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Resources  in  large-scale  distributed  systems  are  distributed  among  several  autonomous  domains.  These
domains  collaborate  to  produce  significantly  higher  processing  capacity  through  load  balancing.  How-
ever,  resources  in  the  same  domain  tend  to  be cooperative,  whereas  those  in different  domains  are
self-interested.  Fairness  is the  key  to collaboration  under  a self-interested  environment.  Accordingly,  a
fairness-aware  load  balancing  algorithm  is  proposed.  The  load  balancing  problem  is  defined  as  a  game.
The Nash  equilibrium  solution  for this  problem  minimizes  the expected  response  time,  while  maintain-
ing  fairness.  Furthermore,  reinforcement  learning  is used  to  search  for the  Nash  equilibrium.  Compared
with  static  approaches,  this  algorithm  does  not  require  a prior  knowledge  of job  arrival  and  execution,
and  can  adapt  dynamically  to  these  processes.  The  synthesized  tests  indicate  that  our algorithm  is  close
to the  optimal  scheme  in terms  of overall  expected  response  time  under  different  system  utilization,
einforcement learning heterogeneity,  and  system  size;  it also  ensures  fairness  similar  to the  proportional  scheme.  Trace  sim-
ulation  is conducted  using  the job  workload  log  of the  Scalable  POWERpallel2  system  in the  San Diego
Supercomputer  Center.  Our  algorithm  increases  the  expected  response  time  by  a  maximum  of  14%.  But
it improves  fairness  by  12–27%  in  contrast  to Opportunistic  Load  Balancing,  Minimum  Execution  Time,
Minimum  Completion  Time,  Switching  Algorithm,  and  k-Percent  Best.
. Introduction

Grid and cloud computing [1] are two widely deployed large-
cale distributed systems. Computing resources that are connected
hrough the Internet can spread worldwide. As far as the number
nd types of jobs are concerned, distributed systems can provide
nimaginable computation capacity by gathering resources as
any as possible, and thus undertake a large amount of concurrent

equests. Load balancing is the key to exploiting the huge potential
f distributed systems.

Different kinds of interactions between resources are involved
ecause multiple autonomous domains exist in large-scale dis-

ributed systems. Resources in the same domain generally tend to
e cooperative. They share the same goals. Some previous algo-
ithms listed in Section 2 such as Opportunistic Load Balancing
OLB), Minimum Execution Time (MET), Minimum Completion

∗ Corresponding author.
E-mail addresses: zxiao@hnu.edu.cn (Z. Xiao), tongzhao1985@yahoo.com.cn
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Time (MCT), Switching Algorithm (SA), and k-Percent Best (kPB) can
be applied for this cooperative interaction [2–6]. To the contrary,
interactions between different domains are usually self-interested.
Resources have their own interests or goals. For example, they need
to minimize the response time of services they provide, so that
sometimes they have to turn down ones that are not their own
users. Rao and Kwork [7,8] present some selfish scenarios in grid
and model them using game theory.

Considering the emergence of cooperative and self-interested
interactions, resources in distributed systems can be classified into
three groups as per their roles. The first class, which is dedicated for
computation, is called processing elements (PEs) in this study. The
second class is homo-schedulers, which is the bridge to achieve full
cooperation among PEs. Through cooperative interaction, homo-
schedulers unite all PEs that are affiliated to them, to finish the
common goal. The last class, called heter-schedulers, is indepen-
dent and self-interested. Their own benefits have a priority. They
are often located in different domains. The interaction among dif-

ferent classes should follow different protocols, i.e., different load
balancing schemes.

In this study, we  focused on the interaction among
heter-schedulers. We  propose a load balancing scheme for

dx.doi.org/10.1016/j.asoc.2016.10.028
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arge-scale distributed systems, achieving collaboration under a
elf-interested environment.

Heter-schedulers have their own objectives. They are only
illing to accept some of the jobs that will not negatively influ-

nce their performance. If the load assignment is unfair, some
esources have to contribute significantly more than others. Self-
nterested resources undoubtedly have no incentive to make such
acrifice. Therefore, fairness is the key to collaboration among
eter-schedulers.

The policy of one heter-scheduler depends on the policies of
thers. Thus, this problem can be modeled as a non-cooperative
ame. The Nash equilibrium solution for this problem minimizes
he expected response time, while maintaining fairness. Similar to

 prisoners’ dilemma in game theory, each participant attempts
o minimize their own response time until no one can profit
rom strategy alteration. Finally all the participants have an equal
esponse time, which leads to fairness.

To find the Nash equilibrium solution, which ensures fairness,
ome static scheduling algorithms are proposed [9–11]. They use
ueueing theory to estimate the utilities of each allocation. Refs.
9,11] are based on M/M/1  model while M/G/1 in [10]. In these

odels, job arrival and service rates are assumed to be a priori
nowledge. Though, job arrival and execution processes are unpre-
ictable in a distributed system. Estimating the parameters is a
on-trivial task, and the exactness of the model remains suspi-
ious. In contrast, reinforcement learning, an online unsupervised
earning method, is used in our algorithm. It does not require a
riori knowledge of job arrival and execution, and adapt dynami-
ally to these processes based on online samples, which is effective
nd practical. When all the heter-schedulers independently use this
lgorithm, Nash equilibrium is achieved.

