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Abstract

Load balancing plays an important role in large-scale cloud systems. Power-of-d-
choice (Pod) and Join-the-idle-queue (JIQ) are two popular load balancing strate-
gies. In this thesis, two new load balancing algorithms are proposed that combine
Pod and JIQ, leading to a better performance-cost trade-off. This thesis shows
analysis of these two new algorithms by using mean-field approximation and eval-
uates their performance through extensive simulations and system implementation
on Amazon EC2.
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Lay Summary

In this thesis, we proposed two novel algorithms to improve cloud computing per-
formance. Based on the proposed algorithms, we derived performance of algo-
rithms numerically. Also, we did simulations and implementations. In conclusion,
we found one of the mentioned algorithms in this thesis outperforms the others

based on cost-performance trade-off.
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This thesis is based on the research work conducted under the supervision of Dr.
Chen Feng in the School of Engineering at The University of British Columbia,
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Chapter 1

Introduction

1.1 Cloud Computing and Motivation

With the rapid growth of cloud computing market these years, cloud computing
attracts much attention from both industry and academia. The concept of cloud
computing can be traced back to 1950s when the implementation of static clients
to access mainframe computers appeared. After decades of development, by now,
cloud computing plays an indispensable role in the industry by supplying online
application services. The meaning of cloud computing refers to a service provided
by a remote data center which not only offers application through the Internet but
also hardware and software of the servers in the data center, and ‘“cloud” refers to
servers in a remote data center which provides hardware and software. Due to the
existence of cloud computing, computing finally becomes a kind of utility, just like
water and electricity in our daily life.

The development of cloud computing has lasted for years, and a vast amount of
manufacturers are now developing different cloud computing services. Cloud com-
puting has various forms, and simple cloud computing service can be found every-
where in people’s daily online applications, such as Google Chrome, Google Doc
and so on. At present, the main kinds of cloud computing service forms are SaaS
(Software as a Service), PaaS (Platform as a Service) and IaaS (Infrastructure as a
Service). Nevertheless, most of the time, when using applications through cloud

computing service, it referred to SaaS service. With years of developing, there are



many companies offering cloud computing service now. The most popular cloud
computing platforms, at present, are Amazon Elastic Compute Cloud (Amazon
EC2) [1], Google Cloud Platform [2] and Microsoft Azure [3]. Analogously, all
of these platforms supply pay-to-use computing service which is accessible “any-
time and anywhere”. Through this way, both service providers and users can fully
leverage the preponderance of SaaS. From provider’s side, they are satisfied with
the centralized hardware management and convenient software setup; to users, they
no longer need to worry about real servers maintenance and setup from remotely
controlling cloud server where data can be stored safely. Moreover, regarding small
companies which cannot afford local servers, cloud computing provides relatively
cheaper service which is cost-effective. For instance, running 100 servers for one
hour, unexpectedly, costs less than running one server for 100 hours, which is both
financial and time efficiency.

Although cloud computing has many advantages, it is still facing imperfections
and challenges, such as data privacy, data security, user habits, network latency,
etc. In detail, concerning data privacy: how to ensure that private data stored in
the cloud away from illegal use requires not only technical improvements but also
needs to improve the law; concerning data security: Some data is the commer-
cial secrets and the security of the data related to the survival and development;
concerning user habits: how to let users adapt to the network application is a long-
term challenge; concerning network latency: cloud computing relies on network
and network latency badly influences the performance of service.

Cloud computing needs to supply an efficient and flexible approach to upload
and download data and manage vast amounts of data transmissions. In terms of
network latency, there are requirements of specific techniques and algorithms to
ensure a steady and high-powered performance for users. Thus, it becomes signif-
icant to explore approaches in cloud computing which can help reduce the latency
and improve the performance. One non-neglectful issue among the approaches is
load balancing. Therefore, in this thesis, my work is concentrated on load balanc-

ing.



1.2 Load Balancing Problems

Nowadays, load balancing is applied widely in large-scale cloud computing sys-
tems. For example, Amazon EC2 offers a service called Amazon EC2 Container
Service (Amazon ECS) [1], which provides flexible load balancing methods to
assign incoming computing tasks to less-loaded servers. Load balancing is a fun-
damental cloud computing problem. Load balancing aims to dispatch tasks among
a set of servers as evenly as possible. For instance, assume that a number of tasks
should be dispatched to amount of servers which have the same computing, and
each server can only process one task at a time. In order to achieve the minimum
final processing time, the approach is to ensure leveraging the parallel machines
efficiently, which is the purpose of load balancing. Ideally, a load balancing algo-
rithm should minimize the task response time (i.e., the time between the arrival and
the completion of a computing task). Join-the-Shortest-Queue (JSQ) is an ideal-
ized algorithm to achieve short response time. It tracks the queue lengths of all the
servers in the system and selects the least-loaded server when a computing task ar-
rives. Although JSQ is proven to achieve the shortest response time in heavy-traffic
limit [4], it doesn’t scale well because of the need of tracking the queue lengths of
all the servers, which is quite resource consuming for large-scale systems.

To alleviate this issue, Power-of-d-choices (Pod) has been proposed as an
“approximation” of JSQ. Rather than tracking all the servers, Pod only probes
d servers (uniformly at random) upon a task arrival and then selects the least-
loaded one among the d servers for the new task. Surprisingly, this simple strategy
achieves low average response time even when d is as small as 2 [5]. For this
reason, Pod has been widely used in various cloud computing systems (see, e.g.,
Sparrow [6]). Despite its excellent performance in terms of overhead and aver-
age response time, the tail response time of Pod still remains high for large-scale
systems [7]. Furthermore, the probing operation in Pod incurs additional delay
compared with JSQ.

Join-the-Idle-Queue (JIQ) has been recently proposed as a promising new ap-
proximation of JSQ [8]. Rather than tracking all the servers, JIQ only tracks idle
servers in the system. To do so, JIQ employs a number of schedulers operating in

a distributed manner. Specifically, each scheduler maintains an I-queue that stores



a list of idle servers. Whenever a server becomes idle, it reports to one of these
schedulers chosen at random. In this way, each scheduler tracks a subset of idle
servers using its I-queue. Once a new computing task arrives, it will contact one of
the schedulers and will be assigned to an idle server if the scheduler’s I-queue is
non-empty. Otherwise, the task will be assigned to a random server chosen by the
scheduler. Compared with JSQ, each scheduler in JIQ only maintains local infor-
mation. As such, JIQ is scalable to large systems if there are sufficient schedulers.
Compared with Pod, each scheduler in JIQ simply assigns a new task to an idle
server without any probing operation as long as its I-queue is non-empty. Thus,
JIQ works very well when the majority of I-queues are non-empty. However, the
performance of JIQ deteriorates sharply if the majority of I-queues are empty since
a new task is very likely to be assigned to a server chosen at random.

