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ABSTRACT High performance computing clusters are increasingly operating under a shared/buy-in
paradigm. Under this paradigm, users choose between two tiers of services: shared services and buy-in
services. Shared services provide users with access to shared resources for free, while buy-in services
allow users to purchase additional buy-in resources in order to shorten job completion time. An impor-
tant feature of shared/buy-in computing systems consists of making unused buy-in resources available
to all other users of the system. Such a feature has been shown to enhance the utilization of resources.
Alongside, it creates strategic interactions among users, hence giving rise to a non-cooperative game at the
system level. Specifically, each user is faced with the questions of whether to purchase buy-in resources,
and if so, how much to pay for them. Under quite general conditions, we establish that a shared/buy-in
computing game yields a unique Nash equilibrium, which can be computed in polynomial time. We
provide an algorithm for this purpose, which can be implemented in a distributed manner. Moreover,
by establishing a connection to the theory of aggregative games, we prove that the game converges to
the Nash equilibrium through best response dynamics from any initial state. We justify the underlying
game-theoretic assumptions of our model using real data from a computing cluster, and conduct numerical
simulations to further explore convergence properties and the influence of system parameters on the Nash
equilibrium. In particular, we point out potential unfairness and abuse issues and discuss solution venues.

INDEX TERMS Computing clusters, dynamics, equilibrium analysis, pricing.

I. INTRODUCTION

IN ORDER to achieve economy of scale, major research
institutions are increasingly consolidating their IT services

into High Performance Computing (HPC) clusters. HPC
clusters make use of advanced parallel computing tools,
such as Apache Hadoop [1], to join the computational
powers of multiple computing nodes and provide a pow-
erful computing environment. For example, the Boston
University Shared Computing Cluster (BU SCC) is a
heterogeneous HPC cluster that supports hundreds of
research projects [2]. The size of the BU SCC has
grown rapidly, from 189 computing nodes in 2013 to 835
nodes in 2019, to support the high demand for computing
resources.

Many HPC clusters have adopted a shared/buy-in com-
puting paradigm for their services. In particular, universities
commonly provide free (shared) resources to staffs and stu-
dents for research. Yet, in several domains (e.g., biology,
medicine, and physics), researchers have additional compu-
tational needs. As a result, many universities implement a
shared/buy-in paradigm, which allows researchers to buy-in
additional resources. Examples of academic institutions
which have adopted this paradigm include the HPC clus-
ters at Boston University [2], Northeastern University [3],
the University of Wisconsin-Madison [4], the University of
Arizona [5], and the University of California, Berkeley [6].
A shared/buy-in computing system consists therefore of

shared and buy-in computing resources. All users can make
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use of shared resources for free, typically on a fair-share
allocation basis. In addition, users can elect to acquire buy-in
computing nodes for their research projects. Buy-in nodes
are operated under a semi-exclusive policy. Priority access
is given to owners of those nodes, but excess idle capacity
is made accessible to other users (both buy-in and shared
users). In other words, the buy-in resources of a user are not
fully exclusive to itself; rather, the advantage to the buyer
is in terms of priority access to these resources. This policy
has been shown to enhance the utilization of resources and
lower the total amount of resources needed for operating the
system [7].
Due to the semi-exclusive buy-in feature of shared/buy-

in computing systems, users will interact with each other
through their decisions. The strategic interaction exists in
the sense that if a user decides to buy a large amount of
resources, others have less motivation to buy since they can
access more resources thanks to that user. It is reasonable to
assume that users in such systems behave in a rational, selfish
manner to optimize their own objectives, thus giving rise to a
non-cooperative game among users, which is the main focus
of this study. We assume that each user needs to complete a
job using the resources of a shared/buy-in computing system.
A user needs to decide whether to purchase its own buy-in
nodes, and how much it is willing to pay in that case. We
propose a non-cooperative game-theoretic model to analyze
user behavior in such systems.
The first step is to find if such systems admit a Nash equi-

librium. We establish that the game considered in this study
does admit a unique Nash equilibrium, and, furthermore, we
show that it can be computed in polynomial time.
Next, we investigate the dynamics of the game. By

establishing a connection to the theory of aggregative
games with strategic substitutes [8], [9], we manage to
prove convergence of best response dynamics from any
initial state in a general game with N players. We also
show that each player can compute its best response in
a distributed manner. This result implies that the unique
Nash equilibrium not only exists, but is also likely to be
reached. Through numerical simulations based on actual data
from the BU SCC, we confirm our theoretical model and
implied results and explore additional properties of the game.
Finally, we discuss how the system parameters influence
the game’s Nash equilibrium, and indicate the existence of
opportunities for users to abuse resources in shared/buy-
in computing systems along with guidelines for addressing
such problems.
The main contributions of this paper can be summarized

as follows:
• We formulate a new game-theoretic model to analyze
shared/buy-in computing systems.

• We establish the existence and uniqueness of the game’s
Nash equilibrium.

• We design and validate an efficient, polynomial-time
algorithm for calculating the Nash equilibrium of the
game in the general, N-player case.

• We establish convergence properties of best response
dynamics in the general, N-player case from an arbitrary
initial state.

• We investigate other convergence properties, such as
convergence speed, through numerical simulations.

• We confirm our modeling assumptions regarding the
rational behavior of users, using actual data from the
BU SCC.

• We investigate the influence of various parameters on
the Nash equilibrium and point out potential problems
in the investigated system as well as solution venues.

• Our results provide the following insights: (i) the Nash
equilibrium can be computed faster using best response
dynamics; (ii) increasing the amount of buy-in resources
that a user gets per currency unit may lead some users
to pay less and other users to pay more; (iii) users
with small workloads generally benefit more from the
system than users with larger workloads, which may
lead to the emergence of free-riders.

The rest of this paper is organized as follows. After review-
ing related work in Section II, we formalize our model for
shared/buy-in computing game in Section III. Next, we estab-
lish the existence and uniqueness of the Nash equilibrium
in Section IV. Convergence of best response dynamics is
studied in Section V. Then, in Section VI, we present numer-
ical results to illustrate, confirm and expand our theoretical
results. Conclusions are presented in Section VII.

II. RELATED WORK
Much work has been devoted to characterize the workload of
computing clusters, e.g., [10], [11]. While most of the work
does not involve shared/buy-in computing systems, a study
of workload characterization of the BU SCC is particularly
related to our work [7]. In that study, the typical behav-
ior and performance of a shared/buy-in computing system
is characterized using data traces from the BU SCC. It is
shown that, as expected, the semi-exclusive policy increases
the utilization of buy-in resources. Moreover, that study char-
acterizes several statistical patterns of the SCC. We leverage
these statistical characterizations in our simulations.
Game-theoretic approaches have been adopted widely in

areas that involve users’ strategic interaction, such as inter-
networking [12], wireless networks [13], shared spectrum
access [14], cybersecurity [15], distributed computing [16],
cloud co-location services [17], and advanced reserva-
tions [18]. The main goal in those studies has been to find
the Nash equilibrium of the respective games.
Pricing of cloud services is yet another interesting area

where game theory has proved useful. An overview of
pricing models in cloud networking with their applications
for resource management is presented in [19]. Specifically,
many pricing models are based on a game-theoretic per-
spective in order to study the strategic interaction between
cloud providers or cloud users. For example, two pricing
schemes for cloud services are discussed in [20], namely
fixed and spot-market-based pricing. It is shown that, when
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both pricing schemes are available, users employ a waiting
cost threshold to determine in which scheme to participate.
As a result, the provider’s expected revenue is lower than
when adopting only fixed pricing. In terms of shared/buy-in
computing systems, we investigate prices paid by users, and
determine that there exists a workload threshold that dictates
whether a user will elect to purchase buy-in resources.
Another study related to our work is [21], in which a