To validate the proposed algorithm, its performance is stud-
ed under different system utilizations, heterogeneities, and sizes.
he experiment results indicate that our algorithm outperforms
he proportional scheme, and is close to the optimal scheme in
erms of overall expected response time. However, our algorithm
nsures fairness to all schedulers, which is important under a self-
nterested environment. Trace simulation is also conducted using

 job workload log of the Scalable POWERpallel2 system (SP2) in
an Diego Supercomputer Center (SDSC). Our algorithm increases
he expected response time by a maximum of 14%, but improves
airness by 12–27% in contrast to Opportunistic Load Balancing
OLB), Minimum Execution Time (MET), Minimum Completion
ime (MCT), Switching Algorithm (SA), and k-Percent Best (kPB).

The main contributions of this study are as follows.

It provides a unified framework, which characterizes resources
into three roles and uses protocols to describe various interac-
tions.
It enhances fairness among self-interested schedulers using Nash
equilibrium of a non-cooperative game.
It proposes a fairness aware algorithm based on reinforcement
learning, dynamically adapting to job arrival and execution with-
out any priori knowledge.
It validates the capability of our algorithm to provide fairness
and minimize the expected response time under various system
utilizations, heterogeneities, and sizes through synthesized tests.
Trace simulation shows improved fairness by approximately 20%
traded by at most 14% increase in response time, compared with
five typical load balancing algorithms.

The remainder of this paper is organized as follows. Section 2

rovides the related work on load balancing. In Section 3, a unified
ramework is presented to describe large-scale distributed systems.
hen, Section 4 focuses on the load balancing problem under a self-
nterested environment, and defines a non-cooperative game. In
uting 52 (2017) 376–386 377

Section 5, a fairness aware algorithm based on reinforcement learn-
ing is proposed. The performance of this algorithm is evaluated in
Sections 6 and 7. Finally, Section 8 concludes this paper.

2. Related work

2.1. Static versus dynamic

Load balancing has been studied for decades. During the early
stages, Directed Acyclic Graph (DAG) scheduling [12,13] is been
investigated for parallel machines. Resources are dedicated in these
parallel systems. Task dependency and execution time on resources
are possible to acquire. A scheduling scheme is often determined
at compile time. Thus, these algorithms are static. Static scheduling
requires a priori knowledge of arrival and execution.

However, job arrival and execution are hard to predict because
uncertainties exist in distributed systems [14]. For example, the
unstable communication consumption of low-speed networks and
fluctuating computational capacity of resources cause uncertain
execution time of jobs. Predictions based on historical records [15]
or workload modeling [16] are used to estimate the execution time
of jobs. But unsatisfactory precision and extra complexity are the
drawbacks of these methods. Furthermore, jobs arrival patterns
vary from different applications. Size and Computation Commu-
nication Ratio (CCR) can hardly be predicted. Therefore, dynamic
algorithms are popular for load balancing in distributed systems. A
scheduling scheme is determined at running time.

Batch mode, which makes scheduling scheme for a fixed num-
ber of jobs, is one category of dynamic scheduling. Min–Min (map
jobs with least minimum completion time first), Max–Min (map
jobs with the maximal minimum completion time first), and Suf-
frage (map jobs which suffer the most if not allocated right now)
[2,17,18] are three typical batch heuristics. Batch functions like a
cache to mitigate the influence of uncertain arrival pattern. These
algorithms have to wait until all jobs in the batch have arrived, so
they lack real-time capability. By contrast, online mode emerges
and jobs are scheduled immediately after they arrive. Five such
algorithms are available, namely, OLB, MET, MCT, SA, kPB [3,4,6].
OLB assigns jobs to the earliest idle resource without any consid-
eration about the execution time of the job on the resource. MET
assigns jobs to a resource that results in the least execution time
for that job, regardless of that machines availability. MCT  assigns
jobs to the resource yielding the earliest completion time. SA first
use the MCT  until a threshold of balance is obtained followed by
MET  which creates the load imbalance by assigning jobs on faster
resources. kPB tries to combine the best features of MCT and MET
simultaneously instead of cyclic manner of SA. In this method, MCT
are applied to only k percentage of best resources. However, These
algorithms disregard the influence from subsequent jobs.

Dynamic scheduling is shortsighted and does not consider the
subsequent jobs. To achieve a global optimization, scholars pro-
posed new dynamic algorithms to adapt to job arrival and execution
processes. The authors of [19] presented a resource planner system
that reserves resources for subsequent jobs. The authors of [20] pro-
posed a dynamic and self-adaptive task scheduling scheme based
upon application-level and system-level performance prediction.
An on-line system for predicting batch-queue delay was proposed
by Nurmi et al. [21]. Rao and Huh [22] presented a probabilistic and
adaptive job scheduling algorithm using system generated predic-
tions for grid systems.