Can we combine Pod and JIQ to achieve better performance? Mitzenmacher
has proposed one such combination in 2016 [9], where an idle server applies Pod
to find the shortest I-queue (among the randomly selected d I-queues) to report.
Another combination has been proposed in our previous work [10], where a sched-
uler with an empty I-queue randomly probes d servers and selects the least-loaded
one. Although these two combinations indeed achieve better performance concern-
ing the task response time, both of them incur extra communication cost compared
with the original JIQ. In other words, there is a tradeoff between the delay perfor-
mance and communication cost for variants of JIQ.

Can we achieve a better performance-cost tradeoff? In this thesis, we propose
two new variants of JIQ inspired by the previous work [9, 10]. Our first variant
is called JIQ-NE, which aims to assign a new task to a scheduler with non-empty
I-queue by probing at most d schedulers in a sequential manner. Our second vari-
ant is called JIQ-E, which aims to assign an idle server to a scheduler with empty
I-queue by probing at most d schedulers in a sequential manner. Furthermore,
we apply the mean-field approximation to analyze the delay performance of these
two new variants, deriving several semi-closed-form expressions. Our expressions
suggest that JIQ-NE achieves a better performance-cost tradeoff than existing JIQ
variants. Finally, we conduct extensive simulations to verify our theoretical analy-

sis.



1.3 Related Work

The Pod algorithm is one of the most well-known load balancing strategies [5] to
approximate JSQ. It is based on a supermarket queue model which can be analyzed
via mean-field analysis. Nowadays. Pod algorithm and its variants are extensively
leveraged in cloud computing systems. As one such variant, the authors in [6]
proposed a stateless distributed scheduler by using batch sampling. In particular,
batch sampling can dramatically reduce tail response time than Pod. In [7], the
authors successfully made the number d close to 1 while keeping the task response
time low and upper-bounded in batch arrival scenario. A recent work [11] shows
a hybrid algorithm combining Pod with an extra “helper” in a system. With this
“helper”, the hybrid algorithm can effectively restrict the size of the maximum
Servers.

Another well-known load balancing strategy is JIQ algorithm [8]. Based on
the simple idea of using idle server information, A. Stolyar [12, 13] analyzed the
performance of centralized JIQ (the number of I-queue is fixed while the number
of servers tends to infinity) through mean-field analysis. The main result is that
the probability of centralized JIQ to route each newly arrived task to an idle server
goes to 1 in the large-systems limit. Meanwhile, Mitzenmacher [9] introduced and
studied distributed JIQ in which the ratio r is a fixed number (as in our system
model). He derived differential equations to describe the whole system, which
inspired both [10] and this thesis.

Except for Pod and JIQ, there are many other techniques of load balancing
in cloud computing. The authors in [14] proposed a two-level task scheduling
mechanism. They are the first who proposed mapping tasks to virtual machines to
maintain load balancing. Through their method, it can help improve task response
time and cloud computing environment. A two-phase scheduling algorithm [15]
is proposed to achieve a better executing efficiency and keep maintaining system
load. It combines two existing load balancing algorithms to help system in an
efficient state of resources utilization. To solve the high migration cost and load
imbalance problems in cloud computing, a scheduling strategy was designed in
[16] on load balancing of virtual machine resources. Through leveraging a genetic

algorithm, this strategy improves system load balancing and effectively reduces the



dynamic migration.

This thesis builds upon our previous work [10]. In [10], we not only obtained
semi-closed form expressions of the stationary queue-length distribution but also
proposed the JIQ-Pod algorithm, which outperforms both JIQ and Pod. In this
thesis, we take a further step to analyze the pros and cons of different combinations

of JIQ and Pod in terms of the task response time and communication cost.

1.4 Organization

This thesis contains six chapters, and the rest chapters are organized as follows.

In Chapter 2, we present the system model. Then, we introduce JIQ, JIQ-Pod
and two new algorithms (namely, JIQ-NE and JIQ-E) respectively.

In Chapter 3, we first establish a Markov model for our JIQ algorithms, based
on which we characterize the delay performance and communication cost of vari-
ous algorithms. We then compare their performances analytically.

In Chapter 4, we conduct extensive simulations, focusing on the delay perfor-
mance and communication cost. We also evaluate the empty I-queue rate and the
influence of system parameters.

In Chapter 5, we implement the proposed JIQ algorithms using 56 Amazon
EC2 instances, demonstrating their feasibility and practicality.

Finally, in Chapter 6, we conclude the entire thesis.



Chapter 2

Models of JIQ and its Variants

In this chapter, we define the models of all JIQ-based algorithms. In the beginning,
we give the general model, and then we provide the particular strategies of all the

algorithms in detail. In the end, we show additional discussions based on models.

2.1 General Model

Consider a system that has N servers and M schedulers (each maintaining an I-
queue). We define the ratio » = N /M. Time is set to be continuous. In this system

model, the following events may happen:

1. Task arrivals: The task arrival process is assumed to be a Poisson process
with rate AN where 0 < A < 1 is a system parameter. When a new task
arrives, it will select a scheduler according to a specific scheduler-selection

strategy.

2. Schedulers: Each scheduler maintains an I-queue in order to store a list of
idle servers. Upon a task arrival, a scheduler with non-empty I-queue will
select an idle server uniformly at random from its I-queue and then remove
this idle server from its I-queue. Otherwise, it will apply a specific server-

selection strategy to choose a server for the new task.

3. Servers: Each server has a first-in first-out (FIFO) queue to store incoming

tasks. The task processing time is assumed to be exponentially distributed



with mean 1, which is independent across tasks and across servers. When a
server becomes idle, it will join an I-queue by applying a specific I-queue-

joining strategy.

Once the three strategies (i.e., scheduler-selection, server-selection, and I-queue-
joining strategies) are specified, we can obtain a particular version of the JIQ al-
gorithm and we will present four such algorithms in the rest of this chapter. The

general model is shown in Fig 2.1
Servers

Scheduler
___________________ () a4

" Idle-Queue ™

A
i g8
e L

Figure 2.1: The operating process of the general model.

2.2 Join-The-Idle-Queue (JIQ)

The standard JIQ algorithm uses the following strategies:

1. Scheduler-selection strategy: When a new task arrives, it will select a sched-

uler uniformly at random from all the schedulers.

2. Sever-selection strategy: When a new task arrives, a scheduler with empty

I-queue will select a server uniformly at random from all the servers.

3. I-queue-joining strategy: When a server becomes idle, it will select an I-
queue uniformly at random from all the I-queues and then join the selected

I-queue.



2.3 JIQ-Power-of-d-Choices (JIQ-Pod)

JIQ-Pod is a very recent algorithm proposed in our previous work [10] that aims to

take the best of two worlds (i.e. JIQ and Pod). It uses the following two strategies:

1. Scheduler-selection strategy: The same as standard JI1Q.

2. Sever-selection strategy: When a new task arrives, a scheduler with empty
I-queue will randomly select d servers from all the servers, then choose the

server with the shortest queue among the selected d servers.
3. I-queue-joining strategy: The same as standard JIQ.
Fig. 2.2 illustrates JIQ-Pod in which the empty I-queue selects server 2 and

server 3 and then assigns the new task to server 2.