workload factoring game is investigated. In that model, users
can split their work between shared resources and private
resources. While shared resources cannot provide guaranteed
performance due to other players’ influence, they are more
powerful than private resources. Each user should choose a
strategy on how to split its workload between the private
and shared resources so as to minimize its job’s comple-
tion time. In a shared/buy-in computing system users split
their work between shared resources and buy-in resources,
which can also be seen as an instance of workload fac-
toring; however, in our framework a price is paid for the
buy-in resources, hence the primary consideration is how
to minimize the related cost. The work of [21] does not
incorporate any such economic considerations. Another dif-
ference is that our model is a continuous one, while the
model of [21] bears a discontinuity property. Hence, dif-
ferent analytical approaches are needed to investigate the
game’s equilibrium.
The dynamic behavior of the game is another important

property. If a game has a Nash equilibrium but cannot con-
verge to it in reasonable time, or cannot return to its Nash
equilibrium once deviating from it due to minor disturbance,
then the practical relevance of the Nash equilibrium may be
quite limited. In our study, we consider the dynamic behav-
ior of the game model both theoretically and numerically,
and show that the game will not only converge to its Nash
equilibrium, but also do so quite fast. It is also worth noting
that our theoretical results are confirmed through data from
a real-world system.
In the literature, some classes of non-cooperative games

have attracted particular attention due to their special con-
vergence properties; one such class is that of supermodular
games [22]. These games can be used to characterize strate-
gic complements, that is, when a player takes a higher
action in a game, other players tend to do the same [23].
Supermodular games have many interesting properties, such
as existence of a pure strategy Nash equilibrium, and they
often arise in networking contexts, for example, power
control schemes for wireless networks [24].
In contrast to supermodular games, submodular games

have received less attention. In these games, each player
maximizes a submodular function, and strategic substitutes
prevail instead of strategic complements. In general, much
less is known about this class of games. There have been
some attempts to generalize the supermodular model so
that it allows supermodular and submodular games to co-
exist, leading to the notion of S-modularity [25]. Indeed,
with S-modularity, several interesting results have been

established in the area of power control [26]. However,
S-modularity still requires supermodularity at some level.
In our context, namely of shared/buy-in computing systems,
supermodularity can only be achieved in the 2-player
case, after some transformation, but not in the general
N-player case.
Aggregative games represent another important class of

games closely related to our framework. In an aggrega-
tive game, a player’s payoff depends on the “aggregate”
of all players’ strategies rather than the opponents’ individ-
ual strategies [8]. One example is the Cournot oligopoly
model, where a player’s payoff is a function of the sum
of all player’s supply quantities. In [9], it is shown that,
in an aggregative game with strategic complements or sub-
stitutes, a pure strategy Nash equilibrium must exist (the
proof is not constructive, however, and the equilibrium may
not be unique). Under certain conditions, it is proven that an
aggregative game converges to a Nash equilibrium [9], [27].
Quasi-aggregative games are proposed in [28], which allows
the “aggregate” to take different forms other than a simple
sum. The work in [28] also extends relevant results about
Nash equilibrium and convergence using the notion of best-
response potential games [29]. In our paper, we prove that
our model is in fact an aggregative game with strategic sub-
stitutes, and thus it admits established properties of such
games.
The work in [30] analyzes a voluntary contribution model

of pure public good provision. In this aggregative game, each
player can make use of public good, and needs to decide
how much to contribute to it. This public good model is
quite general and has a wide range of applications, such as
in environmental problems [31]. While computing resources
are a type of public good, our model differs in that it captures
unique features of shared/buy-in computing systems. As a
result, we establish the existence and uniqueness of the Nash
equilibrium in a constructive manner, while the model of [30]
does so in a non-constructive manner. Moreover, the model
of [30] focuses on the comparative static properties of the
equilibrium as players’ incomes and unit cost of contribution
change, while our model focuses on aspects that are more
specific to shared/buy-in computing systems, such as how the
strategy of a user is influenced by its workload, other players’
workloads, and various system parameters (see Table 1).

III. SYSTEM MODEL
In this section, we introduce our system model and param-
eters. We illustrate practical settings of the parameters in
Section VI. The notations are summarized in Table 1.
We consider a strategic game in the form of
〈�, {Pi}i∈�,, {Ui}i∈�〉, where � is the finite set of players,
Pi is the non-empty strategy set of player i to which its
strategy pi belongs, and Ui : P→ R is the payoff of player
i given a strategy profile of all players from the joint set
P =∏i∈� Pi.

In our setting of shared/buy-in computing (SBC) games,
there are N players in total, and each player is a user that has
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TABLE 1. Notation summary.

a certain amount of work (workload) to complete (e.g., in
units of CPU-hours). Note that in real-world shared/buy-in
computing systems, a “user” may not necessarily be a single
individual. For instance, the SCC at Boston University is
managed by “projects”. In that case, each project corresponds
to a player.
Each player i has an average workload ωi and a strat-

egy pi ≥ 0, which corresponds to the price that it pays for
buy-in resources. The average workload of players is esti-
mated based on the aggregate workload measured over a long
time period. Thus, when we validate our results using BU
SCC data in Section VI, the average workload is estimated
based on the aggregate workload measured over a period of
seven months. Note that by using pi to denote the price paid
by player i, we capture the player’s decision on two levels:
(a) it will pay pi > 0 if it decides to buy resources or pi = 0
if not, and (b) how much to buy is reflected by the value of
pi. Let p = [p1, p2, . . . , pN]ᵀ denote the strategy profile of
all players. Even though prices are discrete in practice, we
make here the common assumption that they assume con-
tinuous values. In the rest of this paper, we assume without
loss of generality that players are labelled such that

ω1 ≥ ω2 ≥ · · · ≥ ωN .

Note that one can always relabel the players to satisfy this
property.
We assume that the SBC game is “fair” in the sense

that each player gets the same computing rate μ out of the
shared resources. For instance, in the BU SCC, it is the case
that each user gets by default the same allocation of shared
resources.
When a player buys in resources at a price pi, it gets an

additional computing rate of kbpi. Alongside, it provides each
of the other players with an additional computing rate kspi,
since idle buy-in resources are available to other players.
In other words, kb and ks are coefficients that convert the
price paid by player i into the corresponding computing rate

provided to player i itself and another player, respectively.
We make the reasonable assumption that kb > (N − 1)ks,
that is, for a price pi, player i gets a computing rate kbpi
that is larger than the aggregate computing rate (N − 1)kspi
provided to all other players. For instance, in the BU SCC,
the aggregate workload of buy-in resources utilized by their
owners is about twice larger than the aggregate workload of
buy-in resources utilized by other users [7].
As a result, the total computing rate of a player i is

μ + kbpi +∑j �=i kspj and its expected job completion time
for a given workload ωi is

Ti(p) = ωi

μ+ kbpi +∑j �=i kspj
, (1)

where i, j ∈ {1, 2, . . . ,N}. Note that different players do not
have to start their jobs at the same time, because we only
consider average behavior (i.e., our model suggests that a
player always provides an additional computing rate kspi to
each of the other players.)
Each player contemplates two types of costs, namely,

the job completion time and the price it pays for
buy-in resources. Specifically, the total cost of a player i
is defined as

Ci(p) = Ti(p)+ αpi

= ωi

μ+ kbpi +∑j �=i kspj
+ αpi (2)

where i, j ∈ {1, 2, . . . ,N}, and α is a coefficient that reflects
the user’s sensitivity to price versus job completion time.
Thus, the objective of each player i is to choose a proper
price pi in order to minimize its cost Ci(p).
Although we assume that a player’s objective is to min-

imize its cost, we can actually express also the payoff of
player i as the difference between its gross payoff �(ωi) by
completing its workload ωi and its cost:

Ui(p) = �(ωi)− Ci(p)

= �(ωi)− ωi

μ+ kbpi +∑j �=i kspj
− αpi,

where i, j ∈ {1, 2, . . . ,N}. Note that the gross payoff �(ωi)

is independent of the prices paid by players, so we get

argmaxpi∈PiUi(p) = argminpi∈PiCi(p),

which implies that maximizing the payoff is equivalent to
minimizing the cost.
Remark 1: For simplicity, in this paper, we assume that

the coefficient α is the same for all users. However, one can
easily relax this assumption. If each player i has a different
αi, the cost becomes

C∗i (p) = ωi

μ+ kbpi +∑j �=i kspj
+ αipi

= αi

α

(
ωiα/αi

μ+ kbpi +∑j �=i kspj
+ αpi

)

= αi

α

(
ω∗i

μ+ kbpi +∑j �=i kspj
+ αpi

)

.

