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Optimal Speed Setting for Cloud Servers With
Mixed Applications

Keqin Li

Abstract—The technique of workload dependent dynamic
power management can dynamically and flexibly adjust
power and speed according to the current workload. It has
been well recognized that improving server performance
and reducing energy consumption can be achieved by
employing the technique of workload dependent dynamic
power management. It is an effective way to deal with the
power and performance tradeoff for cloud servers. In this
study, applications are divided into different classes, which
have different characteristics. The server speed is different
in processing tasks from different types. Hence, we explore
the technique of variable and task type dependent server
speed management to optimize the server performance and
to minimize the power consumption of a server with mixed
applications. This is also a kind of workload-dependent dy-
namic power and speed management to deal with the power
and performance tradeoff. We establish an M/G/1 queueing
model for a server with variable and task type dependent
speed, so that our investigation can be conducted analyti-
cally. We formulate the problems of power constrained per-
formance optimization and performance constrained power
minimization as multivariable optimization problems, and
solve the problems by efficient numerical algorithms. We
provide numerical data to compare the performance of a
server with the optimal speed setting to that of a server
with a constant speed, and to compare the power of a server
with the optimal speed setting to that of a server with a con-
stant speed. It is shown that the reduction in the average
response time can be as high as 9.9% and the reduction in
the average power consumption can be as high as 8.0%.

Index Terms—Average response time, cloud server,
mixed applications, optimal speed setting, power consump-
tion, workload-dependent dynamic power management.

|. INTRODUCTION
A. Motivation

HE technique of workload-dependent dynamic power
management can dynamically and flexibly adjust power
and speed according to the current workload, i.e., the number
of applications in a server and the characteristics of the appli-
cations. When there are more tasks in a server, we can increase
the power supply and the server speed to reduce the average re-
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sponse time without significant energy increment. On the other
hand, when there are less tasks in a server, we can decrease the
power supply and the server speed to reduce the average power
consumption without significant performance degradation. Dy-
namic power and speed adjustment can also be performed when
there is substantial change in application characteristics. Such
runtime power and speed adjustment can be implemented by the
mechanisms of dynamic voltage scaling, dynamic frequency
scaling, dynamic speed scaling, and dynamic power scaling
(1], [11], [12].

A number of researchers have studied workload-dependent
dynamic power management. Typically, the lowest server speed
should be chosen for a group of applications, so that the group of
applications can be processed with certain required performance
constraints [15]. We can carry out dynamic power management
with different granularity, i.e., the application level and the phase
(of an application) level. At the application (phase, respectively)
level, we analyze the overall characteristics of an application
(phase, respectively) and determine the server speed based on
these properties. For instances, the server speed should be high
for CPU-bound applications (phase, respectively) to reduce the
execution time; however, the server speed should be low for
memory-bound applications (phase, respectively) to save energy
without increasing the execution time [3], [20]. Cochran et al. [5]
presented an accurate and scalable method that determines the
optimal system operating points (i.e., number of threads and dy-
namic voltage and frequency settings) and optimizes energy effi-
ciency in multicore processors at runtime for parallel workloads
with a set of objective functions and constraints. Huang and
Feng [9] presented an eco-friendly daemon that reduces energy
consumption while maintaining high performance via accurate
workload characterization. As an interval-based run-time algo-
rithm, the eco-friendly daemon uses workload characterization
to dynamically adjust a processor’s voltage and frequency and
to reduce energy consumption with little impact on application
performance.

It has been well recognized that improving server perfor-
mance and reducing energy consumption can be achieved by em-
ploying the technique of workload-dependent dynamic power
management. It is an effective way to deal with the power
and performance tradeoff for cloud servers. Furthermore, an-
alytical studies can be performed for workload-dependent dy-
namic power management. In [16], we established a queue-
ing model of multicore server processors with the capability
of workload-dependent dynamic power management. We pro-
posed several speed schemes and demonstrated that for the same
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average power consumption, the average task response time of a
multicore server processor with workload-dependent dynamic
power management is shorter than that of a multicore server pro-
cessor with constant speed (i.e., without workload-dependent
dynamic power management). We showed that for certain ap-
plication environment and average power consumption, there is
an optimal speed scheme that minimizes the average task re-
sponse time. We also pointed out that power reduction subject
to performance constraints can be studied in a way similar to
performance improvement subject to power constraints.

B. Our Contributions

In this paper, we adopt a different approach from [16], where
workload is measured in terms of the number of tasks in a server.
The server speed increases (decreases, respectively) when the
number of tasks increases (decreases, respectively). In this study,
applications are divided into different classes, which have dif-
ferent characteristics. The server speed is different in processing
tasks from different types. Hence, we explore the technique of
variable and task type dependent server speed management to
optimize the server performance and to minimize the power con-
sumption of a server with mixed applications. This is also a kind
of workload-dependent dynamic power and speed management
to deal with the power and performance tradeoff.

Our main contributions can be summarized as follows.

1) We establish an M/G/1 queueing model for a server with
variable and task type dependent speed, so that our inves-
tigation can be conducted analytically.

2) We formulate the problems of power constrained perfor-
mance optimization and performance constrained power
minimization as multivariable optimization problems,
and solve the problems by efficient numerical algorithms.

3) We provide numerical data to compare the performance
of a server with the optimal speed setting to that of a
server with a constant speed, and to compare the power
of a server with the optimal speed setting to that of a server
with a constant speed. It is shown that the reduction in
the average response time can be as high as 9.9% and the
reduction in the average power consumption can be as
high as 8.0%.

To the author’s best knowledge, this is the first work, which
analytically studies power and performance optimization using
the technique of variable and task type dependent server speed
management for a server with mixed applications.

The organization of this paper is as follows. In Section II, we
review related research. In Section III, we present the queueing
model and the power consumption model. In Section IV, we
formulate and solve the problem of power constrained perfor-
mance optimization, demonstrate numerical data, and conduct
performance comparison. In Section V, we formulate and solve
the problem of performance constrained power minimization.
We conclude the paper in Section VI.

Il. RELATED RESEARCH

As one of the fundamental properties of cloud computing,
elasticity is the capability to scale computing resources up and

down dynamically with minimal friction. It has been recognized
that elasticity will eventually manifest all of the benefits of the
cloud [22]. Autoscaling means scaling a multiserver to match
changing workload without any human intervention. There are
two types of autoscaling schemes for elastic and scalable mul-
tiserver management, which are defined as follows [10].

1) Scale-out and scale-in autoscaling schemes—This is
also called workload-dependent dynamic multiserver size
management. When the workload fluctuates, the number
of servers (i.e., the size of amultiserver system) can be dy-
namically changed to provide the required performance
and cost objectives. These schemes are also called auto
size scaling schemes.

2) Scale-up and scale-down autoscaling schemes—This is
also called workload-dependent dynamic multiserver
speed management. When the workload fluctuates, the
speed of servers (i.e., the speed of a multiserver system)
can be dynamically changed to provide the required per-
formance and cost objectives. These schemes are also
called auto speed scaling schemes.

Essentially, there are two types of cloud resource scaling in
an elastic cloud computing system, i.e., horizontal scalability
and vertical scalability [8]. Horizontal scaling (i.e., scaling out
and scaling in) means allocation and releasing of homogeneous
virtual machines or processing nodes of the same type. Verti-
cal scaling (i.e., scaling up and scaling down) means upgrade
or downgrade of the capability (core speed, memory capacity,
network bandwidth, etc.) of a server.