Servers

(|0 &8

Idle-Queues

D/

,______________

Figure 2.2: An illustration of JIQ-Pod

2.4 JIQ-Empty (JIQ-E)

JIQ-E allows a new idle server to find a scheduler with an empty I-queue through

a reasonable amount of effort. It uses the following strategies:

1. Scheduler-selection strategy: The same as standard JIQ.



2. Sever-selection strategy: The same as standard JIQ.

3. I-queue-joining strategy: When a server becomes idle, it will probe at most
d schedulers in a sequential manner until it finds a scheduler with an empty
I-queue. Specifically, the server firstly probes d — 1 schedulers uniformly
at random. If the server finds a scheduler with an empty I-queue, it selects
the scheduler immediately. Otherwise, it selects the scheduler (i.e., the dth
scheduler) uniformly at random from all the schedulers without checking the

status of its I-queue.

Fig. 2.3 illustrates JIQ-E in which new idle server 3 first probes the scheduler

on the bottom and then it probes the scheduler on the top whose I-queue is empty.

Servers

|3 &

Idle-Queues

- -

(2)

@
@ — @B

= = —
- —————

&

Figure 2.3: An illustration of JIQ-E

2.5 JIQ-Non-Empty (JIQ-NE)

JIQ-NE allows a new task to find a scheduler with a non-empty I-queue through a

reasonable amount of effort. It uses the following strategies:
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1. Scheduler-selection strategy: When a new task arrives, it will probe at most

d schedulers in a sequential manner until it finds a scheduler with a non-

empty I-queue. Specifically, the task first probes d — 1 schedulers uniformly

at random. If the task finds a scheduler with a non-empty I-queue, it selects

the scheduler immediately. Otherwise, it selects the scheduler (i.e., the dth

scheduler) uniformly at random from all the schedulers without checking the

status of its I-queue.

2. Sever-selection strategy: The same as standard JIQ.

3. I-queue-joining strategy: The same as standard JIQ.

Fig. 2.4 illustrates JIQ-NE in which the new task first probes the scheduler on

the top and then it probes the scheduler on the bottom which directs it to server 2.

Servers

™

@

Idle-Queues

__________

(2)

/
T~ O &

,_____________.

()

Figure 2.4: An illustration of JIQ-NE

2.6 Discussions

To summarize, there are three choices to make for any JIQ algorithm:

1. How does a new task select a scheduler?

2. How does a scheduler with an empty I-queue choose a server?

11



3. How does a new idle server join an I-queue?

The standard JIQ applies the “uniform-at-random” strategy to make all the
choices, leading to simple implementation (without the need for tracking any status
of the system) yet sub-optimal performance. In order to improve the performance,
JIQ-NE makes a smarter choice to select a scheduler by probing at most d sched-
ulers, JIQ-Pod makes a smarter choice to select a server that has the shortest queue
among d servers, and JIQ-E makes a smarter choice to join an I-queue by prob-
ing at most d I-queues. Also, notice that JIQ-Pod probes d servers simultaneous
whereas JIQ-NE and JIQ-E do the probing sequentially in order to reduce the com-
munication cost.

Although these JIQ variants improve different aspects of the system, a unified
theoretical framework will be developed based on the mean-field approximation to

compare their performances in the next chapter.
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Chapter 3

Analysis of JIQ-NE and JIQ-E
Algorithms

In this chapter, the delay performance of new proposed two JIQ variants, namely
JIQ-NE and JIQ-E, is studied, through mean-field approximation. First, a continuous-
time Markov-chain model for the system evolution is established. Then, regarding
JIQ-NE algorithm and JIQ-E algorithm, the detailed derivation of the stationary
distribution of a single server is shown under the large-system limit, which allows
me to characterize the delay performance such as the average task response time
and the tail response time. Finally, the delay performance of our JIQ variants is

compared with existing variants.

3.1 Markov Model

In order to build a Markov model, we first define the state of a single server. Specif-
ically, we denote by Sf.w’N(t) the state of the ith server at time 7 in a system of N

servers and M I-queues, where S?/I’N (t) takes values in the set
7 ={(0,1),(0,2),(0,3),...,1,2,3,...}.

Here, the state (0, j) means that the server is an idle server associated with an I-
queue of length j, and the state j means that the queue length of the server is j. For

instance, the 1st server in Fig. 2.2 is in state 2 and the 2nd server in Fig. 2.2 is in

13



state (0,2).
Next, we define the state of the system at time ¢ as

SV () 2 {0, 1), sy

Clearly, SN (¢) forms a continuous-time Markov chain. Moreover, one can show
that S¥V () is irreducible, nonexplosive, and positive recurrent. Hence, S¥:V(r)
has a unique stationary distribution.

However, it is often difficult to find the unique stationary distribution for M-V (¢)
due to the “curse of dimensionality.” As such, we apply the mean-field approxi-
mation to “approximate” the unique stationary distribution. As we will see later,
such an approximation tends to be exact as M and N tend to infinity with fixed ratio
r=N/M.

Note that the state of each server is identically distributed due to the symmetry.
Now, we assume that the state of each server is also independently distributed when
the system reaches the steady state. This i.i.d. assumption, which is an essential
element of mean-field approximation, allows us to focus on the state evolution of a
single server in the system, thereby avoiding the curse of dimensionality.

Recall that the possible states of a server are from the set
< ={(0,1),(0,2),...,1,2,...}.
Let

qé {4(0,1),61(0,2)7"' 7611,6127"'}

denote the stationary distribution of a single server. By the Strong Law of Large
Number, we can then use g(g j as the fraction of servers with state (0, j) in the
large-system limit. Similarly, g; as the fraction of servers with state j in the large-
system limit.

For convenience, we denote by p; the fraction of I-queues of size j. Let

pé {p()aplap%'”}'

14



By the Strong Law of Large Number, we have

"q(0.))
J

Pj=

for j > 1 in the large-system limit. Here, ratio r = M /N and note that py is the
fraction of empty I-queues, which will play an important role later. We are now

ready to solve for p and ¢ by using the mean-field approximation.

3.2 Stationary Distribution Under JIQ-NE

First, we derive the transition rates for the state evolution of a single server as

follows:

® rii-1= 1, for i > 2.
The processing rate of a task in a server is exponentially distributed with

mean 1.

® ri-1,i= lpg, for i > 2.
The task arrival rate is AN, the probability of continuously joining d empty I-
queues is pg , and the probability of selecting the target server over all servers

P " . 4 1
is 3. Hence, the transition rate is AN - p{j - ;.

