y, ;L) AW —yAQ)B(I) — M(1)+ B(l) — (A())?
ox N (M) +1-yA(l))?
Note that since, by definition, A(l) and B(l) are positive, the numerator of 0fs(x,y,l; L)/0z,

which is independent of x, strictly decreases with y. Moreover, 0 fs(x,y,l; L)/0z > 0 when y — 0%
and 0fy(z,y,l;L)/0x <0 when y =1/A(l). As a result, there exists y(l) € (0,1/A(l)) at which
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Ofa(z,y,l;L)/0x =0. Thus, dfs2(x,y,l; L) /0x >0 when y € (0,5(1)), and 0 fs(z,y,l; L)/0x <0 when
y € [y(l),1/A(l)]. Next we prove that at optimality, y* € [g(I*),1/A(l*)]. Therefore, the objective
function is minimized when x reaches its upper limit, 1/L;«;, which proves the claim.

We prove that y* € [y(I*),1/A(I*)] by contradiction. Suppose, on the contrary, that y* € (0,7(1*)),
and let us focus on y € (0,7(1*)), for which we have that 0fs(x,y,l*; L)/0x > 0. Since, by (@),
x> (1—yA(l*))/Li41, we have

L«
1—yA(l") B() + 22 + o

f2($,y,l*;L)>f2( ’y’l*;L): M(l*+1)

Ly
By Cauchy—Schwarz inequality, we have
A(lY) Liyyr <A(l*)2 Ly

) (AW +1—yAQ) > (AQ) + V)

y  1—yA(l)  \yA(l)  1-yA")
=A(I* +1)°.
Thus,
1—yA(l") B(I*)+ (A(l* +1))?
77 7l*;L Z
fa( Lie: Y ) M@ +1)
_ = *+1;L).
M(l*+1) fQ(Ll*+27A(l*+1)7 + ’ )

Thus, as long as y* € (0,7(l*)), for all feasible x, we have fo(z,y,l*; L) > fo((1 —yA(l*))/ L1,
y,1*;L) > fo(1/ Ly 42,1/ A(l* + 1),1* + 1; L). Therefore, any I* <n — 2 is sub-optimal as a lower
objective function value can be attained by replacing [* with [* 4 1, contradicting the optimality of
I*. We conclude that the only possible case for y* € (0,7(I*)) is when [* =n — 1, since, in this case,
replacing [* with {* 4+ 1, would lead to I* = n, which is infeasible.

Next, we prove that when [* =n —1, y* € (0,7(I*)) is also impossible.

Since B(l) =3_,,, Li, we have B(n—1) =0, and 0fs(z,y,n—1;L)/0z = (A(n—1)/y—M(n—1)—
(A(n—1))?)/(xM(n—1)+1—yA(n—1))?. Thus, y(n—1), the solution to df;(z,y,n—1;L)/dx =0,
has the following expression,

An—1)
(Aln—=1)24+M(n—-1)
Thus, for y € [0,7(n — 1)], we have fy(z,y,n —1;L) > fo((1 —yA(n—1))/L,,y,n —1;L). The
partial derivative of fo((1 —yA(n—1))/L,,y,n— 1; L) with respect to y has the following form,
Of(= 4=y —LL) _ An—1)-(A(n)y 1) (vVIa— Aln— D))y +1)
Ay B M(n) -y - (A(n—1) -y~ 1)? |
and it is negative when y € (0,1/A(n)), and it is positive when y € (1/A(n),1/A(n — 1)]. Thus,
So((Q=yAl))/ Liw i1, y, 7

yn—1)=

decreases in y when y € (0,1/A(n)]. We observe that
(n An—1) 1

L
Hn-1)= )<
A= M=) = (8 + A OVE ~ A DV~ A




e-companion to Author: Tight Bounds for The Price of Fairness ecl3

Thus, f2((1—yA(n—1))/L,,y,n—1; L) decreases over [0,7(n — 1)]. Consequently,
fa(z,y,n =1, L) > fo((1 =yA(n—1))/Ln,y,n—1; L)

> [o(1=y(n=1)-A(n—1))/Ln,y(n -1),n - 1; L)

(A1) +M(n—1) _ (A(n—1))>+L, |
B M(n—1) = M(n—1) = fo(1/Ln,1/A(n—1),n —1; L),

and we conclude that, given that {* =n — 1, the objective function value for any feasible pair (x,y)
such that y € (0,7y(n — 1)) is greater than that at x = 1/L,,y = 1/A(n — 1), which implies that
y* € (0,75(1*)) is impossible. Therefore, y* >7(I*) and x* =1/ L« 41. [ |

CLAIM (1) y*=1/A(l*) whenI* =1 with Y | L;- Ly < L%, or when [* > 2.
(2) y* =4 :=(—vLi +/B(0) + L + B(0)L./L>)/B(0) when I* =1 with 3" L;- Ly > L3.