The algorithm proposed in this paper can be classified into
dynamic scheduling. Compared with OLB, MET, MCT, SA, and kPB,

it can effectively adapt to the job arrival and execution processes.
Different with the approaches in [19–22], it does not depend on
any workload prediction models.
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• Intra-site allocation, which occurs between PEs and a homo-
scheduler. Most of the previous scheduling algorithms belong to
this protocol, such as Min–Min, MET, MCT, etc.
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.2. Collaboration of schedulers

Collaboration of numerous resources can dramatically improve
he performance of distributed systems through load balancing. If
he involved schedulers are cooperative (called homo-schedulers in
his study), they cooperate at their best to ensure that the entire sys-
em runs at its optimum. Grosu et al. [23,24] studied load balancing
or homo-schedulers based on cooperative game theory. The work
f [25] introduced a decentralized dynamic scheduling approach
alled community aware scheduling algorithm (CASA). Meanwhile,
26] focused on optimizing the performance of Infrastructure as a
ervice (IaaS) using a meta-scheduling paradigm across multiple
louds. These algorithms attempt to improve the overall perfor-
ance of individual domains.
If the schedulers are self-interested (called heter-schedulers in

his study), they make decisions independently to maximize their
wn profits. Fairness is the key to spontaneous collaboration. Two
pproaches are most commonly used in literature, namely, dis-
ributive fairness and game theory.

In distributive fairness scheduling, a fraction of the resources
ccording to predefined shares are ensured. Distributive fairness
s implemented through fair queuing mechanism such as Yet
nother Fair Queueing (YFQ), Start-time Fair Queuing (SFQ) and
our-tag Start-time Fair Queuing (FSFQ) [27], or their modifications
28]. However, those mechanisms do not describe how shares are
efined.

The other approach is to optimize the performance (the utility)
f users directly, rather than just the allocated resources. Ref. [29]
ntroduced a marketing mechanism on the concept of biding in
conomics. Subrata et al. [10] modeled the grid load-balancing
roblem as a noncooperative game. In Ref. [11], a Nash bargaining
olution and Nash equilibrium were adopted for single-class
nd multi-user jobs, respectively. Ref. [30] considered a multi-
rganizational system in which each organization contributed
rocessors to the global pool, as well as jobs to be processed on
he common resources. In a non-monetary approach, jobs are
cheduled to minimize the global performance metric with an
dditional requirement, i.e., the utility of each player cannot be
orse than if the player would act alone. In Refs. [31,32], an auction

ased method was proposed. This method determines the auction
inner by applying the game theory mechanism and by holding a

epetitive game with incomplete information in a non-cooperative
nvironment.

Game theory is useful in spontaneously forming a federation
33]. The aforementioned algorithms except [29] are all static and
ssume that job arrival and service conforms to queueing the-
ry. Actually they may  fail under a non-Markovian environment.
ezoa and Hayat studied the performance of non-Markovian arrival
nd execution [34]. Hence, this study proposes a dynamic algo-
ithm for the collaboration of heter-schedulers, which learns a
on-cooperative game online and adapts to the job arrival and
xecution processes [35].

. A unified framework

The ultimate scale of a distributed system is humongous, con-
iderably similar to the Internet itself. It crosses organizational and
ational boundaries. Fig. 1 depicts a large-scale distributed system.
esources are separated by administrative domains. A number of
chedulers are spread all over the system. Users submit their jobs
o these schedulers, and afterward, the schedulers dispatch them
or execution. Resources have three roles.
PE, which is dedicated for computation.
Homo-scheduler, which cooperates with other homo-schedulers
in the same group to handle incoming jobs.
Fig. 1. Overlook of large-scale distributed system.

• Heter-scheduler, which accepts or rejects jobs to maximize its
own profit.

Schedulers that share the same interest and fully cooperate with
one another to implement a mission at their best, are grouped
together. The schedulers in such group are called homo-schedulers.
A domain generally forms a group, which is an independent and
autonomous entity. Thus, the group behaves individually driven by
their own profits. A resource can be a PE, a home-scheduler, or a
heter-scheduler.

Fig. 2 shows the structure and the possible relation of roles.
PEs are in the charge of one or more schedulers. In the middle
layer, the quadrangle represents a domain. Homo-schedulers are
grouped together. They dispatch jobs to other schedulers in the
same group or to the PEs that are affiliated with it. Each group
delegates a heter-scheduler to link to heter-schedulers from other
groups. In fact, a heter-scheduler plays a consubstantial role with
a homo-scheduler; thus, jobs accepted by the heter-scheduler can
be transferred to a homo-scheduler, and finally to the PEs.

An open question is how such a tremendous distributed com-
puting platform, which is likely to be composed of hundreds of
thousands of resources, can be maintained and function properly.
We believe that various protocols between roles lead to a loosely
coupled system.
Fig. 2. Structure of large-scale distributed system.
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si ∈ argminRTi(s1, . . ., s̃i, . . ., sn)
Fig. 3. System model of heter-scheduler collaboration.

Intra-site cooperation, which occurs among homo-schedulers.
The homo-schedulers in a group assist one another to optimize
the performance of the entire group. Rescheduling [36] and coop-
erative game [24] are such protocols.
Inter-site collaboration, which occurs among heter-schedulers.
Schedulers attempt to obtain a joint strategy on behalf of their
groups, which results in a win–win situation in terms of their
individual profits. This protocol is relatively less researched.