Cloud elasticity has also been studied from wider perspec-
tives. Dustdar er al. considered elasticity properties such as
cost elasticity (i.e., the responsiveness of resource provision
to changes in cost) and quality elasticity (i.e., the responsive-
ness of quality to changes in resource usage) [6]. Galante and
de Bona classified elastic systems in terms of four character-
istics, i.e., scope (infrastructure, application, platform), policy
(manual, reactive, predictive), purpose (performance, capacity,
cost, energy), and method (replication, resizing, migration) [7].
Kuperberg et al. mentioned two kinds of scalability, i.e., appli-
cation scalability (i.e., the ability of an application to maintain
its performance goals and service-level agreement even when its
workload increases) and platform scalability (i.e., the ability of
a cloud platform to provide as many resources as needed by an
application) [14]. Sobeslavsky considered application elasticity,
i.e., making an application to be able to adjust to variations in
load without the need of intervention of a human administrator
and changing its code [21].

Analytical study of cloud elasticity has recently been con-
ducted for both horizontal scalability and vertical scalabil-
ity. In [16], by using a queueing model, we investigated the
technique of workload-dependent dynamic power management
(i.e., dynamic power and speed adjustment according to the
current workload, which is essentially vertical scalability), so
that the system performance can be improved and energy con-
sumption can be reduced. We also studied the auto speed
scaling scheme optimization problem to minimize the cost—
performance ratio. In [17], we addressed the issue of optimal
task dispatching on multiple heterogeneous multiserver systems
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TABLE |
NOTATIONS AND DEFINITIONS

Notation | Definition
n the number of types of applications
Ai the task arrival rate of the ith type of applications
A the total task arrival rate
i the execution requirements of the tasks of the ith type of appli.
Si the execution speed of the server for the ¢th type of applications
z; the execution times of the tasks of the ith type of applications
the execution time of a task of all applications
the utilization of the server

the mean and the second moment of x

W' |the average waiting time of a task

o )\1;%-&-)\2%4-“-4-/\711’7%
T the average response time of tasks of the ith type of applications

i, ? the mean and the second moment of r;

the average task response time of all tasks

base power consumption of the server

exponent of the power consumption model

the average power consumption of the server

power constraint

a Lagrange multiplier

a non-linear system of n 4 1 equations

(Y0, Y1, -syn) = (¢, 81, .., 5n)

FY) | (Foy), FL(y), s Fu(y))

J(y) |Jacobian matrix with J(y); ; = OF;(y)/0y;,0<1i,j <n
T time constraint

with dynamic speed and power management by solving three
problems, i.e., optimal task dispatching to minimize average
task response time, average power consumption, and average
cost—performance ratio, respectively. In [18], we presented a
new and quantitative definition of elasticity in cloud comput-
ing, developed an analytical model by treating a cloud platform
with horizontal scalability as a queueing system, and used a
continuous-time Markov chain model to rigorously calculate
the elasticity value of a cloud platform by using an analytical
and numerical method.

I1l. MODEL

The reader is referred to Table I for a list of the notations and
definitions used in this paper.

In this paper, we use y to represent the expectation of a random
variable y (e.g., y can be x, r;, etc.).

We consider a server with variable execution speed, which
is a continuous variable. The server can be treated accurately
as an M/G/1 server using Kendall’s notation. Such a server
uses the first-come-first-serve (FCFS) scheduling method and
allows task interarrival times to follow an exponential distribu-
tion and task execution times to follow an arbitrary probability
distribution (a fairly general model without extra assumptions).

There are n types of applications. (Notice that we use the
words “tasks” and “applications” interchangeably.) Assume that
the task arrival rate (measured by the number of arrival tasks per
second) of the ¢th type of applications is A;, where 1 <1 < n.
The total task arrival rate is A = Ay + Ay + -+ + Ay

For the ith type of applications, the execution requirements
(measured by the number of billion instructions to be executed)

of the tasks are independent and identically distributed (i.i.d.)
random variables 7;. The execution speed (measured by the
number of billion instructions that can be executed in one sec-
ond) of the server for the ith type of applications is s;, which is
to be determined by an optimizing algorithm in Section I'V-A or
V-A. Hence, the execution times (measured by seconds) of the
tasks of the ¢th type of applications are i.i.d. random variables
Ty =7T; / Si.

The execution time of a task is a random variable = with mean

I ST Oy
T = )\xl sz " T, -

The utilization of the server is p = A% = AT + A2y + -+ - +
An @y . It is noticed that the server utilization depends on the ar-
rival rates, the execution requirements, and the execution speeds
of all the n types of applications. The second moment of x (i.e.,
the mean of z?) is

)\.1 275 )‘n —
The average waiting time of a task is ([13, p. 190])

2= —af+

Az o

V=500 "0

where o = )»193? + )\2;% + )»7,,9:7%1. The average response
time of tasks of the ¢th type of applications is

g
T, =T +W =T + 50—
2(1=p)

which can be rewritten as

M+ doad 4+ Aya?

T — 7
T S m — e — = AT
and
7 T hri/si+hand/s e+ hads
s 2(0 = T st — MaTa)sa — = AT /8n)

The average task response time of all tasks is

n

" )\.l 1 )L,ﬁ g
T = —T, = — _—
Z LA 2 Si + 2(1 —p)

i=1 i=

which is actually 7' = = + W, where
T T Ty
p=h—Fh A
S1 52 Sn

and
r? 3 r2
O':)\flf"_)\z* ++)\-ni
52 52 2
1 2 n
Assume that the server has a base power consumption P*,
and consumes no dynamic power when it is idle. The average
power consumption (measured in Watts) of the server is

n n
P= Z)\ZTPS? -I-P* = Z)\,ﬂTjS?il +P*
i=1 i=1

(Note: This is the idle speed model in [16].)
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IV. POWER CONSTRAINED PERFORMANCE OPTIMIZATION
A. Optimal Speed Setting

Given task arrival rates Aj, Az, ..., Ay, expected task execu-
tion requirements 7, 73, ..., T, the second moments of task

execution requirements r%, r%, e 7’% , base power consumption
P*, and certain power supply P, our problem is to find server
speeds s1, 2, . . ., S, such that 7" is minimized and that P does
not exceed P.

We can solve the above-mentioned optimization problem,
which is a multivariable optimization problem with a constraint,

by using the method of Lagrange multiplier, namely,

VT (s1,82,-,8,) = OV P(s1,82,...,8,)
that is,
or ¢8P
88[ a 8si
forall 1 < ¢ < n, where ¢ is a Lagrange multiplier. Since
or 1 a7
ds; A s?
N 1 1 20,12 L AT
2\1-p s? (1 —p)? s?
and
OP o
25, = (o — Da7580 2
we have

=¢(a— l)kirﬁ;sﬁfz

for all 1 < ¢ < n. The last equation can be rewritten as

1 1 21 o
2 2 __ V4 —1)s>
T, w stan— s Pl b
or
1 2 1 o 1
F = DY Z =0
dla—1)s + i .97;+2(1 )2+A

for all 1 < ¢ < n. The above-mentioned equation together with
Fo=> mrist '+ P —P=0
i=1

constitute a nonlinear system of n + 1 equations with n + 1
unknowns, i.e., S1, S2, ..., Sy, and ¢.

The following theorem shows that it is very unlikely that an
optimal server speed setting yields a constant speed.

Theorem 1: Anoptimal server speed setting yields a constant
speed, i.e., s; = s, = -+ = s, if and only if all the r?/7; are
identical. o

Proof: Notice that r?/7; is the only unique term in F}, for

all 1 <7 <mn.If all the TTZ/E are identical, we have s = s, =

-++ = s,. On the other hand, if r? /77 # rjz/ﬁ for some 4 and 7,
then s; # s;.

1) Numerical Algorithm: We are going to solve the following
nonlinear system of equations:

Fo(d)vsla"';sn)zo
Fl(qb,sl,...,sn):O

Ez(¢a517"'v5n) =0.

The variables ¢, sy, . .
notation as follows:

., 8, can be represented by using a vector

ayn) = (¢7517"'7571,)~
Hence, we get F(¢, s1, -+, su) = Fi(yo, y1, - - yn) = Fily),
where F; : R"*! — R maps (n + 1)-dimensional space R"*!

into the real line R. Let us define a function F : R"*! — R"+!
which maps R” ! into R"*!