Proof.
According to Claim @, x* =1/L;+y4, and thus, the objective function of Problem (@) can be

written as: Al
1 A B(i-1)

)= fo(—,y,l; L) = .
gQ(y ) fz(LlJrl Yy ) M(l I 1) - yA(l)Ll+1
The partial derivative of g»(y,!) with respect to y has the following form:

9g92(y,1) A(l) L
9y~ POIITT) — ALy (BWOLin+ L)y + 240 Ly = M+ 1))

Let gy denote the positive root of dgs(y,1)/0y =0. Then by the quadratic formula,

=AMLy + /(AL + L M+ 1)B(I-1)
v= B(l—1)Liss ’

and the above partial derivative dgs(y,[)/0y is negative when y < g, and it is positive when y > .
Thus, if § > 1/A(l), we have, by (@), that for all feasible y, y <1/A(l), dg2(y,1)/0y <0, and thus
g2(y,1) attains its minimum at y = 1/A((). If, on the other hand, § < 1/A(l), then dg2(y,1)/dy <0
for y € (0, 7], and 0g2(y,1)/0y > 0 for y € (g,1/A(l)], implying that the objective function attains its
minimum at y = . Thus, we have y* =min{g, 1/A(l*)}.

Recall that A()) ="\, VL, M(1)=Y._, L;,B() =", ., L.

If I*=1with g<1/A(1)< Y7 | L;- L, > L?, which proves Case (2) of the claim.

IfI*=1withg>1/A(1)< Y7 L;- Ly < L}, which proves Case (1) of the claim for [* =1.

When [* > 2, 5> 1/A(l*) & (A(l*))*- M(1*) > [(A(1*))* + B(I* — 1)] - Ly=11. We next prove this
inequality by contradiction, which would imply that y*=1/A(l*) when [* > 2.

So, suppose, on the contrary, that

(A@))? - M() < [(A@))* + BA* = 1)] - Lo, (EC.12)
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then § <1/A(l*), and we have y* =7.
Since, by definition, the objective function, g(y,1), attains its minimum at y = y*,1 =1[*, its value
at this point is smaller than or equal to its value at y =1/A(I* +1),l=1"+1, i.e.,
AEBE-) (A 1)+ B
M(l*+1) VA Ly = M +1)
= [(A(I"))* +2A(l" \/E+B I* = 1)Ly 1y™
Y4 2v/Lie 1) - M(I* +1)-y* + M(I* +1) <0.

By () we have

02[(14( +2A \/Ll*+1+Bl —]. Ll*+1y +2\/Ll*+1 l*—|—].
F M+ 1)
SI(AI)) M (1) + 2A(1) Lys g/ Lis 1 [y — (A1) 424/ Ly ) )M (5 4+ 1) -y + M (1" 4 1)

—(A()y" — DI(AQC)M() + 2Ll*m@;>y* — M + D] + (AQ) — 2y/Li)M s
EC.13

We will next show that the bottom expression in (), denoted by @, is positive, which reveals
that () does not hold. Consider the first term in @), which consists of the product of two terms,
say P; and P,. By supposition, we know g =y* < 1/A(l*). Thus, P, = A(I*)y* —1 < 0. Next, consider
the term P,. We have P = (A(I*)M(I*) 4 2Ly« 11y/Li)y* — M(I* + 1) < (A(I")y* — D)M(I*) +
2Lpeirn/Trmry” = Lisss < 2Les 1/ T JA®) = Lo 1 = Lo 12/ T s — Q) JAQ).

When [* > 2, QW — A(l*) <0. Thus, the first product in the right-hand side of Equation
() is positive. Also the second product is non-negative, which means () does not hold.
We conclude that, (EC.19) does not hold, ie., (A(I*))2- M(I*) > [(A(1*))? + B(I* — 1)] - Ly

|

Recall that

1 _ (A + L+ B(1) _ (A(D)*+B(-1)
hall) = fQ(LH1 ALY L) = M(l) - M(l)

CLAM ha(1) is unimodal, i.e., there exists £ € [1,n — 1] such that ho(l) is decreasing for 1 € [1,4],

increasing for 1 € [¢,n — 1], and

E_{l if SF =@

max(S7),  otherwise

where ST = {1 € N* N 2,0 = 1] | VIS, VT + X0 Ll 2250 L Y2V,
Proof. Sincele€{1,2,...,n— 1}, there exists an ¢ minimizing h(l). If there are multiple values
of | that minimize h(l), we define £ to be the largest such value. Thus, for that ¢, we have
{ ho(€) < ho(€+1), (EC.14)

ha(€) < ha(€—1). (EC.15)
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From (), we have

(A(0))*+B(¢—-1) (A(l+1))*+B(¥)

M(0) STUM(ery)
= (M(€) + Len)[(A(0))* + B(E = 1)] < M(O)[(A() + v/ Lewr)* + B(U = 1) = Le],
= VL1 [(A(0)* + B(£—1)] <2A(0)M (¢).

Then we have

[ V)

ha(6+2) — ha(0+1) = M<€+V1)Lf]‘\}(€+ 5 {2400M(€) + 2400 Los +2M(04+1) Loy
—[(A(£))? + 2A(0)\/Lysr + B({ —1)] \/Lm}
> sy (AP + Bl- 1 +24(0) Vi)

(Ve — /Lera) +2M (0 + 1)\/L,3+1}

(™)

> 0.

Similarly, from (), we have

= VI(A©)? + B(£—1)] > 2M (£ A(L — 1). (EC.16)

Then we have

halt=2) =l =1) = 3o g (VECAQ 2400V 2L+ B~ 1)
+(2/ Ly — 2400 - 1)) (ﬂ—l)}
Ly —-1)
= M(—1)-M((-2) [2A£ V- (Ve = VL.