VOLUME 1, 2020 193



SHI et al.: GAME-THEORETIC ANALYSIS OF SHARED/BUY-IN COMPUTING SYSTEMS

Thus, we can get a new cost function for player i by replacing
ωi with ω∗i and multiplying the entire expression by αi/α.
We note that this multiplicative constant has no bearing on
the optimal strategy that minimizes the cost function. Hence,
we can still get most of the results derived in Sections IV
and V with small modifications, including the existence and
uniqueness of the Nash equilibrium, an algorithm to compute
the Nash equilibrium, and convergence properties.
Remark 2: Note each player i gets priority access to its

own buy-in resources; hence, kbpi is close to the maximum
computing rate provided by its buy-in resources. Since a user
does not use its own buy-in resources all the time, it will
provide each of the other users with an average computing
rate kspi.
We can assume here a constant ks for all players for two

reasons: (a) the payoff of a user depends only on its own
strategy and the sum of the other players’ strategies, and
(b) the number of users N in a shared/buy-in computing
system is typically large, namely in the order of hundreds
or thousands.
In the following, we shall detail why a constant ks is

enough for calculating the players’ approximate costs. For
this, let assume that when each player i pays pi, it provides
each of the other players with an additional computing rate
ksipi instead of kspi and kb > (N − 1)ksi. Hence the actual
cost of player i is

C∗∗i (p) = ωi

μ+ kbpi +∑j �=i ksjpj
+ αpi

= ωi

μ+ (kb − ksi)pi +∑j∈� ksjpj
+ αpi.

Next, let ks be defined such that

ks
∑

j∈�
pj =

∑

j∈�
ksjpj. (3)

Since the number of players N is typically large, from the
assumption that kb > (N− 1)ks and kb > (N− 1)ksi, we get
kb 	 ks and kb 	 ksi, respectively. As a result, we have

(kb − ks)pi ≈ (kb − ksi)pi. (4)

Combining (3) and (4), we get

Ci(p) = ωi

μ+ kbpi +∑j �=i kspj
+ αpi

= ωi

μ+ (kb − ks)pi + ks∑j∈� pj
+ αpi

≈ ωi

μ+ (kb − ksi)pi +∑j∈� ksjpj
+ αpi

= C∗∗i (p),

which implies that, by assuming a constant ks, the cost of
each player is approximately the same as the actual cost.

IV. NASH EQUILIBRIUM ANALYSIS
In this section, we prove that an SBC game yields a unique
(pure) Nash equilibrium. We also provide an efficient algo-
rithm to compute the equilibrium. In the following, all the

indices i, j, �, m belong to the set {1, 2, . . . ,N}, where N is
the number of players in the game.
First, we consider the player’s best response, which is

defined as the player’s optimal strategy given all other play-
ers’ strategies. The best response strategy pi of player i is
to minimize its cost (2) given {pj | j �= i}, namely:

pi = max

⎛

⎝0,

√
ωi

αkb
− ks
kb

∑

j �=i
pj − μ

kb

⎞

⎠. (5)

Note that the strategy of player i is continuous by assump-
tion, and its best response is upper-bounded by

√
ωi
αkb

> 0
and lower-bounded by 0, which implies that Pi is non-empty
and compact.
Here, we implicitly assume that each player i knows the

sum of prices paid by other players
∑

j �=i pj in order to cal-
culate its best response. This can be achieved in a centralized
way, for example, if the service provider directly provides
information of prices paid by all users. Yet it is also possible
for players to find best responses in a distributed manner: the
players have information of system parameters μ, kb, ks and
have control over their own workloads ωi, so each player can
infer the sum of prices paid by other players by observing
its own delay (1) (completion time of a new job). Besides,
side-information that is accessible to users could also be
employed to estimate the sum of prices paid by other play-
ers. For example, basic information about buy-in computing
nodes in the BU SCC is publicly known, from which users
can estimate the sum by themselves.
A Nash equilibrium is a point at which each player in

the game is playing its best response to the other players’
strategies, which implies that a player cannot lower its cost
by unilaterally changing its strategy.
We proceed to establish the existence of the Nash

equilibrium of the SBC game.
Lemma 1: An SBC game admits a Nash equilibrium.
Proof: First, for each player i, its best response (5) is

upper-bounded by
√

ωi
αkb

> 0 and lower-bounded by 0, so pi

can take any value from [0,
√

ωi
αkb

], which implies that Pi is
compact and convex.
Next, observe that μ > 0, kb > 0, ks > 0, and pi ≥ 0

for all i, so the payoff Ui(p) of player i is continuous in p.
Moreover, taking the second derivative of payoff function
Ui(p) in terms of pi, we obtain

∂2Ui(p)

∂p2
i

= − k2
bωi

(
μ+ kbpi +∑j �=i kspj

)3
< 0,

which implies that Ui(p) is strictly concave in pi for fixed
{pj | j �= i}. The lemma then follows from [32, Th. 1].
Remark 3: In principle, it is possible to prove the unique-

ness of the Nash Equilibrium by showing that the game
satisfies the so-called “diagonally strictly concave prop-
erty” [32]. Yet, given the generality of our model, we find
it difficult to prove this property, even in the 2-player case.
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Besides, in our analysis of the Nash equilibrium, we not
only prove uniqueness, but also characterize properties of
SBC games, which leads to an algorithm for computing the
Nash equilibrium.
The next lemma shows that, at a Nash equilibrium, a

player with a larger workload will pay no less than a player
with a smaller workload.
Lemma 2: At a Nash equilibrium of an SBC game,

p1 ≥ p2 ≥ · · · ≥ pN ≥ 0.

Proof: Assume that Lemma 2 does not hold, that is, there
exist i, j, such that, at a Nash equilibrium, ωi ≥ ωj and
pi < pj. We distinguish between two cases: (A) pi = 0,
(B) pi > 0, and analyze the best response strategies of players
i and j in each of the two cases:
(A) pj > pi = 0. At a Nash equilibrium, the best response

strategies of player i and player j must be according to (5)
⎧
⎨

⎩

ks
kb
pj + ks

kb

∑
m�=i,j pm + μ

kb
≥
√

ωi
αkb

,

pj + ks
kb

∑
m�=i,j pm + μ

kb
=
√

ωj
αkb

.
(6)

(B) pj > pi > 0. At a Nash equilibrium, the best response
strategies of player i and player j must be according to (5)

⎧
⎨

⎩

pi + ks
kb
pj + ks

kb

∑
m�=i,j pm + μ

kb
=
√

ωi
αkb

,

pj + ks
kb
pi + ks

kb

∑
m�=i,j pm + μ

kb
=
√

ωj
αkb

.
(7)

However, in either case, (6) or (7) cannot hold if ωi ≥ ωj
and ks/kb < 1. Hence, Lemma 2 always holds.

From Lemma 2, we obtain the following corollary.
Corollary 1: If ωi > ωj and pj > 0, then pi > pj.
Proof: If ωi > ωj and pj > 0, then (7) must hold for player

i and player j, from which we conclude that pi > pj > 0.
In the following, we assume that the strategy profile of

all players p = [p1, p2, . . . , pN]ᵀ is from a possible Nash
equilibrium of the game. From Lemma 2, we know that
p1 ≥ · · · ≥ pN ≥ 0 at any Nash equilibrium. We further
assume that if pN = 0, then m is the minimum index such
that pm = 0; otherwise, m = N + 1.

Consider the best response strategy profile of players that
pay positive prices at a Nash equilibrium, denote it by {pi |
i < m}. According to (5), the strategy profile {pi | i < m}
must satisfy

pi + ks
kb

∑

j �=i
pj + μ

kb
=
√

ωi

αkb
, ∀ i < m. (8)

Since pj = 0 for j ≥ m, from (8) we get

pi + ks
kb

∑

j<m,j �=i
pj + μ

kb
=
√

ωi

αkb
, ∀ i < m. (9)

The next lemma establishes a property of the solution
of (9). With this property, we will be able to show that,
given m, the strategy profile {pi | i < m} is unique.
Lemma 3: Equations (9) have a unique solution.