This framework is inspired by the hierarchical semi-selfish Grid
odel of [8]. However, our version is more general, and the model

n [8] becomes one of its special cases. This framework captures
he realistic administrative features of a real-life, large-scale dis-
ributed computing environment. The protocol concept assists in
etermining when and where an efficient job scheduling algorithm
an be applied.

. Formalization and modeling

In this study, we focus on the protocol of heter-scheduler col-
aboration. Suppose n heter-schedulers exist at the top scheduling
ayer in Fig. 2. Fig. 3 provides the system model of heter-scheduler
ollaboration.

Jobs arrive at scheduler i with rate �i. The scheduler accepts
obs with rate sii and transfers the remaining jobs to scheduler j

ith rate sij. Scheduler i further receives jobs at rate sji transferred
rom scheduler j. We  have the equations below.

i +
∑
j /= i

sji = sii +
∑
j /= i

sij (1)

i

�i =
∑

i

sii (2)

Let �i be the service rate of the group where heter-scheduler i
s linked to. If the group is modeled as an M/M/1  queueing system,
hen Eq. (3) ensures limited queue length.

ii ≤ �i (3)

The following equation can be inferred from Eqs. (2) and (3).

i

�i ≤
∑

i

�i (4)

In this model, heter-schedulers decide the admission rate sii and
ejection rate sij of jobs on their own. The strategy of scheduler i can
e represented by the vector si � {si1, si2, . . .,  sii, . . .,  sin}, and s � {s1,

 . .,  sn} is the joint strategy.
As stated in Section 3, heter-schedulers have their own  inter-

sts. They behave independently, and tend to approach their goals.
or most applications, response time is of high concern. Thus, each
eter-scheduler is assumed to aim at minimizing the response time
f the jobs on them. The expected response time RTi is given by Eq.
5).
Ti(s) = CTi(s) + TTi(s) (5)

here CTi(s) is the function of the expected completion time of
ccepted jobs on scheduler i, and TTi(s) is the function of the
xpected transfer time of rejected jobs.
uting 52 (2017) 376–386 379

If the M/M/1  model is applicable, then the expected completion
time can be computed using Eq. (6).

CTi(s) = 1
�i − sii

(6)

According to [11], an approximation of the expected transfer
time of a job is given by Eq. (7), when the communication network
is modeled as an M/M/1  queuing system. Parameter t in Eq. (7)
depends on average job size, bandwidth, etc.

TTi(s) = t

1 − t
∑n

i=1

∑n

j = 1

j /= i

sij

, where
n∑

i=1

n∑

j = 1

j /= i

sij <
1
t

(7)

where
∑n

i=1

∑n

j = 1
j /= i

sij is the total traffic through the network.

From Eqs. (5)–(7), the decision of a scheduler is influenced by
the scheduling strategies of other schedulers. Once the schedulers
become self-interested, the scheduling scenario becomes similar
to a game. After the competition, a state is reached wherein none
of the schedulers wants to change their strategies. That is, no
schedulers can further minimize their response time by unilater-
ally adjusting their strategies. This state is called Nash equilibrium
in game theory. In fact, the collaboration of heter-schedulers aims
to find a joint strategy, which leads to Nash equilibrium.

According to game theory, we  use the following game to define
our load balancing problem.

Definition 4.1 ((The load balancing game of heter-schedulers)).  The
load balancing game of heter-schedulers consists of:

— Players: n heter-schedulers.
— Strategies: the joint strategy s � {s1, . . .,  sn}, which consists of

the admission and rejection rates of each scheduler.
— Preference: the preference of each player is represented by its

expected response time RTi(s). Each player i prefers the strategy s
to the strategy s′ if and only if RTi(s) < RTi(s′).

A unique Nash equilibrium for the game exists because the
expected response time functions (see Eqs. (5)–(7)) are contin-
uous, convex, and increasing [37]. Refs. [10,11] proposed two
static algorithms to achieve the equilibrium of the aforemen-
tioned game based on queueing theory. However, they require
predicting the parameters, such as the arrival rate, service rate,
and so on. Furthermore, these algorithms may fail under a non-
Markovian environment. Thus, in the next section, we  propose an
online learning based algorithm, which no longer requires predict-
ing parameters or using Eqs. (6) and (7) that are constrained by the
Markovian environment.

5. Fairness aware adaptable load balancing algorithm

We must solve the aforementioned game for our load balancing
scheme. A solution for this problem is the joint strategy at Nash
equilibrium, which is subject to the constraints Eqs. (1)–(3). The
definition is provided as follows.

Definition 5.1 ((Nash equilibrium)). A Nash equilibrium of the load
balancing game defined in the preceding section is a joint strategy
s, such that for every scheduler i(i = 1, . . .,  n):
s̃i

We use a typical problem in game theory, namely, the prisoners’
dilemma (see Fig. 4), to demonstrate the motivation of our method.
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Fig. 4. Prisoners’ dilemma.
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by finite times before being admitted by a scheduler. Multiple for-
warding is unexpected because it increases the response time of
jobs and wastes network bandwidth.