2\ /Lo - M(0— 1}

Thus, hy(l) is unimodal. To characterize the minimizer ¢, we define ST as the set of I’s such that
hy(1) is no larger than hy(l—1), ie., ST :={leNTN[2,n—1]|ha(]) < hy(l—1)} ={leNTN[2,n —
1|V, VL)? + Yo Lil > 25 Li- SV V/Li}, where the last expression follows from
() Then, we have

0 1 it SP
| max(SF), otherwise.
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CrLamm [L . x*,y*,1*), as characterized in Claims B-, is feasible and thus optimal to Problem (@)

Proof. It suffices to show that the optimal solution (z*,y*,l*) to Problem (@) satisfies the two
constraints in Problem (@) that were removed from Problem (@), that is,

<", EC.17a
Ty = ( )
1
<y*. EC.17b
I Y ( )

When [* =1 with (B(0) + L)L, < L2, or when [* > 2, by Claims @ and @7 the optimal solution
for Problem (@) is x* =1/Lp 1,y =1/A(l*). Since A(I*)v/Ljx > L« > Ly 44, () holds.

Let us consider () Then, we have A*(I*) = M(I*) +23, ;< V/LiL; <1*M(I*), and by
(EC.1d),

- 2(1 * M%)+ 2= M
L- 2M (1%) 2M (1%) 2 I
1
n Ll*

Thus, (EC.17H) holds.

When I* =1 with " | L;- Ly > L2, by Claims @ and El, the optimal solution for Problem (@) is
2" =1/ Loy = (—VIi + BO) + L + BOVE L)/ BO). Since y* < 1/y/T < vVEa/ Lo, (EC1T)
holds. For () since B(0) < (n— 1)Ly, we have

) —W+\/Bo +Li+BOE 144
’ 50) BO+ L+ BOE VI
1+ 1+ 1
\/( DLy tnk+vL, W \/—L2_|_n_|_1 nVILi’
0 () holds. [ |

EC.6. Proof of Corollary

COROLLARY [ll When the players have equal maximum achievable utilities, the bound in Theorem@

reduces to the bound in Theorem B

Proof. To see that, let L; =1, for ¢ € N. In this case, Z;;l L;-Ly,—L?=n—1>0. Then, by

Theorem E, we have

Y VI + Y L

)

UB(n,l;PF)zl—min{<

nzz‘:lLi
(VLE+2L Lo+ (L1 + Ly) Y, L¢+\/L1L2)2} (EC.18)
TZ(L1+L2)2
1 . {€2+n—€ \/2n—1—|—n}
=1— —min 7 ) B) )
n
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where

max(S7), otherwise ,

e:{l’ if SP =@,

and ST ={leNtN[2,n—-1]|I(l-1) <n}.

For n =2, we have SF' =@, /=1, and

1 2 1 2 2-
UB(n,l;PF):1—2min{2,\/§+ }:1—-\/§+ = v3

2 2 2 4 7

which corresponds to Case (a) in Theorem m
For n >3, we have ST = {l e NT N [2,n —1]|i(l — 1) < n}. Recall that we define k = |\/n],e=
v/n —k, then we have

Lk if n<k(k+1);
S k41, ifn>k(k41),

and

1 Con—0 V2n—1 1
UB(n,1; PF)=1— —min al , n—l4n :1_f(g+ﬁ_1)
n l 2 n /
2y/n—1+<

1—1(1<;+Z—1):1—M, if n < k(k+1);

n n
- 2

1 2y/n—1+ =9

1_E(k+ki1):1_ vn - B i > k(k+ 1),

which corresponds to Case (b) in Theorem m The second equality follows from Lemma , whose
proof is provided below.

Therefore, we conclude that the upper bound for the proportional POF when the maximum achiev-
able utilities by the players are not necessarily equal, given by Theorem E, reduces to the bound

given by Theorem m when the maximum achievable utilities of all players are equal.

LEmma EC.1. Forn >3,

P4n—4 < Von—1+n

7 5 (EC.19)
where
. k, ifn<k(k+1);
Sl k1, ifn>k(E+1).

Proof. First consider the case where n.> 5, and let hy(l) := (12 +n —1)/I. Then, hy(l) decreases
monotonically when [ € [1,1/n] and increases monotonically when [ € [\/n,n — 1]. Note that £ is an
integer that minimizes hy (1), and it is either k or k+ 1, where k = [y/n|. Also, note that there must
be an integer between /n and /n+ 1. So we have

n

Vn+1

P4n—4

7 <hy(Vn+1)=vn+




ecl8 e-companion to Author: Tight Bounds for The Price of Fairness

Let

Va2n—14n v n
— —\/n— .
2 Vvn+1

We first show that for n > 5, D(n) >0, which implies that () holds for this case. Now, the

derivative of D(n) is:

D(n):=

) (n—3)y/n—1 1
D — + 9
()= mat v T vanT
which is positive for n > 5. Thus, D(n) > D(5) = (21 — 9v/5)/4 > 0 for n > 5.

It remains to consider the cases when n =3,4.
When n=3,0=2,02+n— /(=25 (vV2n—1+n)/2 = (3+/5)/2~2.62, thus (EC.19) holds.
When n=4,0=202+n—£/{=3,(v/2n—1+n)/2=(4++/7)/2~3.32, thus () holds.

|

EC.7. Proof of Propositions @—@

PropoOSITION Suppose U C {u|0 <wu; < L;i € N} is a convexr and compact utility set, and
max{u;|w €U} =L, fori € N. Then there exist c; €R fori € N, such thatU CU' :={u|> ]  c;u; <
1,0 <w; < L;, i € N}, and max{min;cy(u;/L;)|u € U} = max{min;en(u;/L;)|u € U'}. Conse-

quently,

S L
POF(U;MMF)<1- = =1 - .
Yo iliy i ui(U')

Proof. The MMF solution first maximizes the minimum among the ratios of the players’ utilities
to their respective maximum achievable utilities, and so on. We define k; as the ratio of player ¢’s util-
ity to their maximum achievable utility, i.e., k; := uMM¥(U)/L;, then u™M¥(U) = (ky Ly, ..., k,L,).