F(Y) = (Fo(ym Yly .-

namely,

y = oy,

7yn)7"~aEl(y07y17"'uyn))

F(y) = (Foly), Fily),--., Fu(y))-

Then, the above-mentioned nonlinear system of equations be-
comes F(y) = 0, where 0 = (0,0,...,0).

We can solve the above-mentioned nonlinear system of equa-
tions by using Newton’s method. For this purpose, we need the
Jacobian matrix J(y) defined as

[0F(y) 9F(y) OFy(y) T
0o oy OYn
0F(y) O0Fi(y) OF(y)
ayO 6:’-/] 8yn
J(y) =
OF,(y) OF,(y) OF,(y)
L Jyo 0y Oy,

We can calculate the various components of the above-
mentioned matrix as follows. First, we have

OFo(y) _ 9F(y)

=0
Yo 0¢

and

OFy(y) _ 9F(y)
8yj 85]-

= (a = 1)A;75s5 7

forall 1 < j < n.Next, we have

OFi(y) _ OF(y)
o
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forall 1 <7 <n,and

OF;(y) _ OF (y)
yi Os;
2

T

i

o ) e (9)
1 2012 20 AiTi
(5 (5 - 5 ()

forall1 <7 <n,and

= ¢a(a— 1)1

+

N =

OFily) _oF(y) _r? 1 [ a1
i (1= p)?

0y 0Os;
T 212 L2 (a7
2\ (1 =p)? 57 (1=pP \ s}

foralll <i<mandalll <j#i<n.

Algorithm 1 formally describes our numerical algorithm to
find an optimal server speed setting (sy,...,s,) and the La-
grange multiplier ¢, i.e., the vectory = (¢, s1, ..., S, ), which
satisfies the nonlinear system of equations F(y) = 0. This is
basically the classic Newton’s iterative method ([4, p. 451]).
The initial approximation of y is ¢ = —1 and s; = s for all
1 < 5 < n[line (1)], where s is the constant speed of the server,
which satisfies

n
inﬁsa* +pPr=p
i=1

that is,

1/(a=1)

s= | (P~ P (an>_l

We repeatedly modify the value of y as y 4 z (line (6)), where z
is the solution to the linear system of equations J (y)z = —F(y)
(line (5)). We repeat the above-mentioned modification until
|z|| < e [line (7)], where

lall= /% + 5+ + 22

and € is a sufficiently small constant, e.g., 10~'°. By using the
classic Gaussian elimination with backward substitution algo-
rithm ([4, pp. 268-269]), we can solve the linear system of
equations in line (5).

The time complexity of Algorithm 1 is mainly determined
by the number of repetitions of the loop in lines (2)—(7), which
depends on the accuracy requirement e.

B. Performance Comparison

In the section, the performance of a server with the optimal
speed setting is compared with that of a serve with a constant
speed.

Algorithm 1: Optimal Server Speed Setting.

Input: Parameters Ay, A2, oo, hpy T1, T2y ooy Ty Ty T35 wey T2,

P*, and P.
Output: An optimal server speed setting and ¢, i.e.,
y = (&, 81, ..., S ), which satisfies F(y) = 0.

y < (—L,s,...,8); (1)
repeat )
Calculate J(y),
where J(y); ; = OF;(y)/0y; for 0<i, j <n; 3)
Calculate F(y) = (Fo(y), F1(y)s -, Fu(¥))s 4)
Solve the linear system of equations
J(y)z=-F(y): )
yeytz (6)
until ||z]| < e. (7)
For a constant speed server,i.e.,s; = s =--- =35, = S, We

have
1/(a—1)

s= | (P~ P (an)_l

The above-mentioned server speed yields

(i >a/(al) | 1/(a=1)
P P-P

and

n o n 2/(a-1) 1 2/(a—1)
— E 2 E o
g = )\17”i )\iri (P—P*) .
i=1 i=1

The average task response time of all tasks is

n 2 n —\2/(a—1
N (Zizlmﬁ) (i w2

)2/((1—1)

o/la—1 1/(a—1)
We consider a Pareto distribution [2] of r; with pdf

~Bi
Bi T
B+
T7 )

331
332

333

334

335

336

337

in the range r; € [f;,00), where 7; > 0 and 3; > 2. The expec- 338

tation of r; is

_ BiT
ri =
Bi —1
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and the second moment of r; is

= (ﬁiﬂi 2)

A nice feature of a Pareto distribution is that for any 7; > 0 and
rf > 7;2, there are 7 > 0 and 3; > 2, such that the expectation
of r; is 7; and the second moment of r; is rf Notice that

~2
.

__i_(ﬁi—l)z_ 1
TR TaG-2  TAEG-2
namely,
1
m207—1>0

Since the left-hand side of the equation is a decreasing function
of ; in the domain (2, 00) and in the range (0, c0), there is
always a unique [3; > 2 for any ¢; > 1. Once [3; is known, 7;
can be determined as

(5
B

For the purpose of illustration, let us consider n = 6 types of
applications. The task arrival rates are A; = 0.5+ 0.1(i — 1),
forall 1 <7 < n. The expected task execution requirements are
7 =1.2-0.2(i — 1), for all 1 <i < n. The second moments
of task execution requirements are r> = 1.5 + 0.5(: — 1), forall
1 <4 < n. The base power consumption is P* = 10. To ensure
p < 1, we need

Ti.

«

The given power supply is
n «
P = P* +(1+0.2b) inrﬁ;
i=1
Let Ty, denote the average task response time with the opti-
mal variable server speed setting, 7¢,, denote the average task
response time with the constant server speed setting. The relative
difference between T, and T, is

T n _Tv T
AT :< coTCon a

In Table 11, for b = 4, 8, 12, 16, 20, where b decides P, we
display the power constraint P, the optimal server speed setting
S1, 82, S3, S4, Ss, Se, server utilization p, and the optimal average
task response time 7,,. As comparison, we also show the con-
stant speed s and the resulted server utilization p and average
task response time 7, . Finally, we give the relative difference
Ar between Ty, and Tyy,.

In Fig. 1, we demonstrate Ty,
1,2,3,...,20.

In Fig. 2, we show the relative difference Ay between Ty,
and T,,, forb=1,2,3,...,20.

The following observations are made.

1) The differences among the s; s can be very significant,
especially when Pis large. In particular, the server speed

) x 100%.

and T.,, for b=

TABLE I
NUMERICAL DATA FOR POWER CONSTRAINED OPTIMIZATION
b=4 b=28 b=12 b=16 b=20
P [49.5136000|67.0752000 | 84.6368000 | 102.1984000 | 119.7600000
s1 | 3.3919967 | 3.9322954 | 4.4204710 | 4.8683928 | 5.2847059
so | 3.4983475 | 4.1145223 | 4.6595711 | 5.1526454 | 5.6062546
s3 | 3.6384553 | 4.3433847 | 4.9533109 | 5.4978463 | 5.9942584
sq | 3.8361407 | 4.6514946 | 5.3409733 | 5.9488753 | 6.4984547
s5 | 4.1497472 | 5.1178076 | 5.9169350 | 6.6129478 | 7.2372215
sg | 4.7909610 | 6.0253151 | 7.0176979 | 7.8711810 | 8.6305931
p | 0.7559313 | 0.6340678 | 0.5567680 | 0.5020824 | 0.4607612
Tyar | 1.8390434 | 0.8972191 | 0.5978647 | 0.4521420 | 0.3661072
s | 3.7565942 | 4.5148643 | 5.1629449 | 5.7382924 | 6.2609903
p | 0.7453560 | 0.6201737 | 0.5423261 | 0.4879500 | 0.4472136
Teon | 2.0092226 | 0.9934964 | 0.6635606 | 0.5013570 | 0.4051139
Ag | 8.4699031 | 9.6907596 | 9.9005139 | 9.8163635 | 9.6285648
9
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Fig. 1. Average task response time versus power supply.
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Fig. 2. Relative difference A, between Ty,, and T, .
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375 can be increased for a type of applications with greater
376 task arrival rate and greater coefficient of variation of task
377 execution requirement.