In the synthesized tests, it is observed that most jobs are admit-
ted in three hops. Considering the limit of forwarding no more
than three times, all the incoming jobs are admitted in the end.
Consequently, the constraint of Eq. (2) is satisfied.

The fairness aware adaptable load balancing algorithm for a sin-
gle scheduler, which is named Fairness aware Adaptable Scheme
(FAS), is given below. Fig. 5 shows the flowchart of the FAS algo-
wo prisoners, A and B, both have two choices, i.e. to confess or
eny. The numbers from left to right within the parentheses denote
he years spent in jail of A and B. If A confesses and B denies, A will
e set free, whereas B will be prisoned for 5 years. Obviously, B
as the incentive to confess. When both choose to confess, nei-
her prefers to deny. Thus, the strategy (confess, confess) is a Nash
quilibrium. However, the strategy (deny, deny) is optimal (called
he Pareto Optimality) rather than (confess, confess). This strategy
an only be realized through the cooperation between A and B;
therwise, both have the incentive to alter their choices. By anal-
gy, Definition 5.1 appears to indicate that each scheduler attempts
o minimize its own response time, but ensures a balanced load
mong all schedulers, because no one will profit form the deviation
n the current strategy. That is, if the strategy is unfair, the inferior
cheduler will deviate from it. In summary, the expected response
ime decreases as much as possible while fairness is ensured.
he rest of this section describes the process of finding Nash
quilibrium.

Before providing the algorithm, we transform the strategy of
 scheduler into probabilities for convenience, to satisfy the con-
traints Eqs. (1)–(3) completely. The strategy is redefined as the
robability that the scheduler will allocate jobs to other schedulers.
i = {ˇi1, . . .,  ˇin}(

∑n
j=1ˇij = 1) denotes this new strategy, where

ij is the probability that scheduler i will dispatch jobs to scheduler
. The strategies ˇi and si are equivalent. The following rela-
ion holds between admission or rejection rate sij and probability
ij.

ij = ˇij · [�i +
∑

j

sji] (8)

iven that
∑n

j=1ˇij = 1, Eq. (1) is satisfied.
When solving the problem presented in Definitions 4.1 and 5.1,

ach scheduler requires knowledge on the job arrival and execution
rocesses, the strategies of other schedulers, network performance,
tc. This creates an extremely complicated problem. In this study,
e use the machine learning approach to learn the aforemen-

ioned non-cooperative game. Machine learning is a discipline
hat researches approaches for mining knowledge automatically
hrough samples only.

Reinforcement learning is an online approach, which strength-
ns the strategies with better performance. The samples are
he historical allocations. The distinguished advantage of this
pproach is that it is model-free, and thus, it does not require
btaining background information, such as job arrival process or
etwork performance. In this study, we adopt Q-learning, which

s the most frequently used reinforcement learning algorithm

38].

The Q-function in Q-learning represents the accumulative
esponse time. Each time a job is allocated, we track its response
uting 52 (2017) 376–386

time. And then update its Q-function. Eq. (9) shows the update of
scheduler i when a job is allocated to j.

Qi(Agtj) = (1 − ˛)Qi(Agtj) + ˛[r + �maxkQi(Agtk)] (9)

where Agtj denotes the scheduler j,  ̨ ∈ (0, 1] is the learning rate, r
is a monotone decreasing function of the real-time response time,
and � is the discounted factor which is a parameter in Q-learning.

 ̨ is iterated as follows. Eq. (10) ensures the convergence of Eq.
(9).

 ̨ = 1
1 + visits(Agtj)

(10)

where visits(Agtj) is the number of allocation to Agtj so far.
The following equation provides the strategy ˇi of scheduler i.

ˇij =
Qi(Agtj)∑
kQi(Agtk)

(11)

Eqs. (9)–(11) provides the algorithm for a scheduler to find
the strategy with the least response time. However, two addi-
tional problems exist. First, achieving equilibrium is difficult for
the schedulers when this algorithm is used. The strategies of each
scheduler are oscillating. Thus, the mechanisms have to be in place
to determine whether an equilibrium is reached and to implement
strategy adjustment.

When an equilibrium is reached, none of the schedulers is will-
ing to violate its current strategies. After scheduler i attempts to
change from its old strategy ˇold

i
to the new strategy ˇnew

i
, the per-

formance of other schedulers are observed. If m schedulers exist,
the performance of which improves by adjusting their strategies,
then it is believed that m schedulers benefit from the violation. The
strategy of scheduler i is updated according to the probability in
the way below.

ˇi

m
n←ˇold

i or ˇi
1−m

n←−ˇnew
i (12)

In the equation above, if m = 0, no schedulers benefit from strat-
egy violation and ˇnew

i
is accepted with probability one. if m = n,

a considerable deviation from the equilibrium occurs and ˇold
i

is
maintained.

When all the schedulers have stopped updating, a joint strategy
at the Nash equilibrium is obtained.