Let ¢ denote the maximum ratio of a player’s utility to their respective maximum achievable
utility that all players can derive simultaneously. Then k; > ¢ for all ¢ € N. Since every player
can achieve in U their maximum achievable utility, (0,...,L;,...,0) € U, for all i € N. Then, by
convexity, (Li/n,...,L,/n) €U, so ¢ is at least 1/n. Further, since players cannot achieve a utility

that exceeds their respective maximum achievable utility, ¢ € [1/n,1].

Then, uMMF(U) > (¢L4,...,¢L,), and we have

"oy MME v oL
POF(U;MMF)=1- lehu’ ” (o) <1-— 7@5;11 -
iz ui (U) > i ui (U)
Since @ := (¢L4,...,¢L,) is a boundary point in U, by the supporting hyperplane theorem, there
exists a vector v # 0, such that

v'u<viu,YueU. (EC.20)

Since 0 € U, we have vTu < 0. We claim that v"w < 0. Indeed, suppose, on the contrary, that
v’'u=0,1ie., Y  v;L;=0. Then, since (0,...,L;,...,0) € U for all 7, by (), we have v;L; >0
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for all 4, which implies that v;L; = 0 for all ¢. However, since L; > 0, we must have that v; =0 for all
i, contradicting the fact that v # 0.

Let ¢ = v;/>  vt; = v;/Y ;. v;L;¢. Then, the supporting hyperplane can be written as
Soocu;<lforallueU, and > "  ¢;L; =1/¢, implies that ¢ =1/>"" ¢ L;.

Let U' = {(u1,uz,...,u,) | > ciu; <1, 0<u; <L;, i=1,...,n}. Then, UCU’,> "  u;(U) <
> i w; (U'), and

YL L oL
POF(U;MMF)<1-— ¢nzlzi <1l- ¢n2’=*1 ~=1- =5 leln . (EC.21)
>im ui(U) 2im ui (U) Do Ly i ui(U)
|
PROPOSITION
1
sup UB(n,LyMMF)=1——.
L:Lie(o)l])le'”ZLn n
where the supremum is approached when L= (1—¢,e/(n—1),...,¢/(n—1)) with ¢ = 0.
Proof.
From Theorem a, UB(n,L; MMF) has the following two possible expressions:
4L« "L
(1) UB(n,L;MMF) =1~ — 41 i . F=maxSM, if SM+£g;
(imi Li+ (=1 + 1) Lys 1)
(EC.22a)
oL
(2) UB(n,L; MMF)=1- — iz : I* = min S}, if SM =g,
Zi:l Lz(n — l* + ].)
(EC.22D)

where SM = {le Nt |(n—1—D)Lip1 <X Li<(n—1+1) Ly}, SY = {leNt|Y L >(n—
l+1)L;q}.
(1) If SM +# &, we have (n—1* — 1) Lyeyy < 3 Li < (n—1*+1)Lye4, and it follows from (EC.224)

that
n *
UB(n,L; MMF) =1~ — A1 im L <1- %*L”“(Zizl Litlew)
(Zi:l Li + (n -+ 1)Ll*+1)2 (Zi:l Li + (n -+ 1)Ll*+1)2
(EC.23)
For convenience, let
g(z) = ALy« 1 (x4 L= 41)

(x+ (=1 +1)Lp )%

The derivative of g(x) is:

_ 4Ll*+1((n - — 1)Ll*+1 — JI)
(x+(n—=0+1)Ljpq)?

q () <0. (By the condition of ())

Thus,

2 _Jx* _]*
o) > 4L7 (n—1"+2) _ (n—10*+2) Zn—i—l >37
dn—1*+1)2L%,, (n—1*+1)2 n? n
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where the second-to-last inequality follows since (n —1+2)/(n — 1+ 1) is increasing with [ €

[1,n — 1]. Thus,

1
UB(n,LyMMF)<1—gq(z)<1——.

n

(2) If SM =@, we have 3\ L; > (n— I* + 1) Ly+41, and it follows from (EC.22H) that

"L "L
UB(n,L; MMF)=1— —. i1 <1-— Lizt
2ima Li(n—1"+1) > Liln =1 +1) (EC.24)
1 1
=1-—<1—-—.
n—I*+1 n

Thus, we have UB(n,L; MMF)<1—1/n.

We next prove that sup, UB(n,L; MMF) =1 — 1/n. Indeed, if there exists a strictly smaller
upper bound 1 —1/n — ¢, where 6 >0, let Lt =L > 0,Lf =€ for i =2,3,...,n. Then, there exists
a small €, say e =nLd/(2(n — 1)), such that the upper bound of the price of MMF with the given
L~ is greater than 1 —1/n — 4. The condition 22:1 L7 > (n—10"+1)L;, is satisfied for all possible
[ when ¢ is close to 0, thus, SM =@, [* =1, and

L+(n—1e >1_M:1_1_§>1_l_5.

UB(n,L"; MMF)=1— — >
( B Sy ATy L TR

PROPOSITION

4 1
sup BFT(n,L; MMF)=1— -

L: 1>L1>>Lp>0 (n+1)2 B

where the supremum is approached when L= (1 —e€,e/(n—1),...,¢/(n—1)) with e — 0.