® "1,0,) = Pj-1-
The processing rate of a task in a server is exponentially distributed with

mean 1, and the probability of joining an I-queue of size j —11is p;_.

d—1
* roj1 =2 [PB’ 5 r Pé] :
The task arrival rate is AN and two events, resulting from a new arrival task,
leads to this state change. The first event is that a new task is continuously

routed to d empty I-queues and then directed to the target server. The prob-
1

N.
routed to an empty I-queue or empty I-queues continuously, is finally routed

ability of this event is pg . The second event is that a new task, after

to the I-queue associated with the target server and then directed to the target

d—1
server. The probability of this event is ) pf) . ﬁ . } . Hence, the transition
=0

15



d-1
rateis?tN(pg-]l,—i-]f,-}' pf)).
1=0

® 7(0,j-1),(0,) = rq1, for j = 2.

The generating rate of idle servers is g1 N, and the probability of selecting

1

the I-queue associated with the target server is ;.

® 70.j),0j-1)=A—1) [pg+ ;j;;pé] ,for j > 2.
The task arrival rate is AN. There are two events resulting in this state
change. The first event is that a new task, after routed to d empty I-queues, is
finally directed to an idle server having the same I-queue as the target server.
The probability of this event is pg . % The second event is that the new
task, after routed to an empty I-queue or empty I-queues, is finally routed to

the [-queue associated with the target server and then directed to another idle

d—1 .
server. The probability of this eventis ) pf) . ﬁ . % Hence, the transition
=0

. Cod-l
rateis?tN(pg-];,]—i-I(,-];l~ pf)).

Based on the above transition rates, one can easily write down the local balance

equations as

qiTii-1 = qi-1ri-1,i, fori > 2,
4(0,j)"(0,j),1 = 9q171,0,j)> for j > 1, (3.1)
49(0,/)7(0,),(0,j—1) = 4(0,j—1)T(0,j1),(0,7)> for j = 2.

By solving the local balance equations, we have the following theorem:

Theorem 1. The stationary distribution of the state of a single server under JIQ-

NE in the large-system limit is

=l1-Apdy . .
q(0,) = %l}?o, fori>1,
I1(r X potirf) (3.2)

Jj= =

gi=pi" V(1= plA), fori>1
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where pg is the unique solution to the following equation

= (1= A
Y x=1 (3.3)
LTI (r X X+ jixd)
j=1 =0
over the interval (0,1).
Proof. In order to prove Theorem 1, we set
> (1= Ax?)
R I
THIL(r X &+ jixd)

and (3.3) to f(x) = 1. The proof consists of two parts. First, we will show that
f(x) =1 indeed has a unique solution over the interval (0,1). Second, we will
show that the stationary distribution which is given in (3.2) indeed satisfies the
local balance equations.

Proof of Part 1. It suffices to show the following properties
Property 1. f(0) =0and f(1) > 1;
Property 2. f(x) is differentiable over the interval (0, 1);

Property 3. f(x) is monotonically increasing when f(x) > 1 over the interval
(0,1).

By Properties 1 and 2, we know that f(x) = 1 has a solution over the interval (0, 1).
By Property 3, we know that f(x) = 1 has a unique solution over the interval (0, 1).

Property 1 is obvious by showing

limf(x) = 0
lim f(x) > 1.

In order to prove Property 2, we need to use two Gamma functions defined

17



below

Note that
F(a)—F(a,b):/ t”fle*tdt—/ e tdr
0 b

b
:/ e ldr.
0

According to the Welerstrass’s definition for gamma function and generalized La-

guerre polynomials, we can have

) —T(a _ ae—b S bk
T(a)—T(a,b) =b ];)a(ﬁl)...(ﬁk)‘

Hence, we have
f(x) =x+[I(a(x)) =TI (a(x),b(x))]

1 —r i xl’d
x [r <—)L+)] 2 A xx (3.4)
X

-1
where a(x) =1+r ¥ x4 and b(x) =r (-1 +1).
1=0

Now, we define a new function v(x) as
v(x) £ (a) —T(a,b). (3.5)

Except for v(x), the other parts in (3.4) are clearly to be differentiable. There-
fore, in order to show f(x) is differentiable over (0,1), we need to show that v(x) is

18



differentiable over (0,1). We have

b
v(x):/ 1 Le dr
0
r(-2+3) /g e
=,

ti=0 e 7ldr.
According to the Leibniz’s integral rule, if v(x) meets the following conditions

1. b(x) =r(—2+1) has continuous derivative over (0,1);
r dilxlid . . .. . .
2. g(x,t)=t =0 -e~"andits partial derivative 5 g(x,) are continuous in the

regionof 0 < x < 1 and 0 <7 < b(x),

we can say v(x) is differentiable, and both conditions can be easily verified. There-
fore, the function f(x) is differentiable over (0, 1).
In order to prove Property 3, we introduce

x, for i =0;
yi(x) = Mx, fori> 1. (3.6)

R

j=1"1=0

Clearly, f(x) = Y. yi(x). Now, we need to verify that Y y;(x) >0 when Y y;(x) >
i=0 i=0 j=

i=0
1.
According to (3.6), it is easy to see that
r(l—Ax4 .
Vit1(x) = d—l( ) yi(x), fori >0, (3.7
rY x4+ (i+ 1)
1=0
and we set y
1-A
h(x) = — ( )
rY x4 i+ 1)
1=0
So, we have

Vi1 (¥) = h(x)yi(x) + h(x)yi(x), fori > 0.
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Here, we find

PAdx (1= ) ('Y 101+ d i+ 1))
I =0
h(x) =—

— <0.
(r Y x4+ (i+1)x4)?
1=0

Because y;(x) > 0 and i(x) > 0, we can say that if there is some y} (x) < 0, then for
alli >k, yg < 0. This gives rise to two cases

1. Ally,(x) >0, forall i > 0

2. There exists some integer k such as for all i < k, y;(x) > 0 and for all i > k
yi(x) <O.

For Case 1, we have Z ¥i(x) > 0, because y(,(x) = 1 and y;(x) > 0, wheni >0
For Case 2, accordlng to (3.7), we have

d—1
<r Z X+ 1)xd> Vi1 (%) = r(1=2Ax)yi(x).
1=0
Then
) d—1
Z rZ —|—1x 1—136 Zyz
i=1 [=0
) d—1 hod >°
Z Zx +ix? )yi(x —er—rZyl Adeyi(
i=0 i i=0
It follows that
) d—1 )
deiy,- +l"le'zyz
i=0 =0 i
) ) d—
=rY vi ALY yilx) +rx Y Al
i=0 i=0 =
Hence,
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Now, by computing the derivatives we have
&) d—] =)
Y iyi(x) +r(A + Z x) Zyﬁ(X)
= .
=r Z Ix( IH Z x)—1).