Proof: Equations (9) can be re-written as follows:

⎡

⎢
⎢
⎢
⎢
⎣

1 ks
kb

. . . ks
kb

ks
kb

1 . . . ks
kb

...
. . .

...
ks
kb

ks
kb

. . . 1

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

p1
p2
...

pm−1

⎤

⎥
⎥
⎥
⎦
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

√
ω1
αkb
− μ

kb√
ω2
αkb
− μ

kb
...√

ωm−1
αkb
− μ

kb

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (10)

We claim that (10) has a unique solution q =
[p1, p2, . . . , pm−1]ᵀ. Denote (10) by Aq = b. To prove our
claim, we will show that the columns of A are linearly
independent.
Denoting A = [a1, a2, . . . , am−1], where a1, a2, . . . , am−1

are columns vectors of A, and denoting the �-th item of
vector ai by ai(�), we have

ai(�) = 1, � = i,

ai(�) = ks
kb

, � �= i. (11)

Assume by contradiction that the columns of A are linearly
dependent. Then, there exists an i-th column that can be
expressed as a linear combination of other columns:

ai =
∑

j �=i
λjaj, 1 ≤ i, j ≤ m− 1

which yields
∑

j �=i
λjaj(i) = ai(i),

∑

j �=i
λjaj(�) = ai(�), ∀ � �= i. (12)

Combining (11) with (12), we get
∑

j �=i
λj
ks
kb
= 1, (13)

λ� +
∑

j �=i,j �=�

λj
ks
kb
= λ�

(

1− ks
kb

)

+
∑

j �=i
λj
ks
kb
= ks
kb

, ∀ � �= i.

(14)

By (13), and substituting the term
∑

j �=i λiks/kb in (14)
with 1, we get

(1+ λ�)

(

1− ks
kb

)

= 0, ∀ � �= i.

We already know that 0 < ks/kb < 1, so it must be that

λ� = −1, ∀ � �= i.

However, this contradicts (13), hence the assumption can-
not hold. We thus conclude that the columns of A are
linearly independent, which implies that A is invertible.
Consequently, the solution q = A−1b to (10) is unique,
that is, equations (9) have a unique solution.
The next lemma helps to find the value m such that pi = 0

for all i ≥ m. Intuitively, a player is not willing to pay if there
are enough free resources, which include shared resources
and idle buy-in resources from players with larger workloads.
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Lemma 4: At any Nash equilibrium of the SBC game, the
best response strategy of player m is pm = 0 if and only if

ks
kb

∑

i<m

p∗i +
μ

kb
≥
√

ωm

αkb
, (15)

where {p∗i | i < m} is the unique solution to (9).
Proof:We will prove that (15) is a necessary and sufficient

condition for pm = 0 at a Nash equilibrium.
(A) (Necessity): pm = 0⇒ ks

kb

∑
i<m p

∗
i + μ

kb
≥
√

ωm
αkb

.
From Lemma 2, at a Nash equilibrium, pm = 0 implies

pi = 0 for i ≥ m. Solving (9) yields {p∗i | i < m}, which is the
best response strategy profile for players i < m in the case
that pi = 0 for i ≥ m. Therefore, combining {p∗i | i < m}
with {pi = 0 | i ≥ m}, we get a strategy profile for all
players that is a Nash equilibrium. As a result, the best
response strategy of player m is according to (5)

pm = max

⎛

⎝0,

√
ωm

αkb
− ks
kb

∑

i �=m
pi − μ

kb

⎞

⎠

= max

(

0,

√
ωm

αkb
− ks
kb

∑

i<m

p∗i −
μ

kb

)

= 0,

which implies

ks
kb

∑

i<m

p∗i +
μ

kb
≥
√

ωm

αkb
.

(B) (Sufficiency): ks
kb

∑
i<m p

∗
i + μ

kb
≥
√

ωm
αkb
⇒ pm = 0.

We will prove this by establishing its contraposition,
namely:

pm > 0⇒ ks
kb

∑

i<m

p∗i +
μ

kb
<

√
ωm

αkb
.

Note that pm is non-negative, hence the case pm < 0 is not
possible.
If pm > 0, then the best response strategy of player m is

according to (5)

pm =
√

ωm

αkb
− ks
kb

∑

i �=m
pi − μ

kb
. (16)

Since {p∗i | i < m} is the solution to (9), we have

p∗i +
ks
kb

∑

j<m,j �=i
p∗j =

√
ωi

αkb
− μ

kb
, ∀i < m. (17)

According to the best response (5), the strategy profile
{pi | i < m} at a Nash equilibrium must satisfy (8), which
is equivalent to

pi + ks
kb

∑

j<m,j �=i
pj + ks

kb

∑

j≥m
pj =

√
ωi

αkb
− μ

kb
, ∀i < m. (18)

Summing (17) and (18) in terms of index i from 1 to
m− 1, respectively,

(

1+ ks
kb

(m− 2)

)∑

i<m

p∗i

=
∑

i<m

√
ωi

αkb
− (m− 1)

μ

kb
, (19)

(

1+ ks
kb

(m− 2)

)∑

i<m

pi + (m− 1)
ks
kb

∑

j≥m
pj

=
∑

i<m

√
ωi

αkb
− (m− 1)

μ

kb
. (20)

We observe that the RHS of (19) is equal to the RHS
of (20). Substituting the RHS of (19) with the LHS of (20)
and re-arranging terms, we get

∑

i<m

p∗i =
∑

i<m

pi + (m− 1)ks/kb
(1+ (m− 2)ks/kb)

∑

j≥m
pj

=
∑

i<m

pi + (m− 1)ks/kb
(1− ks/kb + (m− 1)ks/kb)

∑

j≥m
pj

≤
∑

i<m

pi +
∑

j≥m
pj.

Finally, from the above inequality and (16) we get

ks
kb

∑

i<m

p∗i +
μ

kb
≤ ks
kb

⎛

⎝
∑

i<m

pi +
∑

j≥m
pj

⎞

⎠+ μ

kb

= ks
kb

⎛

⎝pm +
∑

i<m

pi +
∑

j>m

pj

⎞

⎠+ μ

kb

< pm + ks
kb

∑

i �=m
pi + μ

kb

=
√

ωm

αkb
,

which completes the proof.
From Lemmas 3 and 4, we deduce that, once we find the

minimum m such that pm = 0, the solution set {p∗i | i < m}
to (9) together with {pi = 0 | i ≥ m} is the unique Nash
equilibrium. This leads to Algorithm 1 for computing the
Nash equilibrium of an N-player SBC game.
The following theorem formalizes this result.
Theorem 1: For an N-player SBC game, there exists

a unique Nash equilibrium, which can be obtained by
Algorithm 1.
Proof: If

√
ω1
αkb
≤ μ

kb
, then from Lemma 4, we know that

p1 = 0 is the best response strategy of player 1. Moreover,
from Lemma 2, we know that pi ≤ p1 = 0 for all i > 1, that
is, for players 2, 3, . . . ,N, the best response strategies are
also 0. Thus, {0, 0, . . . , 0} is the unique Nash equilibrium
of the N-player SBC game.
If
√

ω1
αkb

>
μ
kb
, then we proceed to Steps 4 − 11 of

Algorithm 1 in order to find the Nash equilibrium. The
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Algorithm 1: Computation of the Nash Equilibrium for
an N-Player SBC Game
Output: {p1, p2, . . . , pN}

1 i← 1;
2 {p1, p2, . . . , pN} ← {0, 0, . . . , 0};
3 if

√
ω1
αkb

>
μ
kb

then

4 while i ≤ N do
5 compute {p∗1, p∗2, . . . , p∗i } by solving:

⎡

⎢
⎢
⎢
⎢
⎣

1 ks
kb

. . . ks
kb

ks
kb

1 . . . ks
kb

...
. . .