Proof. From BFT (2011), we have

4n 1/71 Z?:l .Lz

BFT(n,L;: MMF)=1—
(n, ) ) (n+1)2 Ll

To achieve the supremum, we assign the term Y.  L;/L; its lowest possible value, which is
achieved by letting > , L; — 0, resulting in "  L;/L; — 1. Then, we obtain the supremum as
1—4/(n+1)% Moreover, since

4 4 4 1
— = —O _
(n+1)2 " n%  (n+1)2 (n2)’
we have
4 1
su BFTI'(n,L;MMF)=1———-=1-0(—).
L: 12L12P~2Ln>0 ( ) (n+1)2 (”2)
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EC.8. Proof of Claims @-@
Cuam [id & =1/L, fori=1+2,...,n.

Proof. Note first that ¢;,i =14 2,...,n, solely appear in the first term of the denominator of
the objective function () Therefore, to minimize (), these variables should be assigned their
maximum values within the feasible domain.

Next, we show that we can assume, without loss of generality, that Lo > L;i3 > -+ > L,.
Indeed, suppose, on the contrary, that this assumption is not satisfied, and that L; < L;,,, for some
j €[l +2,n—1]. Then Constraints () and () imply that ¢; <c¢j41 <1/L;41 <1/L;. Thus,
>iio¢Li <n—1—1. On the other hand, let L = L;;i=1,...,1+1, and let L},i=1+2,...,n,
denote the partial vector derived from the partial vector (L;),i =1+ 2,...,n, after rearranging the
components of the latter in a descending order. That is, L;, , > L;, 4 > --- > L; . Similarly, let ¢; =
ci,i=1,...,0l+1,and ¢, =1/L,,i=1+2,...,n, denote a feasible solution to the optimization Prob-
lem (@) corresponding to the parameters Lj,i =1,...,n. Thus, >, Li=n—1-1>3""  , ¢L;,
while the other terms in the objective function remain invariant for these two sets of parameters and
variables. Consequently, we have f3(c/,l; L") < f3(e,l; L). Thus, we can assume Ljo > Lyy3> - >
L,.

This assumption ensures that ¢; =1/L;,i =1+ 2,...,n satisfies Constraint () and hence is
feasible. Incorporating the above analysis that ¢;,2 =14 2,...,n should be assigned their maximum

values within the feasible domain, we have ¢; =1/L;,i=14+2,...,n.

Cram 15 If A< (n—1—1)Liy,

1 1 1
1, r 75 b *=1-2"L ) x*a *7l = ;
Ao T Y s 9@y = E AT

e

If (n—l—l)Ll+1 <AS (n—l+1)Ll+1,

4Ly, )
(A+(n—1+1)L;;1)?

1 1/ A
xt = , yYr== —n+l+1], Yl =
Li Yy 2<Lz+1 > 93( Y )

IFA>(n—1+1)Li,

1 1

— *:1 * *l Ee——
Ll—o—l’ Yy 9 93(33 Y3 ) A(n—l+1)

*

xT

Proof. If A<(n—1—1)L;y, let * be any value in [1/(A+ Liy1),1/Liya], y*=1—a*L;yq,

then
a1 = = :
Iy = e T A e L) (Ar 1) (n—D)(A+ Lin)
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For any feasible z,y, we have

g9s(@,y;1)—gs(z", ¥ 1)

(I—y—aly)z-A+(n—1-1+y)(y+zLly,—1)
m—DA+ L) (y+n—1l—1+zL;1)(Az+1—y)
(1-y—aLi)n—1l—1zLin+(n—1—-14y)(y+axLiy —1)

= m—0)(A+ L) (y+n—1l—14+zLq)(Az+1—y
(since, by (@), l1—y—axL;41<0)
el —D((— - )(1—sLi) +y)
C(n=D(A+ L) (y+n—1—1+xL)(Az+1—y)
>0.

If (n—l— 1)Ll+1 <AS (n—l+1)Ll+1, let z* = 1/Ll+17 y* = (A/Ll+1 —n+l+1)/2, then

(x* *, l) = 1/Ll+1 = 4Ll+1
gs Y5 (A/Ll+1+n—l+]—)2/4 (A+(n—l+1)Ll+1)2

For any feasible z,y, we have

g9s(@,y;1)—gs(z", y"; 1)
w(A-L(-3—14+n+2xLipy +2y))* + 4L (1 —2xLipr) (e Ly +y — 1)
B (A+(n—I14+ 1)L )*(y+n—1l—14+zLi)(Axz+1—y)
S AL (1 — 2Ly ) (xLipy +y—1)
T (A+n—1+1)L)(y+n—1l—14zL;)(Az+1—1y)
>0.

HA>(n—1+1)Lq, let 2*=1/Liyq, y* =1, then

x* 1
g3(a"y"30) (y*+n—Il—14+a2*L ) (Az*+1—y*) An—1+1)

For any feasible z,y, we have

gs(, y; 1) —gs(2", y"51)
_@C-y-Lir)Ar— (y+ oLl +n—-1-1)(1—y)
An—Il+1)(y+n—1l—14zL; ) (Az+1—y)
2—y—Lix)(n—1l+1)zLiy— (y+xLip+n—1-1)(1—y)
An—Il+1)(y+n—I1l—-1+zLi)(Az+1—1y)
_ A=y +A-ali) (@l + (=@l +y—1))
An—=I+1)(y+n—I1l—14zL;)(Az+1—y)

>0.