i=0

Recall that k is the smallest integer such that y; (x) < 0. Thus, we have

Y ki) > ¥ i)
i=0 i=0

Therefore,

oo

oo d-1 o d-1
ZZyﬁ(x) +r(A+ Z xh) Zyi(x) >r Z lx_(lH)(Zy,-(x) —1)
i=0 I=1 i=0 I=1

i=0

d—1 oo
(k—l—rl—i—er Zyl >erx7(Z+l)(Zy,-(x)—
=1 i=0

rdil I+

Y i) > (L i) -
i=0 (k+rA+r Y xt) =0
=1

Note that y
-1
k+rl+r2x71 >0

d—1
r Z Ix~ D > 0
=1

this shows that when f(x) = Zy,( ) > 1, fl(x) = Zyl( ) >
Proof of Part 2. We show that (3.2) satisfies (3 1). The proof of this part is
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simple and straightforward and we have

gitii—1 :Pg(iil)”(l —pia) x 1
gioirioni=pi A 1= pia) (A pd)
— pl D21 = i),

P (1—apdy
o 0 jpo-A

/ v 4 id
[1(r X Po"‘lpo)
=1 1=0

q9(0.j)7(0.9).1 =

=
Po+;ZPO

=0

J—171 _ 3 d\J
:‘r (1=A4pg) A0

it I id
IIl(rlgop0+zp0)

=

rq(0,j-1)

j—1
(1 - apg)
iZhodol po
I1 (r1§0p0+lp0>

i=1
P (1= Apg)’
j—1 d—1
Moy

=

q1r1(05) = A(1—pia)-

=A(1—pa)-

Apo

0P6+l’p6’)
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and

ri-1 1—kpdj ) ) rdl
90.)7(0.0).05-1) = 7 ;1 0y a(j- p$+;§:%
I}l(r Y po+ip) =0
ri 1(1—)Lpo) )
= o Apo(j—1)
I_T (”IZ P0+1Po)
r=2(1-Ap ! )
90,j-17(0-1.0.) = A1 = PjA) - 5 (d 1 (= 1)py

ri=H (1= Apd)’ .
o d(l o Apo(j=1).

nerx Py+ipg)

i=1

O]

Based on Theorem 1, we can figure out the value of pg numerically. In partic-

ular, we consider a truncated version of f(x) as

Ao F=2Axd)
fn(X):X+Z lr(dl ) X
S o+ jad)
j=1 1=0

and define the error term as f(x) — f,,(x). We have

o0 Al — xdi
fo) - = Y, U
i=n+1 H(rle"’_de)

Jj=1 1=0

(I—Ax )

> (1 —Axd)
X Z n+i d—1

- ‘ .
I1(r Z W) BT ¢ L x4 jx)
j=1 j=n+1 [=0
n d n
Note that the term nrl(l}f,ih)x in the above product is precisely the last item
I (r P l+jxd)
s
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of fu(x). Note also that

F(1—Axt) ¥ F(1—Axt)

i y —1
i=1 (I’ Z x’—f—jxd) i=1 (7‘ x’—l—nxd)
j=n+1 1=0 1=0
and . .
1—xt) r(1—2Ax%)

9

1 o d-l
Ly d4nxd) Y x4 (n+Ar)xd
= 1=0

which tends to 0 as n increases. Therefore, for large n, the error term f(x) — f,,(x)
is negligible compared to f,,(x). In fact, according to our numerical calculations,
fn(x) is very close to f(x) as long as n > 20.

After we solve for pg, we can calculate the stationary tail distribution and the
expected task response time. Here, stationary tail distribution is denoted by s;

which represents the probability for a server to have no less than i tasks in process.

Corollary 1. In the large-system limit, the stationary tail distribution under JIQ-
NE is
1, fori=0,
§; = . ,
t p(()lfl)d),’, fori>1
and the expected task response time under JIQ-NE is ﬁ.
ro

Proof. First, we derive the stationary tail distribution s; as follows:
si=Y a;=Y.py" VA (1= pga) = p VAL
j=i j=i

Second, we derive the expected task response time. When a new task arrives,

two events could happen

1. The new task is finally routed to an empty I-queue. This event happens

with probability pg. Under this event, the expected task response time is

X (i+1)g;
i=0

2. The new task is finally routed to a non-empty I-queue. This event happens
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with probability 1 — pg. Under this event, the expected task response time is
1.

Therefore, the total expected response time is

3.3

1

d - . d
po ) i+ 1)gi+(1—ph) =—7-.
0;) L 0 l—pgﬂ.

1

Stationary Distribution Under JIQ-E

Similarly, we first derive the transition rates for the state evolution of a single server

in JIQ-E system as follows:

rii—1= 1, for i 2 2.
The processing rate of a task in a server is exponentially distributed with

mean 1.

ri—1,i = lp(), for i > 2.
The task arrival rate is AN, the probability of joining an empty I-queue is po,
and the probability of selecting the target server over all servers is % Hence,

the transition rate is AN - pg - %

ri0,j) = (1 —po)d_lpj_l, fori > 2.

The processing rate of a task is exponentially distributed with mean 1, and
the probability of joining an I-queue of size j— 1 is (1 —po)?~!p;_;

rio1) =1—(1—po)’.

The processing rate of a task is exponentially distributed with mean 1, and
the probability of continuously joining d non-empty I-queues is (1 — po)?.

Hence, the transition rate is 1 — (1 — pg)“.

r0,).1 = Apo+ 5)-
The task arrival rate is AN and two events, resulting from a newly arrival
task, lead to this state change. The first event is that the new task is routed

to an empty I-queue and then directed to the target server. The probability
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of this event is pg - % The second event is that the new task is routed to

the I-queue associated with the target server and then directed to the target

server. The probability of this event is M 1 N 1 Hence, the transition
j

j
rateis?tN(pO'N—i-N‘j).

7(0,j—1),(0,/) = rql(l —po)d_l, for j > 2.
The generating rate of idle servers is g1 N, and the probability of selecting
1 )d—l

the I-queue associated with the target server is 37 - (1 — po

r0,),0,j-1) = A= 1)(po+3) for j = 2.

The task arrival rate is AN. There are two events resulting in this state
change. The first event is that the new task is routed to an empty [-queue
and then directed to an idle server having the same I-queue as the target
server. The probability of this event is pg - % The second event is that

the new task is routed to the I-queue associated with the target server and
j=1

then directed to another idle server. The probability of this event is % T

Hence, the transition rate is AN (po . % + ﬁ . ’%1)

By solving the same local balance equations (3.1), we have the following

theorem:

Theorem 2. The stationary distribution of the state of a single server under JIQ-E

in the large-system limit is

i— _ i (a
Gosy = IR R fori> 1,

ﬁl(r+jpo)
J=

qi = piy AN (1 = po), fori>1
where pq is the unique solution to the following equation
(1 —Ax l( x)(d—l)(i—l)
11 (r+ )

j=1

Es

over the interval (0,1).