...
ks
kb

ks
kb

. . . 1

⎤

⎥
⎥
⎥
⎥
⎦

⎡

⎢
⎢
⎢
⎣

p∗1
p∗2
...

p∗i

⎤

⎥
⎥
⎥
⎦
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

√
ω1
αkb
− μ

kb√
ω2
αkb
− μ

kb
...√

ωi
αkb
− μ

kb

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

;

6 {p1, p2, . . . , pi} ← {p∗1, p∗2, . . . , p∗i };
7 if i < N and ks

kb

∑
j≤i p∗i + μ

kb
≥
√

ωi+1
αkb

then

8 break;
9 end
10 i← i+ 1;
11 end
12 end

equations we need to solve in Step 5 at each iteration cor-
respond to (9) in Lemma 3. As shown there, the solution
to (9) is unique at each iteration.
Lemma 4 establishes that the best response strategy of

player m is pm = 0 if and only if (15) is satisfied. Thus,
by going from i = 1 to i = N and solving (9) iteratively
until (15) is satisfied, we find all the pi > 0, from which we
get the index m such that pi > 0 for i < m and pi = 0, i ≥ m.
In the end, we get a strategy profile from Algorithm 1, such
that, for player m,m+1, . . . ,N, their best response strategies
are 0; for player 1, 2, . . . ,m−1, their best response strategies
are per (9), hence the unique solution set {p∗i | i < m}
to (9) constitutes the best response strategies for players
1, 2, . . . ,m− 1.

In conclusion, the output {p1, p2, . . . , pN} of Algorithm 1,
which is in the form of {p∗1, p∗2, . . . , p∗m−1, 0, . . . , 0},
is a Nash equilibrium of the N-player SBC game.
Moreover, since m is unique following Algorithm 1 and
{p∗1, p∗2, . . . , p∗m−1} is the unique solution set to (9), the Nash
equilibrium {p1, p2, . . . , pN} is unique.
In general, it is considered difficult (PPAD-complete)

to find the Nash equilibrium for an N-player game [33].
However, for an SBC game, Theorem 1 shows that the
Nash equilibrium is not only unique but also can be solved
by Algorithm 1 in polynomial time, as established in the
following.
Lemma 5: The Nash equilibrium of an N-player SBC

game can be computed by Algorithm 1 in polynomial time,
specifically in O(N4).
Proof: It takes O(N) to initialize i and {p1, p2, . . . , pN}

(Steps 1 − 2). Then, the algorithm first decides whether

it needs to execute the while loop (Steps 4 − 11). If it
is executed, then, at each iteration, it takes O(N3) time to
compute the best response equation (Step 5), O(N) to update
{p1, p2, . . . , pN} (Step 6) as well as to check whether to break
the loop (Steps 7− 9), and O(1) to update i (Step 10). The
“while” loop will be executed at most N times. In conclusion,
the total running time of Algorithm 1 is upper-bounded by
O(N4).
Next, we briefly analyze the efficiency of the unique Nash

equilibrium of an SBC game. Define the social welfare as
the sum of all players’ payoffs

U(p) =
∑

i∈�
Ui(p)

=
∑

i∈�

(

�(ωi)− ωi

μ+ kbpi +∑j �=i kspj
− αpi

)

.

Consider each player i that pays a positive price pi > 0 at
the equilibrium. To maximize the player’s own payoff Ui(p),
pi has to satisfy

∂Ui(p)

∂pi
= kbωi
(
μ+ kbpi +∑� �=i ksp�

)2
− α = 0. (21)

However, to maximize the social welfare, pi has to satisfy

∂U(p)

∂pi
= kbωi
(
μ+ kbpi +∑� �=i ksp�

)2
− α

+
∑

j �=i

⎛

⎜
⎝

ksωj
(
μ+ kspi + kbpj +∑� �=i,� �=j ksp�

)2

⎞

⎟
⎠

= 0, (22)

if the solution p	
i to (22) is positive. Note that ∂Ui(p)/∂pi <

∂U(p)/∂pi, so if we substitute pi in (21) with the solution
p	
i to (22), we get ∂Ui(p)/∂p	

i < 0. Moreover, ∂Ui(p)/∂pi
is a strictly decreasing function of pi, hence we get that the
solution pi to (21) is strictly smaller than the social optimal
solution p	

i , and this holds for all players that pay positive
prices at the Nash equilibrium. In other words, to maximize
social welfare, each of these players should pay more. As
a result, the Nash equilibrium of a shared/buy-in computing
game is strictly sub-optimal, i.e., inefficient, in terms of the
social welfare.

V. SBC GAMES AS AGGREGATIVE GAMES AND
BEST-RESPONSE DYNAMICS
In this section, we establish a connection between SBC
games and aggregative games. With that at hand, we are
able to prove that an SBC game can always converge to its
Nash equilibrium.
Consider a game 〈�, {Pi}i∈�,, {Ui}i∈�〉 as defined in

Section III, where � is the finite set of players, Pi is the
non-empty strategy set of player i, and Ui is the payoff of
player i. We say that a game 〈�, {Pi}i∈�,, {Ui}i∈�〉 is an
aggregative game, if for each player i, its payoff Ui is a
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function of pi and
∑

j∈� pj, i.e., Ui(p) = Ũi(pi,
∑

j∈� pj). In
an aggregative game, the payoff of player i depends only on
its own strategy pi and the aggregate of all players’ strategies∑

j∈� pj. As a result, it is enough for the player to know
the aggregate in order to calculate its payoff, instead of the
strategy of each specific player j.
Lemma 6: An SBC game is an aggregative game.
Proof: Note that in an SBC game, the payoff function Ui

of player i can be written as

Ui(p) = �(ωi)− ωi

μ+ kbpi +∑j �=i kspj
− αpi

= �(ωi)− ωi

μ+ (kb − ks)pi + ks∑j∈� pj
− αpi

= Ũi

⎛

⎝pi,
∑

j∈�
pj

⎞

⎠.

The lemma then follows.
Next, we show that SBC games have the property of

strategic substitutes, or in other words, submodularity. That
is, each player in the game will opt to pay a higher price if
other players are paying lower prices, and vice versa.
Let p−i denote the strategy of a player j other than i, we

say that a payoff function Ui(p) has decreasing difference
in (pi, p−i) if for all p̃i ≥ pi and p̃−i ≥ p−i,

Ui(p̃i, p̃−i)− Ui(pi, p̃−i) ≤ Ui(p̃i, p−i)− Ui(pi, p−i).
Moreover, we say that the game 〈N, {Pi}i∈�,, {Ui}i∈�〉 is
submodular if (a) Pi is a compact subset of R; (b) the
payoff function Ui(p) is upper semi-continuous in (pi, p−i);
(c) and the payoff function Ui(p) has decreasing difference
in (pi, p−i).
Lemma 7: An SBC game is submodular.
Proof: Pi is a compact subset of R since it is continuous

by assumption, upper-bounded by
√

ωi
αkb

> 0, and lower-
bounded by 0, as shown in Section IV.

Given a twice continuously differentiable function
f : X→ R, f has decreasing difference in if and only if

∂2f (x)
∂xi∂xj

≤ 0, ∀ i �= j.

Consider the payoff function Ui(p) of player i. We have

∂2Ui(p)

∂pi∂pj
= − kbksωi

(
μ+ kbpi +∑� �=i ksp�

)3
< 0, ∀ j �= i.

Therefore, the payoff function Ui(p) has decreasing differ-
ence in (pi, p−i). Furthermore, note that μ > 0, kb > 0,
ks > 0, pi ≥ 0 and p−i ≥ 0 for all i, from which we can get
that Ui(p) is continuous in (pi, p−i). Thus, we deduce that
an SBC game is submodular.
Next, we will apply the results from [28] to our model,

and show that an SBC game always converges to its Nash
equilibrium through best response dynamics from all possible
initial states.