The last inequality holds due to 1 —xL;,; >0 by (), xLiy1+y—1>0 by (), n>1+1 by

definition and 1 —y >0 by ()
|

CLAIM p(A, Ly ;1) is decreasing both in A and L.
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Proof. We first show that p(A, L;;1;1) decreases in A. Recall that p(A, L. ;1) is defined in
(@), and A= 22:1 L;. Now, note that A only appears in the denominator of p(A, L;yq;1), and in
all three ranges for which p is defined, an increase in A increases the denominator of p(A, L 1;1).
Thus, in each of these three ranges, p is decreasing in A.

Further, note that if A= (n—1—1)L;1q, then 1/((n—1)(A4+Lj11)) =4L;1 /(A+ (n—14+1)Li41)%
and if A=(n—1+1)L;,y, then 4L /(A+(n—1+1)L;11)>=1/(A(n—1+1)). Thus, p(A, L;11;1)
is continuous in A over the entire region, and we conclude that p(A, L;;1;1) is decreasing in A.

To prove that p(A, L;11;1) decreases in L, we rewrite p(A, L;,1;1) as follows:

1
A(n—141)’ Ll+1 < n— l+1’
. e I+1
(A, Liyys;l) = (A+(n—1+1)L;; )2 n— z+1 SLZH < s l 1
1
(n=0(A+L;11)’ Ly > n— z 1

Clearly, if Ljyy <A/(n—141) or Li;; > A/(n—1—1), then p(A, L;41;1) is decreasing in L.
For the region where A/(n —1+1) < L;;; < A/(n—1—1), we calculate the partial derivative of
p(A, Liyq;1) with respect to L,

Op _ 4(A—=(n—1+1)Li141)
6Ll+1 (A+(n—l+1)Ll+1)3 ’

which is obviously negative in this region. Thus, p(A, L;yq;1) is decreasing in L;,; in this region

as well. Finally, it is easy to verify that p(A, L;;1;1) is continuous in L;, 1, and thus p(A, Liy1;1) is

decreasing in L. [ ]

CLAIM The value of p(A, Liy1;1) is minimized with respect to the L;,i =1,...,n, if they are

arranged in o descending order.

Proof. =~ We have previously shown that the permutation of the L}s that would minimize
p(A, Ly ;1) should satisfy: Ly > Ly >--->L; > Ljyo, Ljyy > Lisgand Ly 9 > Lyy3> -+ > L,. Thus,
what remains to show is L;;; < L;. Suppose it is not true, then we can construct L’ which is in
descending order and for which p attains a smaller value.

Let A=Liyy —Li>0,L =Ly —AA =A+ Ly — L, = A+ A. The relationship among
A'y(n—=1—-1)L;,, and (n — 1+ 1)L; ,, as well as the relationship among A, (n —1 — 1)L;;; and
(n =1+ 1)Ly44, affect which segments of the piecewise functions p(A’, L ;1) and p(A, Li;1;1) are
valid.

The following two diagrams present the valid expressions for p(A’, Lj ;1) and p(A, L;41;1) in seven
possible different cases.

(1) f(n—I—-1)Lj41 <(n—I14+1)L;11 —(n—1—2)A, then the following five different cases, depending

on the range of A, are possible:
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1 4L 1
p(A, Ly 1) = (n=0(A+Li41) (A+(n—I+1)L141)? A(n—I+1)
(n—l—l)LH_l (n—l+1)Ll+1
f f f f A
~——

A N B L 1

p(4’, L2+1v 1) = (n=0(A'+L], ) (A/+(n—z:11)L;+l)2 Al(n—1+1)
Index o, ® . ® I @ I 6 .

(2) f(n—I0—1)Ljy1 > (n—14+1)L1x1 —(n—1—2)A, then the following five different cases, depending

on the range of A, are possible:

1 4Li4q 1
p(A7 Litq; l) = (n—0(A+Lyy1) (A+(n—I+1)Ly41)? A(n—I+1)
(n7l+1)Ll+17(n7172)A (nfl+1)Ll+1
i i % % A
(n—l_l)Ll+1 _(n—l)A (n_l—l)Ll+1

~——

A N SR ALy 1

pA L )= @) e 05 A (=15 1)

Index o @ . e . © | 6
Next, we proceed to analyze the seven cases identified above:
® A<(n—1-1)Li1; — (n—1DA.
1 1
AL )= =
P t130) (n—0(A+Lj,;) (n-0A+A+L —A)

1
- (n—l)(A+Ll+1) _p(Ale+1)l)'

@ (n—1l-1)Liy1—(n—0)A<A<min{(n—1—1)Liy1,(n—1+1)Li11 — (n—1—2)A}.

4L; 4L —4A)
ALyl = o = 5
P i) = G e DG, (A L + (0 D(Lar — A
4(Liyr — A) 1

S 1A+ L) DT —8)  (A+ L)1) =p(A, Lisas1).

@ (n—1l-1)Ly1<A<(n—=Il+1)Ly1—(n—1-2)A.