[1-(1-x)1=

(3.8)

1 (3.9)

26



Proof. The proof of Theorem 2 is similar to the proof of Theorem 1. In order to
prove Theorem 2, we set
> (11— Ax) (1 —x)@- DD
fo) 2 x Y, AZATUZY - (1)
= [1 (r+ jx)
j=1

and (3.9) to f(x) = 1. The proof consists of two parts. First, we will show that
f(x) =1 indeed has an unique solution over the interval (0,1). Second, we will
show that the stationary distribution given in (3.8) indeed satisfies the local balance
equations.

Proof of Part 1. 1t suffices to show the following properties
Property 1. f(0) =0and f(1) > I;
Property 2. f(x) is differentiable over the interval (0, 1);
Property 3. f(x) is monotonically increasing over (0,1).

By Properties 1 and 2, we know that f(x) = 1 has a solution over the interval (0, 1).
By Property 3, we know that f(x) = 1 has a unique solution over the interval (0, 1).

Property 1 is obvious by showing

iiif(l)f(x)zo
li_rﬂf(x) > 1.

In order to prove Property 2, we also use the above-mentioned Gamma func-

tions. Based on (3.8) and Gamma functions, we have

f(x) =x+[[(a(x)) =T (a(x),b(x))]
x [r (—/I + 1)] N I EIa [1—(1-x) (3.10)
where a(x) =1+ L and b(x) =r (A +1) (1-x)4"L

We also use (3.5) here. Except for v(x), the other parts in (3.10) are clearly to be

differentiable. Therefore, in order to show f(x) is differentiable over (0,1), we need
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to show that v(x) is differentiable over (0,1). From above-mentioned conclusions,

we can have

b
v(x):/ 1 e dr
0

r(fl+i)(lfx)‘l’l .
:/ ti-edt.
0

According to the Leibniz’s integral rule, if v(x) meets the following conditions

1. b(x) =r(—=2A+1) (1—x)?"! has continuous derivative over (0, 1);

2. g(x,1) =1+ -e " and its partial derivative %g(x,t) are continuous in the re-

gionof 0 <x < 1and 0 <7 <b(x),

we can say v(x) is differentiable, and both conditions can be easily verified. There-

fore, the function f(x) is differentiable over (0, 1).

In order to prove Property 3, we introduce

x, fori=0;
yilx) £y AOA NN ) 0d) for > 1.
i=1 Hl (r4jx)
J=

Clearly, f(x) = i yi(x). Now, we need to verify that f yi(x) > 0.
=0 i=0

1=
According to (3.11), it is easy to have

1—Ax4
Yir1(x) = d_;;( ) yi(x), fori > 1,
rY x4+ (i+1)x
1=0
We set (190 )
r(1—2Ax)(1 —x
hlx) = r+(i+1)x
So, we have

Vip1(x) = h(x)"yi(x) + h(x)yi(x), fori > 1.

3.11)

(3.12)
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Here, we find

r(rA+(i+1))(1—x) N r(1—2Ax)
(r+(i+1)po) r+(i+1)x

Because y;(x) > 0 and A(x) > 0, we can say that if there is some y; (x) < 0, then for

alli >k, y§ < 0. This gives rise to two cases:
1. All yi(x) >0, for all i > 0;

2. There exists some integer k such as for all i < k, y}(x) > 0 and for all i > &,
¥i(x) <O0.

For Case 1, we have Z ¥i(x) > 0, because yj(x) = 1 and y}(x) > 0, when i > 0.

For Case 2, accordlng to (3.12), we have

(r =+ (i 1)x) yirr (x) = r(1 = 22) (1 = x)yi (x).

It follows that

oo oo

Y r (i Dadyigr () = ) r(1 = Ax) (1 = x)yi(x)

i=0 i=0

oo oo oo

Y (et ix)yi() = re = Y (1= Aa)yi(x) = Y r(1 = A)xyi(x)

i=0 i=0 i=0

i ixyi(x) —rx = —r/lxiyi(x) — rxiyi(x) +rAx? iyi(x)
i=0 i=0 i=0 i=0
Zlyl +V)LZ)7, —r—”zyz —|—rley,

Now, by computing the derivatives we have

Y iyi(x) +rA Y yile) = —r Y yi(x) +rA Y yilx) +rA Y i)
i=0 i=0 i=0 i=0 i=0
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Recall that k is the smallest integer such that y; (x) < 0. Thus, we have
Y kyi(x) > ) iyi(x).
i=0 i=0

Therefore,

kY yix)+rA Y yix) > —r ) yi(x) +rA Y yi(x) +rA ) xvi(x)
i=0 i=0 i=0 i=0 i=0

(k+rA(1—x)+r) iyi(x) >rA iyi(x)

i=0

=, ri o
i_g’)yi(x) - k+rA(1 —x)—i—rl;’)yl(x)'

We can find that W{x)w > ( and EO yi(x) > 0. Hence, we have

iyg(x) > 0.
i=0

This shows that f(x) > 0 over the interval (0,1).

Proof of Part 2. we show that (3.8) meets (3.1). Similarly, the proof of this part

is simple and straightforward and we have

qitii-1= pf)_lli(l —pod) x 1
Girri10 = iy A7 (1= po) (A po)
=pl A (1= pod),

30



q171,0,j) = A(1 = poA) - ———=

P (1= Apo)’~ (1 = po) VU
: .
[T (r+ipo)

i=1
_ N1 = Apo) (1= o)1
- =

[T (r+ipo)

i=1

=A(1=poh)

Po

Apo

and
rim1 (1= ,1],0)1(1 _po)(dfl)j

iHl(rﬂL ipo)

=11 = Apa) (1= (d-1)j .
= U AL g )

[1(r+ipo)

i=1

P21 = Apo)) ™! (1= po) DU
q(0,j-1)7(0,j—1),(0,j) = j—1

I_Tl (r+ipo)

=11 = Apa) (1 = po)d—1)j '
_ r ( j_fO) ( pO) APO(]_I)
H(r+ip0)

i=1

. . r
9(0./)7(0.),(0.j-1) = ipo-A(j—1)(po+ ;)

(j—1Dpo-rA(1=poA)(1— po)*~!

The method to compute py numerically is similar to that of JIQ-NE, we set

n (] — V(1 — ) @D
2oy 3 MEATUIT T 1y

=1 (r+Jjx)

fu(x) ;
j=1
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and we find when n > 20, the solution of f,(x) = 1 is very close to the solution of
(3.9).
Then, we can calculate the stationary tail distribution and the expected task

response time.

Corollary 2. In the large-system limit, the stationary tail distribution under JIQ-E
is
1, fori =0,
S;i = . .
pa_]l’,foriz 1
and the expected task response time under JIQ-E is ﬁ
Proof. First, we derive the stationary tail distribution s;, as follows:
oo (e} '71 . . .
si=3.4;=3.0 AM(1=pok)=py A"
j=i j=i

Second, we derive the expected task response time. When a new task arrives,

two events could happen

1. The new task is routed to an empty I-queue. This event happens with proba-

bility po. Under this event, the expected task response time is Y, (i+ 1)g;;
i=0

2. The new task is routed to a non-empty I-queue. This event happens with
probability (1 — pg). Under this event, the expected task response time is he
task is 1.