Best response dynamics correspond to a procedure
whereby, starting from an initial state, every player itera-
tively updates its strategy according to its best response (5).
If an SBC game converges to a specific state through best
response dynamics, then we know that every player must be
playing its best response strategy, i.e., the Nash equilibrium
is reached.
More specifically, we assume that best response dynamics

acts in the following way: in each round, players update
their strategies once one after another according to their
best responses (5) given other players’ strategies, and the
process continues as long as an equilibrium is not reached.
Theorem 2: Through best response dynamics, an SBC

game will converge to its unique Nash equilibrium from all
possible initial states.
Proof: Firstly, we have proven that an SBC game is an

aggregative game (Lemma 6). For each player i, its strategy
set Pi is compact, and the payoff function Ui(p) is continuous
(as shown at the beginning of Section IV).
Secondly, the assumptions 1’ and 2 of [28] are satisfied.

Indeed, as explained in Remark 2 of [28], since the strategy
sets Pi in our model are one-dimensional, Assumption 1’
is essentially equivalent to submodularity which has already
been proven (Lemma 7). Assumption 2 implies that the shift
function for aggregating, which is a linear sum

∑
j∈� pj in

our model, exhibits strictly increasing differences in pi and∑
j∈�,j �=i pj, possibly after a strict monotone transformation.

As explained in Example 3 of [28], it can be shown that
with a monotone transformation h(z) = exp (z), the linear
sum will exhibit strictly increasing differences.
Thirdly, best response dynamics will yield an admissi-

ble sequential improvement path defined in [28]. In each
round, each player updates its strategy according to its best
response, which implies that each player moves to a strictly
preferred strategy if it exists, or stay with the previous strat-
egy otherwise. Note that there is no indifference path in our
model, since the best response (5) is single-valued. The path
is admissible in the sense that each player gets the chance
to move in each round, so that following the path everyone
can keep updating until the Nash equilibrium is reached.
In conclusion, an SBC game satisfies all requirements

of [28, Th. 2], thus will always converge to its unique pure
Nash equilibrium through best response dynamics. Note that
we have already proved the uniqueness of the pure Nash
equilibrium. Moreover, the convergence was proven by con-
sidering limit conditions of best response dynamics, which
implies the initial states have no influence to the convergence
property. Hence, an SBC game always converges from all
possible initial states.
Remark 4: In our model, we assume the aggregate to be

a linear sum of all players’ strategies, which simplifies the
analysis and helps us establish the existence and uniqueness
of the game’s Nash equilibrium in a constructive manner. The
results we get with the linear sum aggregate assumption have
been validated using BU SCC data in Section VI. However,
it might be worth allowing the aggregate to take a more
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general and complex form, so that it can apply to more
scenarios. Note that, even if we relax the assumption about
the aggregate, the convergence properties of the game still
hold as long as the game is submodular and the aggregate
exhibits a strictly increasing difference, possibly after a strict
monotone transformation.

VI. NUMERICAL RESULTS
In this section, we provide numerical results to illustrate, con-
firm and expand on our theoretical results. We first describe
and justify the setting of simulation parameters. Next, we
thoroughly evaluate the dynamic behavior of the SBC game.
We show that the game always converges, when players
update their prices either sequentially (i.e., one by one) or
in parallel. Next, we empirically evaluate the computational
complexity of Algorithm 1 and indicate that it is indeed
polynomial, and the order of growth is upper-bounded by 4,
as stated by Lemma 5. Next, we verify Lemma 2, namely
that prices paid by players are non-decreasing with their
workloads, using actual data from the BU SCC. Last, we
provide insight on the impact of model parameters on the
resulting Nash equilibrium, and discuss design guidelines
based on our analysis.

A. SIMULATION
In this subsection, we evaluate the results of Sections III
and IV through simulation of best-response dynamics. We
first discuss the simulation set-up.

1) SET-UP

We choose the BU SCC as a case study. The SCC has
about 500 active projects running, so we simulate the best
response dynamics of an SBC game with N = 500 players to
investigate its behavior. In each round, each player updates
its strategy once by playing its best response given the other
players’ strategies. We consider both the cases of sequential
updates (i.e., players updates their strategies one after the
other as in our definition of best response dynamics) and
that of parallel updates, whereby all players update their
strategies in parallel.
We classify users’ jobs into three categories [7]: shared

jobs are those running on shared nodes, buy-in jobs are
those running on a user’s own buy-in nodes, and public jobs
are those running on other users’ idle buy-in nodes. As of
2015-2016 [7], the shared workload on the BU SCC was
2.43× 107 CPU-hours, the buy-in workload was 1.42× 107

CPU-hours, and the public workload was 7.51× 106 CPU-
hours. We note that the aggregate shared, buy-in and public
computing rates correspond respectively to Nμ, kb

∑
pi, and

(N − 1)ks
∑
pi, in our model.

Based on the workload characterization of [7], we assume
that the project’s workload (i.e., each players’ job size in
the game) is a random variable that follows a log-normal
distribution. Specifically, let 
 denote the workload random
variable, then

P(
 ≤ ω) = 1

2
+ 1

2
erf

[
ln ω − ν

σ

]

, (23)

where erf stands for the error function. In our simulation,
we set ν = 7.37 and σ = 5.69. In practice, any shared/buy-
in computing systems has a maximum workload that it can
sustain. In our simulation, we set that value to 5 × 106

CPU-hours. If a random sample exceeds that value, that
sample is discarded. As a result, the median and mean of
sample workloads are 906.87 and 1.77 × 105 CPU-hours,
respectively.
We assume that the shared, buy-in and public nodes

are used for approximately the same time in total, so that
the ratio among workloads is approximately the same as
the ratio among the computing rates reported above, i.e.,
Nμ : kb

∑
pi : (N−1)ks

∑
pi ≈ 24.3 : 14.2 : 7.5. Therefore,

we firstly set α = 1 and kb = 30, then μ = 775 and
ks = 0.0030 accordingly to satisfy the ratio above. Note
that the prices pi that we obtain from simulation do not
correspond exactly to how much players actually pay, but
rather reflect their qualitative behavior (a different value of
α would lead to different prices.)

2) NASH EQUILIBRIUM AND CONVERGENCE SPEED

Recall that best response dynamics is a procedure through
which every player updates its strategy iteratively according
to its best response (5). We investigate the best response
dynamics of the SBC game following two updating rules:
sequential updating and parallel updating. In the sequential
updating case, players update their strategies one by one
during each round. In the parallel updating case, players
update their strategies at the same time during each round,
which implies that each player makes its decision according
to the strategy profile of all the other players in the previous
round. Note that the sequential updating is exactly the same
as the best response dynamics defined in Section V. The
parallel updating case could represent the case where players
update their strategies in a distributed manner. Since there
may be some delay when inferring the latest strategies of
other players, players simultaneously update their strategies
in one round based on past information. In the following,
each simulation is run 100 times, where each run uses a
different random seed.
We first consider the case of an SBC game with 500

players and an “empty” initial state, i.e., the prices of all
the players are initially set to 0. We assume that the game
converges when the L2-norm of the players’ strategy profile
p = [p1, p2, . . . , pN]ᵀ changes by less than 10−6 in two
consecutive rounds.
The simulations show that, in all the runs, the game con-

verges to the Nash equilibrium predicted by Theorem 1.
In the sequential updating case, the game converges to the
Nash equilibrium within 6 ± 1 rounds (specifically within
6 rounds in 89% of the cases and 5 rounds in the remain-
ing 11%); in the parallel updating case, the game converges
within 11 ± 1 rounds (specifically within 10 rounds in 4%
of the cases, 11 rounds in 91% of the cases, and 12 rounds
in the remaining 5%), as also shown in Table 2. One of the
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TABLE 2. Number of rounds needed for convergence from an empty initial state. The

numbers in parenthesis correspond to the percentage of cases, based on 100 runs.

TABLE 3. Number of rounds needed for convergence from an arbitrary initial state.

The numbers in parenthesis correspond to the percentage of cases, based on 100 runs.