ALy,

4Ly —A)
ALyl = = '
P L) = G 1+ DI~ (A% (=14 Vi — (n—DA)?




e-companion to Author: Tight Bounds for The Price of Fairness ec2b

(A+(n—141)Liyy — (n—1)A)*Lyyy
=(A4+(n—1+1)Liy1)*Lig1+ (n—1)?A%Li —2A(A+ (n—1+1)Lyy1)(n— 1)Ly
+AA+(n—1+1) L)’ +(n =1L A= AA+ (n—1+1)Li)* — (n—1)%L7 A
=AA+ L) —(n—0?ALiy (L —A)+ (A+(n— 1+ 1)L 1)*(Ligy — A)
>A*(n—1)?Lig + (A+ (n—14+1)Li1)*(Ligy — A)

>(A+ (n— 14+ 1) Liy) )Ly — A).
Then

(L1 —A) Ly 4L
AL ) < = =p(A, Liq;1).
p( » H+1 )_(A+(n—l+1>Ll+1)2(Ll+1—A) (A+(n—l+1)Ll+1)2 p( y HI+1 )
@ n—Il+1)Liy1—(n—1-2)A<A<(n—1+4+1)Li;. From the corresponding diagram of this

case, we can observe (n —{— 1)L 1 <(n—I1+1)Lj;1—(n—1—-2) A= (n—1—-2)A<2L;,;.

1 1
AL ;)= =
p(A, Ly y:0) An—1+1) (A+A)(n—-1+1)
1
- B (At(n—1+1) L)%  (A=(n—l41)Li41)2 "
A(n l+1)+ 4L, 4L 44

According to the range of A in this case, we have

(A= (n—1+1)L;11)? - (n—1-2)2A% < (n—1-2)A

4L 4Ly, - 2 ’

A—(n—1+1)L;11)? —1-2)A A
:>A(n—l+1)—( =i+ D) >A(n—l+1)—u:—(n—l+4)20.
AL 2 2
2 A N 1
p(A 7Ll+1’l) - A(n I+ 1) + (A+(n;i—:—jil/l+1)2 _ (A—(n;i—l&-:zlzl+1)2
1 7 4L B ,
< (A+(n*l+1)Ll+1)2 - (A+(n—l+1)Ll+1)2 _p(A,LH-l,l),
4L 41
@ A> (n—l+1)Ll+1
A L= e YA
p y Hl4+1s") A/(Tl/—l—Fl) A(?’L—l+1) =piAa, Lj415t).

©® (n—1+1)Li—(n—1—2A< A< (n—1—1)Li.
1 1

PA L) = e ) T AT A =I5 D)
1
(A+Ll+1)(n—l) +A+Ll+1 — (n—l+1)(Ll+1 —A)
1
A+ L) =D+ m—1+2) L — (n—1—2)A— (n— 1+ 1)(Liys — A)
1

(A+Ll+1)(n— l) +Ll+1 +3A

1
=p(A, L ;).
A+Ll+1)(n—l) p( I+1 )

<

<
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@ n—=1-1)Liy1 <A< (n—1+1)L;;;. From the corresponding diagram of this case, we can
observe (n—1+ 1)L, —(n—1—2)A<(n—1—1)L;11 = 2L, < (n—1-2)A.
1 1

Al L/ l — —
P(A' L) An—1+1) (A+A)(n—1+1)
1
= At(n—141)L141)2  (A—(n—i+1) L1 )2
A(n—l—i—l)—i—( +( 4L-;+i 1+1)° (A 4L-l:_i 141)

According to the range of A in this case, we have

A—(n—=1+1)L;1)*  (2L141)? —1—-2)A
( (n—=1+1)Li;y) <( 141) ZL1+1<M,
4Ll+1 4Ll+1 2
A—(n—1+1)L 1) —1-2)A A
Aty AT DI gy 22D AL s
4L 2 2
1
p(A’,L; 1;l): n— —(n—
! Aln—1+1)4 4 42111%“)2 _ (A< 42213%“)2
1 _ 4L, _ .
S G 0L (At (n— 1+ 1) Ligy)? =2l L.
4Lp4q

/

Thus, in each of the cases, we have p(A’, L], ;1) <p(A, Li41;1), and, actually, in four of the cases,
p(A', L, ;1) <p(A, Li;1;1), and the proof of Claim @ is complete. [ |

CLAIM Let I* denote an optimal value of . If SM # @, I* =max SM, otherwise I* = min SM.

Proof. By Claim @, Ly >Ly>--->L,, and recall that S}’ = {l € N*: 22:1 L;i<(n—1-
DL}, M ={leNt:(n—1-1)Ly <Y Li<(n—1+1)L1}, S ={leNt: 3! L;>(n-
[+ 1)L,y }. Thus, the values of the boundary points defining S}, SM, SM ie., (n—1—1)Li1y,(n—
l+1)L; 1, decrease as [ increases, while Zizl L, increases as [ increases. We conclude that if [ € S}/,
then 14+ 1 could belong to S}, SM or S}, if I € SM, then [+ 1 could belong to SM or S5, and
if 1 € S}, then [+ 1 must belong to S57. Furthermore, for any Iy € S}*,1; € SM, 1, € S}, we have
lo<ly <ls.

To prove Claim @, we consider the following cases:

Case 1: If [ € S}!, then we show that p(Zﬁzl Li,Lyq5l) > p(Ziz L;, L 2;1+ 1), regardless of
which set [+ 1 belongs to.

Case 2: If | € SM| then we show that p(Zizl Li,Liq50) >p(2i2 Li,Lii2;1+1) when [+1€ SM|
and (30, Li, Liyy; 1) <p(CF ) Ly Liyo; 1 +1) when [ +1 € SM.

Case 3: If [ € 5}/, then [ +1 € 5}, and we show that p(>=_, Li, Lij1;1) < p(32i1 Liy Liya; 1+ 1).