Therefore, the total expected response time is

> 1
po ) (i+1)gi+(1—po) = :
i=0 l 1= poA

3.4 Comparisons with Existing JIQ Algorithms

We now compare JIQ-NE and JIQ-E with the existing JIQ algorithms, including
JIQ and JIQ-Pod. We have the following results from our previous work [10].
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Theorem 3. The stationary distribution of the state of a single server under JIQ in

the large-system limit is

q(0,i) = MU’O, fori>1,
I1(r+jpo) (3.13)

J=1

gi = py ' A'(1=pol), fori>1
where py is the unique solution to the following equation

PA=AY (3.14)

X+ ;
=TT (r+ jix)
j=1

over the interval (0,1).

Corollary 3. In the large-system limit, the stationary tail distribution under JIQ is
1, fori=0,
si = L
l péfl?L’,foriZ 1

. . 1
and the expected task response time under JIQ is Tk

Theorem 4. The stationary distribution of the state of a single server under JIQ-

Pod in the large-system limit is

i—1(1_ad ) . .
%,po’forlz 1,
1—

q4(0,i) = .
JLreir =) (3.15)

|

gi = A5 g™ (1=27p{™), fori> 1

where py is the unique solution to the following equation

x=1 (3.16)

over the interval (0,1).

Corollary 4. In the large-system limit, the stationary tail distribution under JIQ-
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Pod is
1, fori=0,

g 4ol

AT p | fori> 1

Si =

and the expected task response time under the JIQ-Pod algorithmis 1+ pg Y, (s[)d.
i=1

We are now ready to compare JIQ-NE with JIQ. By Corollary 1 and Corol-

lary 3, the mean response times of JIQ-NE and JIQ are 17; T
0

tively. Hence, if the values of pg are almost the same (which can be verified from

1
and T=pon» TeSpec-

Fig. 4.5), JIQ-NE has a shorter mean response time. For the same reason, JIQ-NE
enjoys a better tail distribution.

Next, we compare JIQ-E and JIQ. By Corollary 2 and Corollary 3, JIQ-E and
JIQ have the same expression of the mean response time. Hence, if the value of py
for JIQ-E is smaller than that for JIQ (which can be shown in Fig. 4.5), JIQ-E has
a shorter mean response time. Similarly, JIQ-E has a better tail distribution.

Finally, the expected task response time expression of JIQ-Pod is different from
the expressions of the other three algorithm and it appears difficult to compare
JIQ-NE, JIQ-E, and JIQ-Pod analytically. As such, we will compare them through

simulations in the next chapter.
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Chapter 4
Simulation and Comparisons

In this chapter, we compare JIQ and three JIQ variants (namely, JIQ-Pod, JIQ-NE
and JIQ-E) with respect to the mean response time, communication cost (which
will be defined shortly), empty I-queue rate (i.e., the fraction of empty I-queues)
through numerical and simulation results. We also evaluate the influence of d
and r. In particular, the communication cost is measured as the total number of
interactions for a certain amount of tasks. (The details can be found in Sec. 4.2.)
Here, an interaction means a probing operation between a new task and a scheduler,
between a scheduler and a server, or between a server and an I-queue.

In our simulations, the task arrival process follows a Poisson process with mean
AN and the task processing time is exponentially distributed with mean 1 (as de-
scribed in our system model). The number of servers is set to be 10,000 (i.e.,
N =10,000). The parameters r and d are varied with » = 20 or 100 and d =2 or
4. When r = 20, we have 500 schedulers (i.e., M = 500). When r = 100, we have
100 schedulers (i.e., M = 100).

4.1 Delay Performance

The delay performance of JIQ and three JIQ variants is evaluated and compared
by using the mean response time as shown in Fig. 4.1 and Fig. 4.2. The numeri-
cal results are based on our theoretical analysis, which is continuous by the load

(i.e. A from 0.80 to 0.99), and it is clear that simulation results match the theoret-
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ical analysis. From Fig. 4.1 and Fig. 4.2, it is shown that our three variants have
better performance than conventional JIQ, while JIQ-NE constantly has the best
delay performance with the increasing of the load from 0.80 to 0.99. Within three
variants, when r = 20 and the load is low (i.e., A < 0.9), JIQ-Pod has the worst
performance, and JIQ-E’s performance lies in the middle. When the load grows up,
the performance of JIQ-Pod gets closer to JIQ-E’s. When the load is over 0.9, the
performance of JIQ-Pod catches up with and surpasses JIQ-E and, in Fig. 4.1(a),
when r = 20,d =2 and A = 0.99, JIQ-Pod almost catches up with and tends to
surpass the performance of JIQ-NE.

4.2 Communication Cost

The communication cost of three JIQ variants is compared by counting the number
of interactions. Because JIQ algorithm has no interaction, we only show the other 3
algorithms’ results. In particular, an interaction refers to an event that a task checks
the state of an I-queue, a scheduler checks the state of a server, or a server checks
the state of an I-queue. We count the total number of interactions for 5,000,000
tasks. Since the number of servers is N = 10,000, each server receives 500 tasks on
average. We select the load A from 0.5 to 0.99 for comparison, shown in Fig. 4.3
and Fig. 4.4.

From Fig. 4.3 and Fig. 4.4, it is shown that when the load grows from low to
high, communication cost of both JIQ-Pod and JIQ-NE grows, while the cost of
JIQ-E decreases. Although both JIQ-Pod and JIQ-NE have a rising trend, JIQ-NE
costs less than JIQ-Pod and the gap goes up with the load increases as shown in
all the four conditions in Fig. 4.3 and Fig. 4.4. Because when the load grows,
the number of idle servers decreases which means the average length of I-queues
decreases. In this situation, the probability of selecting an empty I-queue increases
so that there should be more interactions. However, comparing JIQ-NE and JIQ-
Pod, when selecting an empty I-queue, JIQ-Pod needs to cost 2 interactions, while
JIQ-NE only needs to cost one interaction. That is why the cost of JIQ-Pod is twice
as much as JIQ-NE.

On the contrary, the communication cost of JIQ-E decreases as the load in-

creases. The cost of JIQ-E is high when the load is very low, but it then decreases
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as the load increases. When the load is over 0.95, JIQ-E has the lowest cost among
all the variants when r = 20. Because when the load grows, the number of idle
servers decreases which means the average length of I-queues decreases. In this
situation, the probability for a server to be idle decreases so that the interactions
decreases. On the other hand, when r = 100, JIQ-NE constantly has the lowest cost

as the load varies.