378 2) The optimal variable speed setting yields higher server
379 utilization than the constant speed setting.

380 3) There is noticeable difference between T%,, and T,
381 which can be as high as 9.9%.

382 4) The number of repetitions of the loop in Algorithm 1 is
383 between 8 and 9. All the data in Table II and Figs. 1 and
384 2 can be produced in less than one second.

385 V. PERFORMANCE CONSTRAINED POWER MINIMIZATION

386 A. Optimal Speed Setting

387 Given task arrival rates A, Az, ..., A,, expected task execu-
388 tion requirements 7y, 75,..., ,, the second moments of task
389 execution requirements 7“12, r%,. .., 72, base power consumption
390 P*,and certain quality of service T, our problem is to find server
391 speeds sy, So, ..., Sy, suchthatT = T, and that P is minimized.
392 1) Numerical Algorithm: We can solve the above-mentioned
393 optimization problem by using the bisection method ([4, p. 22])
394 to search P in an appropriately chosen interval [Py, Py, where
395 P} and Py, are the lower and upper bounds of the interval, such
396 that when a server is given power supply P, the average task
397 response time is T. The value Py, is chosen in such a way that
398 when the server is given power supply Py, the average task
399 response time is greater than T. The value Py, is chosen in
400 such a way that when the server is given power supply P, the
401 average task response time is less than T. The time complexity
402 of this algorithm is determined the number of times Algorithm 1
403 is called by the bisection method.

404 B. Performance Comparison

405 In this section, we compare the power consumption of a server
406 with the optimal speed setting with that of a serve with a constant
407 speed.

408 For a constant speed server, i.e., 5] =Sy = -+ = 5, = S, We
409 have

=1 2s <5 = ZAm;) /

i=1

410 The above-mentioned equation is actually a quadratic equation
411 2T's> — 2bs — ¢ = 0, where

n

b= <T+)1L> ZMTT:

i=

412 and

413 It is clear that

g bt VAR 8Tc b+ Vb2 +2Tc
] B 27

4T

TABLE IlI
NUMERICAL DATA FOR PERFORMANCE CONSTRAINED OPTIMIZATION

b=4 b=28 b=12 b=16 b=20
T | 1.2000000 | 2.4000000 | 3.6000000 | 4.8000000 | 6.0000000
s1 | 3.6728137 | 3.2629304 | 3.1165324 | 3.0407684 | 2.9943405
so | 3.8206132 | 3.3485019 | 3.1770230 | 3.0875972 | 3.0325554
s3 | 4.0097190 | 3.4632989 | 3.2602903 | 3.1531054 | 3.0866063
sq4 | 4.2688202 | 3.6284473 | 3.3836464 | 3.2520687 | 3.1694096
s5 | 4.6676909 | 3.8960336 | 3.5904651 | 3.4221005 | 3.3143226
se | 5.4574749 | 4.4564372 | 4.0420459 | 3.8056090 | 3.6498308
p | 0.6862822 | 0.7943325 | 0.8447458 | 0.8745980 | 0.8945243
Pyar | 58.4027860 | 45.5883307 | 41.2403610 | 39.0241444 1 37.6731106
S 42711786 | 3.6211022 | 3.3747446 | 3.2432770 | 3.1611412
p | 0.6555568 | 0.7732452 | 0.8296924 | 0.8633243 | 0.8857561
Peon |61.0803072[46.7146674 | 41.8889237|39.4527683 |37.9798784
Ap | 43836079 | 2.4110986 | 1.5482915 | 1.0864229 | 0.8077114
where

. -1
24 2Te= (T - -
b*+2T¢c ;

Therefore, we obtain

1 ~ 1 n
S = ——= T + - )\17‘7[

i=1

i=1

2 n 2 n o
> owmr| 2T | Y ar?

i=1

-1
+ (7

i=1

The average power consumption of the server is

n
P= ZA,-TT @14 p*

which is actually

P =

Let P, denote the average power consumption with the
optimal variable server speed setting, P, denote the average
power consumption with the constant server speed setting. The

n
Z AiTi

i=1

i=1

1 ([~ 1
—((T+=
7 ((7+3)

n
Z AiTq

i=1

2 n 2 n
ATy +2T k,ﬁ
(X >

i=1

+ P*.

2 n 2 n
i) Sowmr | 2T (Y w?

i=1

i=1

relative difference between P,,, and P,,, is

Letus consider the same types of applications in Section IV.B.

AP _ (Pcon -

PCOII

Pvar

) x 100%.

The given quality of service is 7" = 0.3b.

In Table III, for b = 4, 8, 12, 16, 20, where b decides T', we
display the time constraint T, the optimal server speed setting
S1, 82, 83, S4, Ss, S¢, server utilization p, and the minimum av-
erage power consumption P,,,. As comparison, we also show

a—1
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Fig. 3. Average power consumption versus quality of service.
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Fig. 4. Relative difference Ap between P,,, and P.,y.

the constant speed s and the resulted server utilization p and
average power consumption P,,,. Finally, we give the relative
difference Ap between P,,; and P, .

In Fig. 3, we demonstrate P,,, and P, for b=1,2,
3,...,20.

In Fig. 4, we show the relative difference Ap between Py,
and P, forb=1,2,3,...,20.

The following observations are made.

1) The differences among the s; s can be very significant,
especially when T is small. In particular, the server speed
can be increased for a type of applications with greater
task arrival rate and greater coefficient of variation of task
execution requirement.

2) The optimal variable speed setting yields higher server
utilization than the constant speed setting.

3) There is noticeable difference between P,,, and P,
which can be as high as 8.0%. In fact, it is unbounded as
T — 0.

4) Algorithm 1 is called 44 times by the bisection method
in Section V-A. All the data in Table III and Figs. 3 and
4 can be produced in less than one second.

VI. CONCLUSION

A new kind of workload-dependent dynamic power and the
speed management (i.e., variable and task type dependent server
speed management) method to deal with the power and perfor-
mance tradeoff for cloud servers is introduced in this paper. Both
power constrained performance optimization and performance
constrained power minimization are investigated as optimiza-
tion problems solved by efficient numerical algorithms. Our
main conclusions are two fold. First, it is shown that compared
with a server with a constant speed, a server with the optimal
speed setting can noticeably reduce the average task response
time and the average power consumption. Second, it is also
shown that our numerical algorithms are very fast. The research
in this paper has made significant contribution to analytical study
of power and performance optimization using the technique of
variable and task type dependent server speed management for
a server with mixed applications.

The research in this paper can be extended in a number of
ways. First, an M/G/1 server can be extended to an M/G/m
server. Due to lack of an analytical expression of the average
task response, such a study is very challenging. Second, mul-
tiple M/G/1 and/or M/G/m servers can be investigated. When
there are multiple heterogeneous servers with variable and task
type dependent server speed management, we are facing the
challenges of both optimal load distribution and optimal server
speed setting for multiple classes of applications. It is con-
ceivable that such a problem requires extra effort to deal with.
Although some attempt has been made toward this direction
[19], deeper investigation is required. Third, more sophisticated
scheduling strategies other than FCFS can be considered.
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Optimal Speed Setting for Cloud Servers With
Mixed Applications

Kegin Li®, Fellow, IEEE

Abstract—The technique of workload dependent dynamic
power management can dynamically and flexibly adjust
power and speed according to the current workload. It has
been well recognized that improving server performance
and reducing energy consumption can be achieved by
employing the technique of workload dependent dynamic
power management. It is an effective way to deal with the
power and performance tradeoff for cloud servers. In this
study, applications are divided into different classes, which
have different characteristics. The server speed is different
in processing tasks from different types. Hence, we explore
the technique of variable and task type dependent server
speed management to optimize the server performance and
to minimize the power consumption of a server with mixed
applications. This is also a kind of workload-dependent dy-
namic power and speed management to deal with the power
and performance tradeoff. We establish an M/G/1 queueing
model for a server with variable and task type dependent
speed, so that our investigation can be conducted analyti-
cally. We formulate the problems of power constrained per-
formance optimization and performance constrained power
minimization as multivariable optimization problems, and
solve the problems by efficient numerical algorithms. We
provide numerical data to compare the performance of a
server with the optimal speed setting to that of a server
with a constant speed, and to compare the power of a server
with the optimal speed setting to that of a server with a con-
stant speed. It is shown that the reduction in the average
response time can be as high as 9.9% and the reduction in
the average power consumption can be as high as 8.0%.