Clearly, if we prove the assertions in the above three cases, then [* = maxSM, if SM exists, and
I* =min S, otherwise.

Case 1: [ € S}.
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ec27
If1+1e€ 8}, we have A+ Ly <(n—1—2)L; o,
(A+ List, Lipsl+1) = !
p I+1, 142, - (n—l— 1)(A+Ll+1 +Ll+2)
1
a (n—l)(A+Ll+1)+(n—l— ]—)Ll+2 —A—Ll+1
1

< =p(A, Lii1;1);

(n—l)(A+Ll+1) p( +1 )
ifi+1esM,

AL 1o
A+Li 1, Liol+1)=
p( +1 142 ) <A+Ll+l + (n_ Z)Ll+2)2
4L 1
< = =p(A, L 1;0);
- 4(A+Ll+1)(n—l)Ll+2 (n—l)(A+Ll+1) p( b )
ifl+1eSHM,
1
A+Li 1, Liiol+1)= =p(A, Li1;0).
p( + I+1, H1+2, + ) (n—l)(A+Ll+1) p( ) l+1’)

Case 2: [ € SM. Then, we have (n — 1)Ly 1 < A+ L1 <(n—1+2)L1 1.

Ifl+1eSM,
4L AL oLy
P L b ) = T =Dl Lin(At i + (0~ DEasa)?
Liyi(A+ L+ (n =) Liy2)® = Lt (A4 L) +2(n — 1) Lo (A+ Lyt ) + (n — 1) L7,,)

=Li1((A+ Lipa)* + (n = 1)°Li, 1) +2(n — 1) Lo Liga (A + L)

+ Liga((A+ Lisa)® + (n = 1)’ L) = Ligo(A+ Lig)* + (n = 1)2 L7, )
=Liso((A+ Lipa)* + (n = 1)’Liy 1) +2(n — ) Lipo Liga (A + L)

+ (Lig1 = Liga) (A + Liga)? = (n = 1)* Ligy Liyo)
>Liya(A+ (n =1+ 1)Lt ) + (Ligy — Ligo) (0= )? Ly — (n = 1)*Liga Liyo)
=Lis2(A+ (n—141)Lis1)* 4 (Lis1 — Lig2)?(n = 1)* Ly
>Lipo(A+ (n—1+1)L140)%,

4Ll+2Ll+1
A+ L, Lol +1)=
p( I+15 L2 ) Ly (A4 Ly +(n—1)Liy)?
4041
- =p(A, Liq;l);
(A+(n—1+1)L14)? Pk byl

ifl+1eSHM,

1 40144
P(A+ Ly, Lioi 1 +1) (n—=0D(A+Lit1) 4L (A+ L) (n—1)
4L

> = 1),
T (A+ L+ (n—1)Liyq)? P4, Linl)
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Case 3: 1€ SM. Then, [+1€ SM, A> (n—1+1)L;;,, and we have,

1 1
A4+ L, Liol+1)= =
P o2 ) (A+ L )(n—=1) An—I+1)+L(n—1)—A
1
———— =p(A, L ;1).
>A(n—l—|—1) p( y 41, )
|
EC.9. Proof of Corollary E
COROLLARY E (a) For Ly =Ly =---= L,, our upper bound reduces to the BFT bound for the case
of equal maximum achievable utilities, i.e.,
UB(n, L MMF) =1 — —"_
(n+1)?
(b) For Ly =Ly ="---=L{y241 > L{ns2j42 > -+ > Ly, our upper bound reduces to the BFT bound
for the case of unequal maximum achievable utilities, i.e.,
A" L
B(n,L;MMF)=1- —&==L"
UB(n, L; ) (n+1)2L,
Proof.
(a) Denote L:=L; =Ly=---=L,. We have SM ={leN*|(n—1—1)L;, <Z§:1Li <(n—-1+

Ly }={leNt:(n—1)/2<1<(n+1)/2} #@. Then by Theorem B, the upper bound is

—2
ALy S L AnT, 4
UB(n,L; MMF)=1— — 1D im —1- = A
(i Li+ (n =1 + 1) Liey1)? (n+1)2L (n+1)

which coincides with the BF'T bound for the price of max-min fairness when all maximum
achievable utilities are equal (BFT 2011).

(b) We separately consider two cases: n odd and n even.

(1) If n is odd, let Ly = Ly = --- = L(n41)/2. Then, by Theorem B, if L(yt3)/2 = L1, we have
I* =maxSM = (n+1)/2 and the upper bound is
4L roL 45" L
UB(n,L; MMF)=1— ———""%1 2eima L 1 27:12
(Zi:l Li+(n_l*+1)Ll*+1)2 (n+1) Ll
if L(y13)/2 < L1, we have S =@, [* =min S} = (n+1)/2, and the upper bound is
oL 4N L,
UB(n L MMF) =1 — — 2=l g Aoale
S Lin— 1 +1) (n+1)°L,

which coincides with the BFT bound. 2 The BFT bound is verified in an example where n
is odd and L1 == L2 = L(n+1)/2 > 1 and L(n+3)/2 = L(n+5)/2 == Ln = 1, which is a

stronger condition than our setting.
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(2) Ifniseven, welet Ly = Ly =---= L, /541. Then by Theorem E, we have [* = max SM =n/2,
and the upper bound is
ALy Y0 L LAY L
(Cimi L+ (n =1 + 1) Lo 4)? (n+1)2L,’
which coincides with the BF'T bound.

UB(n,L; MMF)=1—

Endnotes

.....
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