TABLE 4. Average number of rounds needed for convergence vs. number of players.

simulation runs for the sequential updating case is illustrated
in Fig. 1(a).
Next, we examine the convergence of the game’s best

response dynamics from an arbitrary initial state. We ini-
tialize the prices with random values that are uniformly
distributed between 0 and 300. After 100 runs for both
sequential and parallel updating, we find that the game
always converges to the Nash equilibrium, although it gen-
erally takes slightly more rounds than from an empty initial
state. In the sequential updating case, the game converges
to the Nash equilibrium within 7 ± 1 rounds, while in the
parallel updating case, the game converges with in 12 ± 1
rounds, as detailed in Table 3. One of the simulation runs
for the sequential updating case is shown in Fig. 1(b),
and one of the simulation runs for the parallel updating
case is shown in Fig. 1(c). As expected, in all the cases
above, the Nash equilibrium coincides with the output of
Algorithm 1.
The fast convergence of the game may be explained as

follows. The only term in the best response (5) of player i that
changes between two consecutive rounds is ks

kb

∑
j �=i pj. If all

players are not too far from the equilibrium, the difference
 ks
kb

∑
j �=i pj will be relatively small compared with the best

response pi in the previous round. Moreover, since the best
response of player i has two other unchanged terms

√
ωi
αkb

and μ
kb
, one round of best response dynamics will bring every

player not too far from the equilibrium (note that, in parallel
updating case, players do not have the latest information so
it takes two rounds). As a result, one can expect that after
the second round, the players’ strategies should not change
much.
Next, we investigate the relationship between the conver-

gence speeds (in terms of number of rounds till convergence)
and the number of players. Again, we simulate the best
response dynamics of the game from arbitrary initial states
for 100 times. Detailed results for the both sequential and
parallel updating cases are shown in Table 4. We find that
the game converges fast, and the number of rounds required
increases slowly with the number of players in the game.

FIGURE 1. Convergence of best response dynamics.

3) TIME COMPLEXITY

In this subsection, we investigate the time complexity for
computing the Nash equilibrium. We compute the Nash equi-
librium of the game with number of players ranging from
N = 400 to N = 6000 in two ways: using best response
dynamics from an empty initial state and with sequential
updates, as done in the previous subsection, and computing
the equilibrium using Algorithm 1. The details on the hard-
ware and software used for this simulation are as follows:
OS: Windows 10 Pro, CPU: AMD Ryzen 5 2600x 6-Core
Processor, RAM: 16 GB, Software: MATLAB R2018b.
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FIGURE 2. Time complexity of computing the Nash equilibrium using (1) best
response dynamics and (2) Algorithm 1.

The corresponding results are shown in Fig. 2 on a loga-
rithmic scale. We perform linear regression to the logarithms
of the data, through which we empirically find that the
time complexity of best response dynamics scales as (N2.05),
while the time complexity of Algorithm 1 scales as (N3.14).
The time complexity of best response dynamics is as

expected, namely: our simulations showed that the game con-
verges in a nearly constant number of rounds. Considering
that there are N players and it takes O(N) to calculate one
player’s strategy according to best response (5) during each
round, the overall time complexity should roughly be O(N2).
However, it is hard to provide an exact result since we
do not precisely know how many rounds are needed for
convergence. We also note that the actual complexity of
Algorithm 1 is below the upper bound of O(N4) provided
by Lemma 5, hence the upper bound is slightly pessimistic.
Regardless, using best response dynamics is a faster way to
compute the Nash equilibrium.

4) INFLUENCE OF PARAMETERS

In this subsection, we choose three players out of the 500
players in the game as representatives, and change the values
of the parameters μ, kb, ks, {ωi} in order to investigate the
influence of these parameters on the game’s Nash equilib-
rium. We set the job sizes of the chosen three players as
{ω1, ω2, ω3} = {2×105, 1×105, 5×104}. We scale each of
the four parameters by a multiplicative factor β to evaluate
the impact of the three players’ strategies at the Nash equi-
librium. Fig. 3 presents the results. We shall discuss these
findings in the model analysis subsection.

B. VALIDATION OF RATIONAL BEHAVIOR USING
BU SCC DATA
Similar to many prior works on game theory, our paper
assumes that users are fully rational. Thus, the selected strat-
egy of each user is based on the action that maximizes its
payoffs, as provided by Eq. (5) in our case. This equation
forms the basis of Lemma 2 and the rest of this paper,
whereby the price paid by a user is non-decreasing with its
workload.

FIGURE 3. Influence of parameters. β is a multiplicative scaling factor of the
parameter under study.

We next validate this assumption using BU SCC data
collected from January 2019 to July 2019. As mentioned
before, projects in BU SCC correspond to players in our
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FIGURE 4. Number of buy-in nodes owned by a project vs. the workload of the
project in the BU SCC [2].

TABLE 5. Number of buy-in nodes owned vs. average and median workload (in the

units of cpu-hours) of projects in the BU SCC [2].

model. We investigate the relationship between the number
of buy-in nodes owned by a project (which is commensu-
rate with the price paid) and the project’s total workload.
A box plot is presented in Fig. 4, where the lowerbound
and upperbound of a box represents the first and third quar-
tile of the data, respectively, and the red line inside a box
represents the median. The ends of the whiskers in the box
plot represent the lowest and highest data still within 1.5
interquartile range (IQR) of the lower and upper quartile,
respectively [34]. Table 5 shows detailed information about
the average and median workloads. We generally observe
a positive correlation between the number of buy-in nodes
and the workload, which coincides with our basic assump-
tion that a player with larger workload tends to pay more
for buy-in resources.
We also note two interesting phenomena: (i) There are

many “outliers” in Fig. 4, which implies that some projects
are more price-sensitive than others (i.e., they have larger α).
In other words, they rather endure longer job completion
times than paying more; (ii) The players that own zero or
one buy-in nodes have roughly the same amount of work-
load. Specifically, the average and median workloads of a
project that owns zero buy-in node are 42035 CPU-hours
and 3206.5 CPU-hours, respectively, while the average and
median workloads of a project that owns one buy-in node
are 76733 CPU-hours and 2638 CPU-hours, respectively.
Indeed, it appears that some projects that own one buy-in
node have little demand for it. However, this situation is rare
when projects own at least two buy-in nodes.

C. MODEL ANALYSIS
1) INFLUENCE OF PARAMETERS

As established by Theorem 2, an N-player SBC game yields
a unique Nash equilibrium, which can be explicitly calculated

given the parameters μ, kb, ks, ω1, ω2, . . . , ωN . We next pro-
ceed to consider how these parameters influence the Nash
equilibrium.
The parameters μ, kb, ks are set by the system provider.

The parameter μ reflects the amount of shared resources. As
expected, the larger μ is, the less players are willing to pay,
as shown in Fig. 3(a). With a too large μ, no player will
choose to buy in since they already have access to enough
resources; with a too small μ, players are forced to buy
in, but their costs may be too high, which may makes a
shared/buy-in system not very attractive.
The parameter kb measures how many resources a player

can get by paying a price. A larger kb implies that players
get more buy-in resources for the same price. The influence
of kb is shown in Fig. 3(b), which is subtle and depends
on the workload of each player. It is hard to tell whether a
player will pay more or less as kb increases, however, we
do observe that players with lower workload will tend to
pay more while players with larger workload will tend to
pay less. We get similar insight by analyzing the players’
best response strategies (see Eq. (5)): pi is not a monotonic
function of kb, but for a player i with a larger workload ωi,
the derivative of its best response strategy pi with respect to
kb is more likely to be negative, i.e., pi is more likely to be
a decreasing function of kb, which explains why the price
paid by player 1, who has the largest workload among the
three players, starts decreasing earlier as the scaling factor
β increases in Fig. 3(b).

The parameter ks measures how much a player’s buy-in
resources can benefit other players. A larger ks implies that a
player can make more use of other players’ buy-in resources.
The influence of ks is shown in Fig. 3(c). As ks increases,
users can access more “public” resources made available by
idle buy-in nodes, and hence are less likely to purchase their
own buy-in resources. This can also be explained by analyz-
ing players’ best response strategies (see Eq. (5)): note that
pi ≥ 0 for all i, thus pi is always a non-increasing function
of ks. Another interesting result is that, as ks increases, pi
decreases at a slower speed since the absolute value of the
derivative of pi with respect to ks, which is

∑
j �=i pj/kb, gets

smaller.
The set {ω1, ω2, . . . , ωN} corresponds to the workloads

of the players. Given μ, kb, ks, as ωi gets larger, player i
needs more resources and will tend to pay more for buy-in
resources, as indicated by Lemma 2. How a player perceives
the parameters μ, kb, ks is also relevant to its workload.
When μ, kb, ks changes, all player strategies will change
accordingly, however, the strategy of a player with a larger
workload will change relatively less. The influence of ωi is
shown in Fig. 3(d).