Index Terms—Average response time, cloud server,
mixed applications, optimal speed setting, power consump-
tion, workload-dependent dynamic power management.

|. INTRODUCTION
A. Motivation

HE technique of workload-dependent dynamic power
management can dynamically and flexibly adjust power
and speed according to the current workload, i.e., the number
of applications in a server and the characteristics of the appli-
cations. When there are more tasks in a server, we can increase
the power supply and the server speed to reduce the average re-
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12, 2018. Paper no. TII-18-1103. The research is supported in part by
the Key Program of National Natural Science Foundation of China under
Grant No. 61432005.
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USA (e-mail: lik@newpaltz.edu).
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sponse time without significant energy increment. On the other
hand, when there are less tasks in a server, we can decrease the
power supply and the server speed to reduce the average power
consumption without significant performance degradation. Dy-
namic power and speed adjustment can also be performed when
there is substantial change in application characteristics. Such
runtime power and speed adjustment can be implemented by the
mechanisms of dynamic voltage scaling, dynamic frequency
scaling, dynamic speed scaling, and dynamic power scaling
(11, [11], [12].

A number of researchers have studied workload-dependent
dynamic power management. Typically, the lowest server speed
should be chosen for a group of applications, so that the group of
applications can be processed with certain required performance
constraints [15]. We can carry out dynamic power management
with different granularity, i.e., the application level and the phase
(of an application) level. At the application (phase, respectively)
level, we analyze the overall characteristics of an application
(phase, respectively) and determine the server speed based on
these properties. For instances, the server speed should be high
for CPU-bound applications (phase, respectively) to reduce the
execution time; however, the server speed should be low for
memory-bound applications (phase, respectively) to save energy
without increasing the execution time [3], [20]. Cochran et al. [5]
presented an accurate and scalable method that determines the
optimal system operating points (i.e., number of threads and dy-
namic voltage and frequency settings) and optimizes energy effi-
ciency in multicore processors at runtime for parallel workloads
with a set of objective functions and constraints. Huang and
Feng [9] presented an eco-friendly daemon that reduces energy
consumption while maintaining high performance via accurate
workload characterization. As an interval-based run-time algo-
rithm, the eco-friendly daemon uses workload characterization
to dynamically adjust a processor’s voltage and frequency and
to reduce energy consumption with little impact on application
performance.

It has been well recognized that improving server perfor-
mance and reducing energy consumption can be achieved by em-
ploying the technique of workload-dependent dynamic power
management. It is an effective way to deal with the power
and performance tradeoff for cloud servers. Furthermore, an-
alytical studies can be performed for workload-dependent dy-
namic power management. In [16], we established a queue-
ing model of multicore server processors with the capability
of workload-dependent dynamic power management. We pro-
posed several speed schemes and demonstrated that for the same

1551-3203 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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average power consumption, the average task response time of a
multicore server processor with workload-dependent dynamic
power management is shorter than that of a multicore server pro-
cessor with constant speed (i.e., without workload-dependent
dynamic power management). We showed that for certain ap-
plication environment and average power consumption, there is
an optimal speed scheme that minimizes the average task re-
sponse time. We also pointed out that power reduction subject
to performance constraints can be studied in a way similar to
performance improvement subject to power constraints.

B. Our Contributions

In this paper, we adopt a different approach from [16], where
workload is measured in terms of the number of tasks in a server.
The server speed increases (decreases, respectively) when the
number of tasks increases (decreases, respectively). In this study,
applications are divided into different classes, which have dif-
ferent characteristics. The server speed is different in processing
tasks from different types. Hence, we explore the technique of
variable and task type dependent server speed management to
optimize the server performance and to minimize the power con-
sumption of a server with mixed applications. This is also a kind
of workload-dependent dynamic power and speed management
to deal with the power and performance tradeoff.

Our main contributions can be summarized as follows.

1) We establish an M/G/1 queueing model for a server with
variable and task type dependent speed, so that our inves-
tigation can be conducted analytically.

2) We formulate the problems of power constrained perfor-
mance optimization and performance constrained power
minimization as multivariable optimization problems,
and solve the problems by efficient numerical algorithms.

3) We provide numerical data to compare the performance
of a server with the optimal speed setting to that of a
server with a constant speed, and to compare the power
of a server with the optimal speed setting to that of a server
with a constant speed. It is shown that the reduction in
the average response time can be as high as 9.9% and the
reduction in the average power consumption can be as
high as 8.0%.

To the author’s best knowledge, this is the first work, which
analytically studies power and performance optimization using
the technique of variable and task type dependent server speed
management for a server with mixed applications.

The organization of this paper is as follows. In Section II, we
review related research. In Section III, we present the queueing
model and the power consumption model. In Section IV, we
formulate and solve the problem of power constrained perfor-
mance optimization, demonstrate numerical data, and conduct
performance comparison. In Section V, we formulate and solve
the problem of performance constrained power minimization.
We conclude the paper in Section VI.

Il. RELATED RESEARCH

As one of the fundamental properties of cloud computing,
elasticity is the capability to scale computing resources up and

down dynamically with minimal friction. It has been recognized
that elasticity will eventually manifest all of the benefits of the
cloud [22]. Autoscaling means scaling a multiserver to match
changing workload without any human intervention. There are
two types of autoscaling schemes for elastic and scalable mul-
tiserver management, which are defined as follows [10].

1) Scale-out and scale-in autoscaling schemes—This is
also called workload-dependent dynamic multiserver size
management. When the workload fluctuates, the number
of servers (i.e., the size of amultiserver system) can be dy-
namically changed to provide the required performance
and cost objectives. These schemes are also called auto
size scaling schemes.

2) Scale-up and scale-down autoscaling schemes—This is
also called workload-dependent dynamic multiserver
speed management. When the workload fluctuates, the
speed of servers (i.e., the speed of a multiserver system)
can be dynamically changed to provide the required per-
formance and cost objectives. These schemes are also
called auto speed scaling schemes.

Essentially, there are two types of cloud resource scaling in
an elastic cloud computing system, i.e., horizontal scalability
and vertical scalability [8]. Horizontal scaling (i.e., scaling out
and scaling in) means allocation and releasing of homogeneous
virtual machines or processing nodes of the same type. Verti-
cal scaling (i.e., scaling up and scaling down) means upgrade
or downgrade of the capability (core speed, memory capacity,
network bandwidth, etc.) of a server.

Cloud elasticity has also been studied from wider perspec-
tives. Dustdar et al. considered elasticity properties such as
cost elasticity (i.e., the responsiveness of resource provision
to changes in cost) and quality elasticity (i.e., the responsive-
ness of quality to changes in resource usage) [6]. Galante and
de Bona classified elastic systems in terms of four character-
istics, i.e., scope (infrastructure, application, platform), policy
(manual, reactive, predictive), purpose (performance, capacity,
cost, energy), and method (replication, resizing, migration) [7].
Kuperberg et al. mentioned two kinds of scalability, i.e., appli-
cation scalability (i.e., the ability of an application to maintain
its performance goals and service-level agreement even when its
workload increases) and platform scalability (i.e., the ability of
a cloud platform to provide as many resources as needed by an
application) [14]. Sobeslavsky considered application elasticity,
i.e., making an application to be able to adjust to variations in
load without the need of intervention of a human administrator
and changing its code [21].