4.3 Idle Queue Rate

We evaluate the empty I-queue rate. As shown in Fig. 4.5, when the load increases,
all the variants’ rates follow a growing trend. It is shown that JIQ-NE keeps the
highest rate at the beginning and JIQ-Pod is in the middle. However, when the
load keeps growing up, rates of JIQ-NE and JIQ-Pod are getting close. When the
load is over 0.95, JIQ-Pod catches up with JIQ-NE and surpasses JIQ-NE. JIQ-E
maintains the lowest rate, but its gap with the other two variants decreases when
the load grows. We also find that when the load is equal to 0.99, the rates of the
three variants are close to each other. Hence, the performance of JIQ-E becomes
almost the same as JIQ at high arrival rate. Moreover, with the same pg, JIQ-NE

can outperform JIQ-E with its advanced I-queue selection method.

4.4 Influence of d and r

Finally, we evaluate the role of the parameters d and r on the system performance.
Since the system performance varies as we change the load A (see, e.g., Fig. 4.1,
Fig. 4.2, Fig. 4.3 and Fig. 4.4), we “average” the effect of A by computing the aver-
age performance when A is between 0.5 and 0.99. From Fig. 4.6, when r changes
from 20 to 100, the averages of the mean response time of three strategies improve,
and JIQ-E has the most improvements. When d grows from 2 to 4, the averages of
the mean response time improves, and JIQ-NE has the most improvements. Over-
all, JIQ-NE has the best average mean response time, since the average time of
JIQ-NE keeps the least among all the algorithms across different d and r. Simi-
larly, we observe from Fig. 4.7 that JIQ-NE has the best average communication

cost since the average cost of JIQ-NE keeps the least across different d and r.
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Chapter 5

Implementation on AWS EC2
Platform

To evaluate the practicability of our new algorithms, we implement JIQ and its
three variants in a cloud environment by using Amazon EC2 as our platform and
socket application interface as the interacting method.

We use Amazon EC2 instances as our routers and run all our experiments with
56 EC2 instances, and each of the instances has 1 CPU, 1GB of memory and 8
GB of storage. Specifically, the EC2 instances are classified into three groups:
Generator, Schedulers and Servers, with 1 instance as Generator, 5 instances as
Schedulers and 50 instances as Servers. The experimental environment is set as

follows:

1. Generator: There is only one generator in each experiment. The generator
generates tasks and sends tasks to schedulers. The load is fixed as A = 0.9
and N = 50000. That is, the task generation follows a Poisson process with
rate 1 /AN.

2. Schedulers: Each scheduler contains an I-queue. Schedulers receive tasks
from the generator and assign tasks to servers according to the JIQ algo-

rithms.

3. Servers: Servers receive tasks from schedulers and process tasks. The rate
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Figure 5.1: Mean response time bar with A = 0.9

task-processing time follows exponential distribution with mean 1. When-
ever a server becomes idle, it sends a request to a scheduler to join an I-

queue.

4. Tasks: The number of tasks in each experiment is fixed to be 50,000. For

each task, we track the task generation time and the task completion time.

We also show the pseudo-code of all parts in our system. Algorithm 1 shows
the pseudo-code of the generator operating mode in all experiments. Algorithm 2
shows the pseudo-code of schedulers operating mode in all experiments. Algo-
rithm 3 shows the pseudo-code of servers operating mode in all experiments.

Experimental results are shown in Fig.5.1. We observe that JIQ-NE still has the
best performance among all the JIQ algorithms deployed on Amazon EC2. More-
over, the experimental results match our simulation results, further demonstrating

the feasibility and practicability of our proposed algorithms.
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Algorithm 1 Pseudo-code of generator operating mode

Ensure: d = 2 and all parts of the system operate at the same time. The
IntervalTime here follows exponential distribution with mean 1/AN. The
ProcessingTime follows exponential distribution with mean 1.

1: procedure GENERATOR(TaskNum,SchedulerAddress)
2 for n =1 to TaskNum do
3 GeneratedTime < time.now
4: ProcessingTime < Exponential (1)
5: IntervalTime < Exponential (1/AN)
6 Task.message <— GeneratedTime + ProcessingTime
7 i < random(SchedulerAddress)
8 if JIQ-NE and len(Scheduler(i)) = 0 then
9: i < random(SchedulerAddress)
10: end if

11: Task = Scheduler(i)
12: time.sleep(IntervalTime)
13: end for

14: end procedure
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Algorithm 2 Pseudo-code of schedulers operating mode

Ensure: d = 2 and all parts of the system operate at the same time.
1: procedure SCHEDULER(ServerAddress)
2: while True do

3: if Receive Task from Generator then
4: if len(I — queue) > 0 then
5: i < I — queue|0]
6: else
7 if JIQ-Pod then
8: i1 < Random(SeverAddress)
9: i2 < Random(SeverAddress)
10: i < Min(TasksInServer(il,i2))
11: else
12: i <— Random(SeverAddress)
13: end if
14: end if
15: Task = Server(i)
16: end if
17: if Receive Request from Server then
18: Iqueue.append(Request . Address)
19: end if

20: end while
21: end procedure




Algorithm 3 Pseudo-code of servers operating mode

Ensure: d = 2 and all parts of the system operate at the same time.
1: procedure SERVER(SchedulerAddress)

2: while True do
3: Keep listening and receiving
4: if No Tasks then
5: Request <' Joinlqueue' + Address
6: i random(SchedulerAddress)
7: if JIQ-E and len(Scheduler(i)) > 0 then
8: i < random(SchedulerAddress)
9: end if
10: Request = Scheduler(i)
11: else
12: Process Task
13: Task.message < Task.message +' CompletedTime’'
14: Record Task.mess
15: end if

16: end while
17: end procedure
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Chapter 6

Conclusions and Future Work

6.1

Contribution

The contributions of my thesis are:

1.

We have proposed two new JIQ algorithms, namely, JIQ-NE and JIQ-E.
These two new algorithms are based on the combination of JIQ algorithm

and Pod algorithm.

. We have shown the detailed models based on their specific algorithms. We

have defined the models one by one and made figures to illustrate how they

work.

. We have analyzed the model numerically by deriving the stationary distribu-

tion, mean response time, and tail distribution with mean-field approxima-

tion.

We have conducted large-scaled simulations, and compared the numerical
and simulation results. The simulations are large-scaled with 50,000 servers
and we have shown the delay performance, cost performance, I-queue rate

and influence of r and d.

We have implemented our algorithms in the real industry environment. We
realized four algorithms in Amazon EC2 platform, and the result is coinci-

dent with our numerical and simulation results.
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Through simulations and simple implementation, we have demonstrated the unique

advantage of JIQ-NE regarding the performance-cost trade-off.

6.2 Future Work

In this thesis, the three algorithms are based on JIQ algorithm, and each of these
algorithms leverages Pod algorithm in one part. In the future, more parts of JIQ
algorithm can leverage Pod to help make better selections. In addition, in my
thesis, we used interactions as the cost metric. In future, more factors should be

taken into consideration as the cost metrics and make a better cost trade-off.
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