The second problem is job forwarding loop. There exists a prob-
ability, though it is small, that a job will be forwarded all the time.
To avoid this phenomenon, a job is only allowed to be forwarded
rithm. This algorithm is distributed. Each scheduler runs this
algorithm locally and stops at the strategy of the unique equilib-
rium.
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A
i
I

O

1
2
3
4
5

min  RT = 1
�

∑
i

⎣∑
j

sijCTj + (�i − sii)TTi
⎦ (14)

Table 1
System configuration I.

Schedulers i Service rate �i (jobs/s) Arrival fraction qi
a (qi ∈ [0, 1])

1–6b 10 0.0025
7–12b 50 0.01
13  100 0.02
14–18b 100 0.025
19–22b 150 0.04
Fig. 5. Flowchart for FAS algorithm.

lgorithm. FAS: Fairness aware Adaptable Scheme for Scheduler

nput:
Set ˇij = 1

n , Qi(j) = 0, 1 < j < n;
utput:

strategy ˇi at Nash equilibrium;

: while job queue not empty do
:  if Forward Times = 3 then
: Allocate jobs to itself;
: else
: Allocate jobs randomly;
uting 52 (2017) 376–386 381

6: Increase its forward times by 1;
7: end if
8: if Current job is assigned to scheduler j then
9:  Collect its response time r from j;
10: Compute new strategy ˇnew

ij
:

Qi(Agtj) = (1 − ˛)Qi(Agtj) + ˛[r + � maxkQi(Agtk)]

ˇnew
ij
= Qi (Agtj )∑

k
Qi (Agtk )

11: Count the number m of better schedulers;

12: Update its strategy by ˇi

m
n←ˇold

i
or ˇi

1− m
n←−ˇnew

i
;

13: if m = 0 then
14: Inform other schedulers this possible equilibrium strategy;
15: if All the schedulers report their equilibrium strategy then
16: return ˇi;
17: end if
18: end if
19: end if
20: end while

6. Synthesized tests

We perform simulations to study the impact of system utiliza-
tion, heterogeneity, and size, on the performance of our scheme.
The system parameters that are used in our experiments are similar
to those in [11]. There are 32 fully connected candidate schedulers.
Table 1 provides the system configuration. The job arrival rate of
scheduler i can be computed using the arrival fraction qi. �i = qi× �
where � is the overall arrival rate

∑
i�i. The mean communication

time t is assumed to be 0.001 s. Transferring a job takes time t on
average.

The performance metrics used are the expected response time
at the equilibrium and the fairness index. The latter is important
among self-interested schedulers and is defined as follows,

I(C) =
[∑n

j=1Cj

]2

n
∑n

j=1C2
j

(13)

Input C is the vector C = (C1, C2, . . .,  Cn) where Cj is the expected
response time on scheduler j. If I = 1, all the schedulers have the
same expected response time, which indicates a balanced load. If
I < 1, some schedulers are preferred and undertake more load.

For comparison, the following two load balancing schemes are
implemented:

– Global Optimal Scheme (GOS) [39]: This scheme minimizes the
expected response time across all the jobs executed by the sys-
tem, to provide a systematically optimal solution. The loads for
each schedulers are obtained by solving the following non-linear
optimization problem:

⎡ ⎤
23–26b 200 0.05
27–32b 250 0.07

a
∑

iqi = 1.
b Identical configurations for schedulers among it.
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Fig. 6. Convergence to best-response strategy.
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 Proportional Scheme (PROP M)  [40]: According to this scheme,
each scheduler allocates its jobs to itself or to others in proportion
to their processing rate as follows:

sij = �i ×
�j∑
k�k

(15)

Although GOS can provide the optimal solution, it exhibits some
mpractical constraints. First, it assumes that the node and the net-

ork can be modeled by M/M/1. However, Poisson distribution may
ot be the case in the job arrival and transfer processes. Second,
OS is a static algorithm. It is a nontrivial job to obtain such input
arameters as the arrival rate, service rate, and network constant,
tc. Third, GOS assumes that other schedulers are cooperative. More
obs are assigned to the nodes of higher performance and fairness
s lost. Hence, GOS is not competent for load balancing among self-
nterested schedulers.

We present and discuss the simulation results in the following
ections.

.1. Convergence of best-response strategy

The algorithm runs where the initial strategy si of each player i is
he vector of element 1/n. Each player then refines and updates its
trategy at each scheduling run. In the first set of experiments, we
tudy the convergence to the best-response strategy, which is the
est strategy while others keep their strategies static. We  simulated

 heterogeneous system of 32 schedulers and the average system
tilization (the definition of which is provided in Section 6.2) is set
o 60%, i.e. the overall arrival rate � is 2316. The strategies of sched-
lers are initially generated randomly subject to the constraints
qs. (1)–(3). One scheduler is allowed to run the algorithm while
he others keep their initial strategies.

The experiment above is repeated 20 times. The strategies of
he schedulers are randomly initialized each time. The expected
esponse time on average of the 20 experiments is observed.
ig. 6(a) shows the difference of the expected response time from
he last strategy on a certain scheduler when the system utilization
s 60%. The absolute difference decreases to 10−4 after about 200
terations, which is considered converged. Besides, Fig. 6(b) pro-
ides the standard deviation of the expected response time over 20
epetitions at each iteration. In the end, the expected response time
s around 0.01 s with standard deviation 0.002. After 110 iterations,
he standard deviation varies less and the decrease in the expected
esponse time mainly results from the strategy improvement.