Analytical study of cloud elasticity has recently been con-
ducted for both horizontal scalability and vertical scalabil-
ity. In [16], by using a queueing model, we investigated the
technique of workload-dependent dynamic power management
(i.e., dynamic power and speed adjustment according to the
current workload, which is essentially vertical scalability), so
that the system performance can be improved and energy con-
sumption can be reduced. We also studied the auto speed
scaling scheme optimization problem to minimize the cost—
performance ratio. In [17], we addressed the issue of optimal
task dispatching on multiple heterogeneous multiserver systems
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TABLE |
NOTATIONS AND DEFINITIONS

Notation | Definition
n the number of types of applications
A; | the task arrival rate of the ith type of applications
A the total task arrival rate
i the execution requirements of the tasks of the ith type of appli.
Si the execution speed of the server for the ith type of applications
T; the execution times of the tasks of the ith type of applications
the execution time of a task of all applications
the utilization of the server

the mean and the second moment of x

W' |the average waiting time of a task

o |Ma?+xoad+ o+ A2l
T; the average response time of tasks of the ith type of applications

i, ? the mean and the second moment of r;

the average task response time of all tasks

base power consumption of the server

exponent of the power consumption model

the average power consumption of the server

power constraint

a Lagrange multiplier

a non-linear system of n + 1 equations

(Y0, Y1, -syn) = (9,81, ..., 5n)

F(y) |(Fo(y), F1(y), s Fn(y))

J(y) |Jacobian matrix with J(y); ; = O0F;(y)/0y;,0<1i,j <n
T time constraint

with dynamic speed and power management by solving three
problems, i.e., optimal task dispatching to minimize average
task response time, average power consumption, and average
cost—performance ratio, respectively. In [18], we presented a
new and quantitative definition of elasticity in cloud comput-
ing, developed an analytical model by treating a cloud platform
with horizontal scalability as a queueing system, and used a
continuous-time Markov chain model to rigorously calculate
the elasticity value of a cloud platform by using an analytical
and numerical method.

[1l. MODEL

The reader is referred to Table I for a list of the notations and
definitions used in this paper.

In this paper, we use y to represent the expectation of arandom
variable y (e.g., y can be x, r;, etc.).

We consider a server with variable execution speed, which
is a continuous variable. The server can be treated accurately
as an M/G/1 server using Kendall’s notation. Such a server
uses the first-come-first-serve (FCFS) scheduling method and
allows task interarrival times to follow an exponential distribu-
tion and task execution times to follow an arbitrary probability
distribution (a fairly general model without extra assumptions).

There are n types of applications. (Notice that we use the
words “tasks” and “applications” interchangeably.) Assume that
the task arrival rate (measured by the number of arrival tasks per
second) of the ¢th type of applications is A;, where 1 <17 < n.
The total task arrival rate iSA = Ay + Ay + -+ + A,

For the ith type of applications, the execution requirements
(measured by the number of billion instructions to be executed)

of the tasks are independent and identically distributed (i.i.d.)
random variables 7;. The execution speed (measured by the
number of billion instructions that can be executed in one sec-
ond) of the server for the ith type of applications is s;, which is
to be determined by an optimizing algorithm in Section IV-A or
V-A. Hence, the execution times (measured by seconds) of the
tasks of the ¢th type of applications are i.i.d. random variables
r; =7T; / Si.

The execution time of a task is a random variable = with mean

7=+ 25k 4 g
X 1 3 2 X n-

The utilization of the server is p = AT = AT + A% + -+ +
An Xy . It is noticed that the server utilization depends on the ar-
rival rates, the execution requirements, and the execution speeds
of all the n types of applications. The second moment of x (i.e.,
the mean of z?) is

Al
2= —

A
The average waiting time of a task is ([13, p. 190])

— A A
x%—l—Tx%—&-—i—Tnx%

rx? o

V=500 "0

where o = klx? + Azx? + -4 An;%. The average response
time of tasks of the ¢th type of applications is

g

T =T+ W =2+ ——
T

which can be rewritten as

AT+ doad + e+ Aya?

T, =7,
i L+2(1_)L1x71_)‘2x72_"'—)nnl‘7n)
and
T:i+ )\17%/8%_‘_}‘27%/5%—"_.'.+)\‘TLT7%/S%L
Cosi 2(1= LTI/ s = ATa/sy = = AT /5n)

The average task response time of all tasks is

n

T TSIl g

i=1 i=

which is actually 7' = T + W, where
T 2 Tn
P=A— F A= Ay
S1 52 Sn

and

r? 3 r2
oc=hM—75 5+t
st 3 s2

Assume that the server has a base power consumption P*,
and consumes no dynamic power when it is idle. The average
power consumption (measured in Watts) of the server is

P= iszzsf + P* = i)‘ﬂ'ﬁisyil + P

i=1

(Note: This is the idle speed model in [16].)

i=1
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IV. POWER CONSTRAINED PERFORMANCE OPTIMIZATION
A. Optimal Speed Setting

Given task arrival rates A, Az, ..., A, , expected task execu-
tion requirements 7, 73, ..., 7, the second moments of task
execution requirements 77, 3, . . ., 72, base power consumption
P*, and certain power supply P, our problem is to find server
speeds sy, Sa, - . ., Sy, such that 7" is minimized and that P does
not exceed P.

We can solve the above-mentioned optimization problem,
which is a multivariable optimization problem with a constraint,

by using the method of Lagrange multiplier, namely,

VT (s1,82,-y8n) = OV P(s1,82,...,8,)
that is,
or  op
Bsi n 851'
forall 1 < ¢ < n, where ¢ is a Lagrange multiplier. Since
or 1 a7
851 a A 512
. 1 1 2012 L AT
2\1-p s? (1—p)? s?
and
oP
= (o — A 7752 72
o = (0= DT,
we have
Aost o 1—p s 2l—p? s

= (o — 1)A;Tis) >

for all 1 < ¢ < n. The last equation can be rewritten as

11 71 o
1 2 % 1)
A+l—p 5 si—i_Z(l—p)2 ¢l —Dsi
or
121 o 1
FL‘: —1)s® - Y Y — =0
dla—Dsi + 7= T si+2(1—p)2+k

for all 1 < ¢ < n. The above-mentioned equation together with
F():Z)\L’ITLS?_I—FP*—F):O
i=1

constitute a nonlinear system of n + 1 equations with n + 1
unknowns, i.e., s, S2, - . ., Sp, and ¢.

The following theorem shows that it is very unlikely that an
optimal server speed setting yields a constant speed.

Theorem 1: An optimal server speed setting yields a constant
speed, i.e., 5] = $ = -+ = S,, if and only if all the rf/rﬁ are
identical. L

Proof: Notice that 77 /7; is the only unique term in F}, for
all 1 <4 <n.If all the rf/rﬁ- are identical, we have s = s, =

-++ = s,. On the other hand, if r? /77 # 1"]2-/7’7 for some 7 and 7,
then s; # s;.

1) Numerical Algorithm: We are going to solve the following
nonlinear system of equations:

F()((b,sl, .
Fi(o,s15. .

3 8,) =0
3 8n) =0

Fn(d)asl)"wsn):o'

The variables ¢, s, . .
notation as follows:

., Sp_can be represented by using a vector

7?/77) = ((253317 cee »sn)-
Hence’ WegetE(¢7sla g asn) = R(y()vyla s ayn) - E(Y),
where F; : R"*!' — R maps (n + 1)-dimensional space R"*!

into the real line R. Let us define a function F : R"*! — R»+!
which maps R” ! into R"*!