2) POTENTIAL TRAPS AND DESIGN GUIDELINES

Define players that pay strictly positive prices, i.e., pi > 0,
as “heavy users”, and players that do not pay, i.e., pi = 0, as
“light users”. Heavy users have to buy in resources in order to
minimize their costs. Although heavy users benefit each other
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through buy-in resources, users with larger workloads benefit
relatively less than users with smaller workloads. For exam-
ple, consider two heavy users with workloads ω1 and ω2,
where ω1 > ω2, then user 1 gets additional computing rate
ksp2 from user 2, while user 2 gets additional computing rate
ksp1 from user 1. From Lemma 2, we know that p1 > p2, as
a result, user 1 gets relatively less additional resources even
though it needs more resources due to its larger workload. On
the other hand, shared resources and buy-in resources from
other users can satisfy the needs of light users. Hence their
best response strategy is to pay nothing, which implies that
light users benefit the most from the shared/buy-in feature.
Thus, light users behave as “free-riders” in the system.

In essence, this game incorporates some inherent unfairness,
since a user with smaller workload relatively experiences
a larger benefit. Moreover, a heavy user may be tempted
to lower its cost by splitting its job into M > 1 shares,
and then join the system as M light users, each being a
free-rider. A possible solution for preventing users from
such an artificial split of jobs is to charge all users of
the system (e.g., in the University of Illinois at Urbana-
Champaign Campus Cluster [35], light users still need to
pay for shared resources). Another solution is to check the
users’ identity before being admitted into the system. For
example, the SCC at Boston University can only be accessed
by valid faculty and research staff members, hence a user
cannot (easily) split its job in this system.

VII. CONCLUSION
We proposed a game-theoretic model for shared/buy-in
computing systems, which provides a formal method to ana-
lyze the behavior of such systems. We investigated both
static and dynamic properties of the game. We established
that the game admits a unique Nash equilibrium, and, fur-
thermore, we provided a polynomial-time algorithm for
computing it. We then established that, regardless of the
initial state, the game converges to the Nash equilibrium
through best response dynamics. This result was obtained by
showing that a SBC game belongs to the class of aggregative
games.
Through numerical simulations, we explored additional

convergence properties of the game and the effect of the
system parameters on the structure of the Nash equilib-
rium. In particular, we found that the Nash equilibrium
can be computed faster using best response dynamics than
through Algorithm 1. However, only Algorithm 1 prov-
ably provides the exact answer in a deterministic amount
of time. Another interesting insight from the paper is that
increasing the amount of buy-in resources that a user gets
per currency unit (i.e., increasing the parameter kb) may
lead some users to pay less and other users to pay more.
We also investigated potential traps in the design of SBC
systems, including the possible emergence of free-riders, and
suggested corresponding guidelines for addressing this issue.
Our work is an initial attempt to formally understand

the behavior of practical shared/buy-in computing systems.

As such, it opens several interesting directions for future
research, in particular: (i) investigating the perspective of
social welfare, most notably the price of anarchy of the game;
(ii) adding the service provider to the game, including its
objective and strategic behavior; (iii) relaxing the assumption
of a linear sum within the cost function into a more general
aggregate form, in order to generalize our results. One of the
goals of shared/buy-in systems from a provider’s perspective
is to consolidate IT services (all the users in an organization
use the same platform). A system where light users would be
charged for resource usage (which may appear fairer/more
efficient) may deter such users from entering the system in
the first place and defeat to some extent the purpose of the
system.
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“Game theory meets network security and privacy,” ACM Comput.
Surveys, vol. 45, no. 3, p. 25, 2013.

[16] I. Abraham, D. Dolev, R. Gonen, and J. Halpern, “Distributed comput-
ing meets game theory: Robust mechanisms for rational secret sharing
and multiparty computation,” in Proc. 25th Annu. ACM Symp. Princ.
Distrib. Comput., 2006, pp. 53–62.

[17] J. Londoño, A. Bestavros, and S.-H. Teng, “Colocation games:
And their application to distributed resource management,” in Proc.
USENIX Workshop Hot Topics Cloud Comput. (HotCloud), San Diego,
CA, USA, Jun. 2009, p. 10.

[18] E. Simhon and D. Starobinski, “Advance reservation games,” ACM
Trans. Model. Perform. Eval. Comput. Syst., vol. 2, no. 2, pp. 1–21,
Apr. 2017.

VOLUME 1, 2020 203



SHI et al.: GAME-THEORETIC ANALYSIS OF SHARED/BUY-IN COMPUTING SYSTEMS

[19] N. C. Luong, P. Wang, D. Niyato, Y. Wen, and Z. Han, “Resource
management in cloud networking using economic analysis and pricing
models: A survey,” IEEE Commun. Surveys Tuts., vol. 19, no. 2,
pp. 954–1001, 2nd Quat., 2017.

[20] V. Abhishek, I. A. Kash, and P. Key, “Fixed and market pricing for cloud
services,” in Proc. IEEE INFOCOM Workshops, 2012, pp. 157–162.

[21] A. Nahir, A. Orda, and D. Raz, “Workload factoring: A game-theoretic
perspective,” IEEE/ACM Trans. Netw., vol. 23, no. 6, pp. 1998–2009,
Dec. 2015.

[22] D.M. Topkis, “Equilibrium points in nonzero-sum n-person submodular
games,” SIAM J. Control Optim., vol. 17, no. 6, pp. 773–787, 1979.

[23] J. Levin, “Supermodular games,” Lectures Notes, Dept. Econ.,
Stanford Univ., Stanford, CA, USA, 2003.

[24] J. Huang, R. A. Berry, and M. L. Honig, “Distributed interference
compensation for wireless networks,” IEEE J. Sel. Areas Commun.,
vol. 24, no. 5, pp. 1074–1084, May 2006.

[25] D. D. Yao, “S-modular games, with queueing applications,” Queueing
Syst., vol. 21, nos. 3–4, pp. 449–475, 1995.

[26] E. Altman and Z. Altman, “S-modular games and power control
in wireless networks,” IEEE Trans. Autom. Control, vol. 48, no. 5,
pp. 839–842, May 2003.

[27] M. Dindoš and C. Mezzetti, “Better-reply dynamics and global con-
vergence to Nash equilibrium in aggregative games,” Games Econ.
Behav., vol. 54, no. 2, pp. 261–292, 2006.

[28] M. K. Jensen, “Aggregative games and best-reply potentials,” Econ.
Theory, vol. 43, no. 1, pp. 45–66, 2010.

[29] M. Voorneveld, “Best-response potential games,” Econ. Lett., vol. 66,
no. 3, pp. 289–295, 2000.

[30] R. Cornes and R. Hartley, “Aggregative public good games,” J. Public
Econ. Theory, vol. 9, no. 2, pp. 201–219, 2007.

[31] R. Cornes, “Aggregative environmental games,” Environ. Resource
Econ., vol. 63, no. 2, pp. 339–365, 2016.

[32] J. Rosen, “Existence and uniqueness of equilibrium points for con-
cave n-person games,” Econometrica, vol. 33, no. 3, pp. 520–534,
1965.

[33] C. Daskalakis, P. W. Goldberg, and C. H. Papadimitriou, “The com-
plexity of computing a Nash equilibrium,” SIAM J. Comput., vol. 39,
no. 1, pp. 195–259, 2009.

[34] G. Upton and I. Cook, Understanding Statistics. Oxford, U.K.: Oxford
Univ. Press, 1996.

[35] (2019). Buy Compute. [Online]. Available: https://campuscluster.
illinois.edu/access/buy-compute/

204 VOLUME 1, 2020



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