Fig. 7 shows the number of iterations for convergence under
ifferent system utilizations. As system utilization increases, our
lgorithm requires more iterations to obtain the best-response
trategy. The system will not reach a steady state until a larger
uantity of jobs has arrived. For a heavy utilization rate of 90%,
onvergence rate increases to around 460 iterations.

Fig. 7 also displays the convergence speeds of algorithms from
10,11]. The convergence speed of algorithm [11] keeps unchanged
ith the system utilization because it is not a random search algo-

ithm. Its time complexity only depends on the system scale. The
onvergence speed of our algorithm is higher and higher than that
f algorithms [10] as system utilization increases, because more
ime is needed to spend on learning the job arrival and execu-
ion processes. But we believe a slower speed is tolerable, because
nly hundreds of jobs, out of thousands processed by a large-scale
istributed system, are influenced before convergence.
.2. Effect of system utilization

We  simulated a heterogeneous system that consists of 32 sched-
lers (all the candidates in Table 1) to study the effect of system

Fig. 7. Number of iterations versus system utilization.
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not guarantee equal expected response times, particularly, at high
skewness. A balanced load and near-optimal performance are the
main advantages of our algorithm.

Table 2
System configuration II.

Speed skewness 1 4 16 36 64 100
Fig. 8. Effect of system utilization.

tilization. We  use � to symbolize system utilization, which is com-
uted by the formula �/

∑
i�i and satisfies 0 < � ≤ 1. As � increases,

ystem load becomes heavier.
The results, with � ranging from 10% to 90%, are presented in

ig. 8. Fig. 8(a) shows the expected response times under different
ystem utilizations. As system utilization increases, the expected
esponse time becomes longer. The algorithm of PROP M exhibit
he worst performance because it significantly overloads the less
owerful schedulers. The algorithm GOS exhibits the best perfor-
ance because it provides a systematically optimal solution. Our

lgorithm exhibits sub-optimal performance. For example, at 60%
ystem utilization, the response time is around 25% less than that of
ROP M and around 10% greater than that of GOS. Decentralization
nd rationality are the main advantages of non-cooperative game.

Fig. 8(b) presents the fairness indices of the three algorithms.
he fairness indices of our algorithm and PROP M are around 1.
hey behave fairly to all schedulers. The fairness index of GOS
anges from around 1 to 0.935 at a heavy load. Fig. 8 shows the fea-
ure of heter-schedulers, that is, absence of full cooperation because
hey are self-interested.
To gain insight into the results shown in Fig. 8, Fig. 9 presents
he expected response time of each scheduler at 60% system uti-
ization. The 32 schedulers nearly have identical expected response
ime under our algorithm and PROP M.  GOS is unfair, with varying
Fig. 9. Expected response time of each scheduler (� = 60%).

expected response times on schedulers. GOS decreases the overall
expected response time through cooperation.

6.3. Effect of heterogeneity

In this section, we study the effect of heterogeneity on the
performance of load balancing schemes. A simple means to char-
acterize system heterogeneity is to use the processor speed. One of
the common measures for heterogeneity is speed skewness which
is defined as the ratio of the maximum processing rate to minimum
processing rate of the computers in the system. We  investigate the
effectiveness of load balancing schemes by varying speed skewness.

A 32-scheduler system is simulated, but the schedulers are
divided into three groups as shown in Table 2. Schedulers 1 to 8
represent the fast group. Schedulers 9 to 24 represent the moderate
group. Schedulers 25 to 32 represent the slow group. A homoge-
neous system is simulated at the beginning. Six experiments are
conducted by varying speed skewness. System utilization is 60%
in these experiments. The overall arrival rate is also provided in
Table 2, and the job arrival fraction qi is found in Table 1.

The results are presented in Fig. 10. As speed skewness increases,
the computational power of the system also increases. Thus, the
expected response time decreases. For a homogeneous system, the
three algorithms exhibit the same performance. When the system
becomes more heterogeneous, our algorithm and GOS decrease the
expected response time faster. When speed skewness is greater
than 50, our algorithm is close to GOS, which indicates our algo-
rithm is very effective in highly heterogeneous systems.

For the fairness index in Fig. 10(b), our algorithm and PROP M
maintain a fairness index of nearly 1 with increasing speed skew-
ness. The fairness index of GOS decreases from 1 at low skewness
to 0.82 at high skewness. GOS produces an allocation that does
�i(i = 1 :8) 10 100 200 300 400 500
�i(i = 9 :24) 10 50 50 50 50 50
�i(i = 25 : 32) 10 25 12.5 8.33 6.25 5
Overall arrival rate 192 1080 1500 1960 2430 2904
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Table 3
System configuration III.

Size � �i (jobs/s)

10 50 100 150 200 250

2 156 1 0 0 0 0 1
6  468 3 0 0 0 0 3
10  780 5 0 0 0 0 5
14  1086 6 1 0 0 1 6
18  1386 6 3 0 0 3 6
22  1656 6 5 0 1 4 6
26  1926 6 6 1 3 4 6
30  2196 6 6 4 4 4 6
32  2316 6 6 6 4 4 6
Fig. 10. Effect of system heterogeneity.