F(y) = (Fo(yo, v, - - -

namely,

y = (yﬂayh'"

,yn)»--an(yo’yl»---,yn))

F(y) = (Foly), Fi(y),-.-, Fu(y)).

Then, the above-mentioned nonlinear system of equations be-
comes F(y) = 0, where 0 = (0,0,...,0).

We can solve the above-mentioned nonlinear system of equa-
tions by using Newton’s method. For this purpose, we need the
Jacobian matrix .J(y) defined as

[ ofo(y) OF(y) OFy(y) 7
3?/0 ayl ayn
OFi(y) OFi(y) oF(y)
33/0 3y1 ayn
J(y) =
8F71, (Y) 8EL (Y) aFrl (Y)
L Jyo 0y, Oyn 4

We can calculate the various components of the above-
mentioned matrix as follows. First, we have

0Fy(y) _ 0Fy(y)
Yo ¢

=0

and

OF(y) _ 9F(y)
8yj 88]'

=(a— 1))\.]»7“75"3’2

for all 1 < j < n. Next, we have

OFi(y) _ 0Fi(y)
o o

=(a—1)s?
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forall 1 <i <mn,and

OF;(y) _
yi

forall 1 <7 <n,and
_OF(y) 1} 1 WA
- 0s; T (1—p)? s2 ) s

if 1 207 20 ([ n7F
+2<<1p>2< 53 )*(1/))3( 2

foralll <i<mandalll <j#i<n.

Algorithm 1 formally describes our numerical algorithm to
find an optimal server speed setting (sy,...,s,) and the La-
grange multiplier ¢, i.e., the vector y = (¢, s1, ..., S, ), which
satisfies the nonlinear system of equations F(y) = 0. This is
basically the classic Newton’s iterative method ([4, p. 451]).
The initial approximation of y is ¢ = —1 and s; = s for all
1 < 5 < n[line (1)], where s is the constant speed of the server,
which satisfies

0F;(y)
Byj

n
kas“” +P=P
i=1

that is,

1/(a—1)

s=|(P— P (an>l

We repeatedly modify the value of y as y 4 z (line (6)), where z
is the solution to the linear system of equations J (y)z = —F(y)
(line (5)). We repeat the above-mentioned modification until
lz|| < e [line (7)], where

= 2+ Ft 2

and € is a sufficiently small constant, e.g., 107'°. By using the
classic Gaussian elimination with backward substitution algo-
rithm ([4, pp. 268-269]), we can solve the linear system of
equations in line (5).

The time complexity of Algorithm 1 is mainly determined
by the number of repetitions of the loop in lines (2)—(7), which
depends on the accuracy requirement .

B. Performance Comparison

In the section, the performance of a server with the optimal
speed setting is compared with that of a serve with a constant
speed.

Algorithm 1: Optimal Server Speed Setting.

_— 2 .2
Ty 72012, oy T2,

Input: Parameters A, Ao, ...,
P*, and P.
Output: An optimal server speed setting and ¢, i.e.,

)“’7“ 7‘71’ Ea ceey

y = (¢, $1, ..., 8, ), which satisfies F(y) = 0.
y— (—1,s,...,8); (1
repeat (2
Calculate J(y),
where J(y); ; = OF;(y)/0y; for 0<i, j <n; (3)
Calculate F(y) = (Fo(y), Fi(y)s .-, F (¥)): 4
Solve the linear system of equations
J(y)z = -F(y); (5)
y—y+z (6)
until ||z]| <. (7
For a constant speed server,i.e.,s; = sy =+ =35, = S, We
have
_1\ V(a=1)
s= | (P~ P (Z A; rt>
The above-mentioned server speed yields
n a/(a-1) | 1/(a—1)
= AiTq =
(7))
and
n o n 2/(a—1) 1 2/(a—1)
o= A2 ATy = .
7 (&) (FF)
The average task response time of all tasks is
p o
T ==
A=)
which is
1 n a/(a—1) | 1/(a—1)
T=—- ATy
() )
n - n 2/ (a—1 2/(a~1)
N (Zi:l)‘lriz) (Xoim1 MTi) et (ﬁ)

2’(1 - (Zz 1)\’ )a/(a ) (pjp*

)l/m—l))

We consider a Pareto distribution [2] of r; with pdf

~B3;
Bi 7‘;;

Bi+1
T

in the range r; € [7;,00), where 7; > 0 and 3; > 2. The expec-

tation of r; is

— 51 7~i
T =
l;i —1
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and the second moment of r; is

= (ﬂiﬁﬁ)

A nice feature of a Pareto distribution is that for any 7; > 0 and
rf > 7;2, there are 7 > 0 and 3; > 2, such that the expectation

~2
-

of r; is 7; and the second moment of r; is rl-z. Notice that

o (B 1
CZ_TT'Z - BB —2) _1+ﬂf,(@:*2)
namely,
1
7ﬁi(ﬁi_2):ci71>0.

Since the left-hand side of the equation is a decreasing function
of (; in the domain (2,00) and in the range (0, c0), there is
always a unique [3; > 2 for any ¢; > 1. Once [3; is known, 7;
can be determined as

- (52)
RN

For the purpose of illustration, let us consider n = 6 types of
applications. The task arrival rates are A; = 0.5+ 0.1( — 1),
forall 1 <7 < n.The expected task execution requirements are
7 =1.2-0.2(i — 1), for all 1 < ¢ < n. The second moments
of task execution requirements are r> = 1.5 + 0.5(: — 1), forall
1 <4 < n. The base power consumption is P* = 10. To ensure
p < 1, we need

Ti.

i=1
The given power supply is

n @

P=P +(1+020) (> a7
i=1
Let T+, denote the average task response time with the opti-
mal variable server speed setting, 7¢,, denote the average task
response time with the constant server speed setting. The relative
difference between 1., and 1., is

T n*Tar
AT _ ( COTCOH \%

In Table II, for b = 4, 8, 12, 16, 20, where b decides ]5, we
display the power constraint P, the optimal server speed setting
S1, 82, S3, S4, S5, Se, server utilization p, and the optimal average
task response time T%,,. As comparison, we also show the con-
stant speed s and the resulted server utilization p and average
task response time 7, . Finally, we give the relative difference
A7 between T, and Tr,,,.

In Fig. 1, we demonstrate Ty,,
1,2,3,...,20.

In Fig. 2, we show the relative difference Ay between Ty,
and T, forb=1,2,3,...,20.

The following observations are made.

1) The differences among the s; s can be very significant,
especially when Pis large. In particular, the server speed

> x 100%.

and T.,, for b=

TABLE I
NUMERICAL DATA FOR POWER CONSTRAINED OPTIMIZATION
b=4 b=28 b=12 b=16 b=20
P [49.5136000(67.0752000 | 84.6368000 | 102.1984000 | 119.7600000
s1 | 3.3919967 | 3.9322954 | 4.4204710 | 4.8683928 | 5.2847059
so | 3.4983475 | 4.1145223 | 4.6595711 | 5.1526454 | 5.6062546
s3 | 3.6384553 | 4.3433847 | 4.9533109 | 5.4978463 | 5.9942584
s4 | 3.8361407 | 4.6514946 | 5.3409733 | 5.9488753 | 6.4984547
s5 | 4.1497472 | 5.1178076 | 5.9169350 | 6.6129478 | 7.2372215
s¢ | 47909610 | 6.0253151 | 7.0176979 | 7.8711810 | 8.6305931
p | 0.7559313 | 0.6340678 | 0.5567680 | 0.5020824 | 0.4607612
Tvar | 1.8390434 | 0.8972191 | 0.5978647 | 0.4521420 | 0.3661072
s | 3.7565942 | 4.5148643 | 5.1629449 | 5.7382924 | 6.2609903
p | 0.7453560 | 0.6201737 | 0.5423261 | 0.4879500 | 0.4472136
Teon | 2.0092226 | 0.9934964 | 0.6635606 | 0.5013570 | 0.4051139
Axp | 84699031 | 9.6907596 | 9.9005139 | 9.8163635 | 9.6285648
9
8
7
6
5
~
4
3
2
\\
! I
TCOU
var
0
1 23456 7 8 910111213 14151617 18 19 20
b(P =P+ (1+0.2b) (37, A7) %)
Fig. 1. Average task response time versus power supply.
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// ]
9
8
7
~ 6
€
L 9
d
3
2
1
0
123 45 6 7 8 910111213 141516 17 18 19 20
b
Fig. 2. Relative difference Ay between T, and Tcoy, -
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375 can be increased for a type of applications with greater
376 task arrival rate and greater coefficient of variation of task
377 execution requirement.