.4. Effect of system size

In this group of experiments, we vary the number of schedulers
vailable in the system and investigate the effect of system size.
e use the schedulers listed in Table 1 and vary the number of

chedulers in the system from 2 to 32. The system initially includes
wo schedulers, namely, the fastest and the slowest. System size
ncreases by four at each experiment. A half of the increments are
he fastest picked up from the rest, while the other half are the
lowest. For instance, when the system size is 14 nodes, it includes

 nodes of service rate 10, 6 of 250, 1 of 50, and 1 of 200. In this
anner, speed skewness remains 25 in this group of experiments.
uring each experiment, system utilization remains 60% across all

he experiments. Table 3 shows the number of schedulers at each
ervice rate and the overall arrival rate for each system size.

Fig. 11 compares the three algorithms in terms of the expected
esponse time and fairness index. In Fig. 11(a), the expected
esponse time decreases as the system size increases from 2 to 32.
he performance of our algorithm lies between those of GOS and
ROP M.  The overall expected response time is considerably less

n the case of our algorithm compared with PROP M. As shown in
ig. 11(b), the fairness indices of our algorithm and PROP M are very
lose to 1 with an increase in system size. However, the fairness
ndex of GOS considerably declines with an increase in system size.
Fig. 11. Effect of system size.

The expected response time of each scheduler varies. Some sched-
ulers are preferred. Fig. 11 validates that our algorithm balances
load and performs near the optimum.

7. Trace simulation
In this section, we  will validate the fairness scheme under the
track SP2 job workload log of SDSC [41]. There are 128 nodes.
7 queues accommodate the arriving jobs. Each node corresponds
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o a heter-scheduler and only 7 heter-schedulers admit coming
obs. Suppose the 128 heter-schedulers are fully connected peers.

 scheduler decides whether to accept or reject jobs based on its
wn performance.

The jobs in the log are assumed to be atomic. According to the
og, the arrival times of all jobs are provided. Thus, a real job arrival
rocess is simulated in these experiments. A total of 73,496 records
xist, which are divided into 3 folds for k-fold cross validation. The
xpected response time is averaged over 3 experiments in which
ne fold is selected as the test data set while the remaining 2 folds
re used as the training data set. The execution costs of each job on
he 128 PEs are generated by a random number generator, which
ollows an exponential distribution. The actual run time provided in
he workload log is used as the expectation of the random number
enerator.

Jobs arrive based on the time interval in the log. The initial strat-
gy is stochastic during the learning process. Then the strategy is
pdated according to Eqs. (9)–(12) once a job is assigned. After

earning converges or terminates, jobs are assigned according to

he final strategy.

In Section 2.2, the collaboration algorithms among heter-
chedulers are static. Parameters such as arrival rate and service
ate are prior knowledge, which are difficult to obtain from the

Fig. 12. SP2 trace simulation.
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SP2 workload log. Therefore, five immediate mode scheduling algo-
rithms, namely, OLB, MET, MCT, SA, and kPB, are selected to be
compared with our proposed method.

Fig. 12(a) provides the expected response time of the six algo-
rithms while Fig. 12(b) displays their fairness indices. MCT  assigns
jobs to the node that yields the earliest completion time, which
results in the minimum expected response time. MET  assigns jobs
to the node with the least execution time, which overloads the
fastest node and leads to load imbalance. The fairness index of
MET  is about 0.7. OLB assigns jobs to the earliest idle node. SA
and kPB attempt to combine the best features of MCT  and MET.
The performance of these algorithms is between those of MCT  and
MET. Compared with these five algorithms, our algorithm obtains a
considerably higher fairness index, although its expected response
time is reasonably lower than the best. The compared five algo-
rithms never consider the performance of each individual node.
They assume that other schedulers are cooperative and assign
jobs to the best of their knowledge. Consequently, the expected
response time is improved. However, the fairness, which is impor-
tant to self-interested schedulers, cannot be ensured.

8. Conclusion

New computation forms, such as Grid and Cloud computing,
indicate that large-scale distributed computing plays an increas-
ingly important role in our daily life. Unlike in parallel or small-scale
distributed environments, resources are gathered from multiple
domains in those systems. Some resources tend to be coopera-
tive, and some are self-interested. Thus, the scheduling algorithms
are supposed to differ for various resources. With this con-
sideration, we first build a unified framework for large-scale
distributed systems in this study. The resources are classified into
PE, homo-schedulers, and heter-schedulers. The different sched-
uling algorithms can be used as protocols among various classes of
resources.

We  focus on the scheduling problem for heter-schedulers and
modeled it as a non-cooperative game. Then we propose an online
scheduling algorithm based on reinforcement learning. This algo-
rithm requires significantly less system knowledge than static
algorithms. Through independent learning, the strategies of the
schedulers achieve Nash equilibrium. The simulation experiments
demonstrate that our algorithm exhibits good performance in
terms of the expected response time and fairness.
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