378 2) The optimal variable speed setting yields higher server
379 utilization than the constant speed setting.

380 3) There is noticeable difference between T%,, and T,.,,
381 which can be as high as 9.9%.

382 4) The number of repetitions of the loop in Algorithm 1 is
383 between 8 and 9. All the data in Table II and Figs. 1 and
384 2 can be produced in less than one second.

385 V. PERFORMANCE CONSTRAINED POWER MINIMIZATION

386 A. Optimal Speed Setting

387 Given task arrival rates A1, Ag, ..., A,, expected task execu-
388 tion requirements 7y, 75,..., T, the second moments of task
389 execution requirements r%, r%,. .., 72, base power consumption
390 P*,and certain quality of service T, our problem is to find server
391 speeds s, Sp, ..., Sy,suchthatT = T, and that P is minimized.
392 1) Numerical Algorithm: We can solve the above-mentioned
393 optimization problem by using the bisection method ([4, p. 22])
394 to search P in an appropriately chosen interval [Py, Pyp|, where
395 P} and P, are the lower and upper bounds of the interval, such
396 that when a server is given power supply P, the average task
397 response time is T. The value Py, is chosen in such a way that
398 when the server is given power supply P, the average task
399 response time is greater than 7. The value P, is chosen in
400 such a way that when the server is given power supply P, the
401 average task response time is less than T. The time complexity
402 of this algorithm is determined the number of times Algorithm 1
403 is called by the bisection method.

404 B. Performance Comparison

405 In this section, we compare the power consumption of a server
406 with the optimal speed setting with that of a serve with a constant

407 speed.
408 For a constant speed server, i.e., s = Sy = --- = 5, = S, We
409 have
1 & 1 s .
o E . __
TS )\,17"2 + Py i )»ﬂ“i = T

410 The above-mentioned equation is actually a quadratic equation
411 2Ts> — 2bs — ¢ = 0, where

-1 "
b_<T+A> ;)\ﬂ'i

412 and
2

413 It is clear that

L2 Var +8Tc b+ Vb +2Tc
] B 27

4T

TABLE IlI
NUMERICAL DATA FOR PERFORMANCE CONSTRAINED OPTIMIZATION

b=4 b=28 b=12 b=16 b=20
T [ 1.2000000 | 2.4000000 | 3.6000000 | 4.8000000 | 6.0000000
s1 | 3.6728137 | 3.2629304 | 3.1165324 | 3.0407684 | 2.9943405
so | 3.8206132 | 3.3485019 | 3.1770230 | 3.0875972 | 3.0325554
s3 | 4.0097190 | 3.4632989 | 3.2602903 | 3.1531054 | 3.0866063
s4 | 4.2688202 | 3.6284473 | 3.3836464 | 3.2520687 | 3.1694096
s5 | 4.6676909 | 3.8960336 | 3.5904651 | 3.4221005 | 3.3143226
se | 5.4574749 | 4.4564372 | 4.0420459 | 3.8056090 | 3.6498308
p | 0.6862822 | 0.7943325 | 0.8447458 | 0.8745980 | 0.8945243
Pyar |58.4027860(45.5883307 | 41.2403610 | 39.0241444|37.6731106
s 42711786 | 3.6211022 | 3.3747446 | 3.2432770 | 3.1611412
p | 0.6555568 | 0.7732452 | 0.8296924 | 0.8633243 | 0.8857561
Peon |61.0803072 46.7146674 | 41.8889237(39.4527683|37.9798784
Ap | 43836079 | 2.4110986 | 1.5482915 | 1.0864229 | 0.8077114
where

b +2Tc = (Ti)

Therefore, we obtain

s =

T T

-1
(7~

i=1

1 B 1 n
(7+7) (m

i=1

2 n 2 n o

i=1

i=1

The average power consumption of the server is

n
P= (> wnm|s* 4P

which is actually

P =

Let P, denote the average power consumption with the
optimal variable server speed setting, P, denote the average
power consumption with the constant server speed setting. The

n
Z AiTi

i=1

i=1

1 (/7 1
a7 (73)

n
Z AiTq

i=1

2 n 2 R n o
A) S| 4 2F (S

i=1

2 n 2 n
¥ (T—i) S| 2 (Soa

+ P~

i=1

i=1

relative difference between P,,, and P.,, is

Pcon -
Ap = (

PCOH

Letus consider the same types of applications in Section IV.B.

Pvar

) x 100%.

The given quality of service is 7" = 0.30.

In Table 111, for b = 4, 8, 12, 16, 20, where b decides T, we
display the time constraint T, the optimal server speed setting
S1, S2, S3, S4, Ss, Se, server utilization p, and the minimum av-
erage power consumption P,,. As comparison, we also show

a—1
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Fig. 3. Average power consumption versus quality of service.
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Fig. 4. Relative difference Ap between P,,, and P.,y.

the constant speed s and the resulted server utilization p and
average power consumption F,,,. Finally, we give the relative
difference Ap between Py, and P,,,.

In Fig. 3, we demonstrate P, and P, for b=1,2,
3,...,20.

In Fig. 4, we show the relative difference Ap between Py,
and P.,, forb =1,2,3,...,20.

The following observations are made.

1) The differences among the s; s can be very significant,
especially when T is small. In particular, the server speed
can be increased for a type of applications with greater
task arrival rate and greater coefficient of variation of task
execution requirement.

2) The optimal variable speed setting yields higher server
utilization than the constant speed setting.

3) There is noticeable difference between P,,, and P.,,,
which can be as high as 8.0%. In fact, it is unbounded as
T — 0.

4) Algorithm 1 is called 44 times by the bisection method
in Section V-A. All the data in Table III and Figs. 3 and
4 can be produced in less than one second.

VI. CONCLUSION

A new kind of workload-dependent dynamic power and the
speed management (i.e., variable and task type dependent server
speed management) method to deal with the power and perfor-
mance tradeoff for cloud servers is introduced in this paper. Both
power constrained performance optimization and performance
constrained power minimization are investigated as optimiza-
tion problems solved by efficient numerical algorithms. Our
main conclusions are two fold. First, it is shown that compared
with a server with a constant speed, a server with the optimal
speed setting can noticeably reduce the average task response
time and the average power consumption. Second, it is also
shown that our numerical algorithms are very fast. The research
in this paper has made significant contribution to analytical study
of power and performance optimization using the technique of
variable and task type dependent server speed management for
a server with mixed applications.

The research in this paper can be extended in a number of
ways. First, an M/G/1 server can be extended to an M/G/m
server. Due to lack of an analytical expression of the average
task response, such a study is very challenging. Second, mul-
tiple M/G/1 and/or M/G/m servers can be investigated. When
there are multiple heterogeneous servers with variable and task
type dependent server speed management, we are facing the
challenges of both optimal load distribution and optimal server
speed setting for multiple classes of applications. It is con-
ceivable that such a problem requires extra effort to deal with.
Although some attempt has been made toward this direction
[19], deeper investigation is required. Third, more sophisticated
scheduling strategies other than FCFS can be considered.
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