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Abstract—Data centers have been widely employed to offer reliable
and agile on-demand web services. However, the dramatic increase of
the operational cost, largely due to the power consumptions, has posed
a significant challenge to the service providers as services expand in
both scale and scope. In this paper, we study the problem of how to
improve resource utilization and minimize power consumption in a
data center with guaranteed quality-of-service (QoS). Different from
a common approach that separates requests with different QoS levels
on different servers, we devise an approach to pack requests of the
same service — even with different QoS requirements — into the same
server to improve resource usage. We also develop a novel method to
improve the system utilization without compromising the QoS levels
by removing potential failure requests. Experimental results show
superiority of our approach over other widely applied approaches.

I. INTRODUCTION

Service providers have been striving to enrich their service
product lines since the outset to greatly facilitate people’s lives. As
web services expand in both scale and scope, resource management
becomes more and more critical but challenging. Low resource
utilization and high power consumption in data centers (where web
services are hosted) are well-known issues. For example, there are
more than 500K servers in Google’s data centers cost more than
$38M worth of electricity each year [1]. However, even for the web
giant “Google”, who has already investigated a significant amount
of effort on making its data centers greener, it only has an average
CPU utilization of around 40% [2][3]. On the other hand, while
saving power consumption is important, service providers must
also provide services that can satisfy user’s QoS requirements, such
as response time and/or deadline miss ratios. This is particularly
critical for those highly interactive services such as on-line gaming
and on-line streaming multimedia (e.g. Pocket Gems and Sony
Music on Google Cloud Platform [4][5]), where the user experience
is closely related to the response times of the services. While
these services are soft real-time in nature, it is imperative for
service providers to ensure that adequate requests can be served
successfully in time in order to fulfill QoS requirements.

There are extensive studies conducted to improve service
provider’s power efficiencies (e.g. [6][7][8]1[9][10]). Server consol-
idation, for example, has been a common approach to achieve high
power/energy efficiency for data centers. The virtualization tech-
nology has enabled multiple virtual machine instances be executed
on the same physical server. Since a server’s power consumption is
not exactly proportional to its utilization, and server may consume
a significant amount of power even at a very low level of utilization,
consolidation helps to increase the utilization of a server and
minimize the number of activated physical servers needed. For
example, in [6], Verma et al. present consolidation decisions that
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are made based on the correlations among different workloads.
In [7], Mastroianni et al. devise two probability functions to
model the effects of virtual machine allocations and migrations.
By statistically analyzing the need of a virtual machine allocation
or migration, they minimize the number of powered-on servers,
and reduce the power consumptions in data centers. Another
commonly used approach is to employ the dynamic voltage and
frequency scaling (DVES) to dynamically adjust the performance
and therefore the power dissipation of a server to achieve power
efficiency. For example, in [8], Beloglazov et al. propose a two-
layer optimization (e.g. global and local layers) to minimize the
power consumption in data centers. The local layer monitors each
virtual machine’s utilization, and dynamically adjusts a physical
server’s working frequency through dynamic voltage and frequency
scaling (DVFS) [9]. The global layer uses bin-packing methods
to find a new destination for the virtual machine that has to
be migrated. Wang et al. [10] propose an approach for power
minimization by determining the appropriate numbers of powered-
on servers and their running modes (i.e. execution speeds) for
the service requests, which can be modeled using the traditional
queuing model.

Power saving techniques usually, if not always, lead to degraded
computing performance. However, the quality of service is key
to client satisfaction. Service providers usually provide multiple
service level agreements (SLAs) regarding different QoS levels.
A database may be queried internally by a company’s employees
or externally by the company’s customers. The external customers
may further be divided into various priority groups. All of the dif-
ferent “visitors” have their own QoS requirements. The challenges
is then how to minimize the power consumption and guarantee
these QoS requirements.

With the virtualization technology, it has been a common ap-
proach (e.g. [11]) to serve the requests with the same QoS on
the same server. Since all requests on the same virtual machine
has the same QoS requirement, different levels of QoS can be
captured by one single variable such as resource provisions (e.g.
[6][7][8]), required processing speeds (e.g. [9]) or latency (e.g.
[10][11]). While this approach simplifies the resource management
problem to guarantee one specified QoS requirements, it limits the
requests that can share resources, and the overall resource usage
can be rather inefficient, as shown later in this paper.

In this paper, we study the problem of how to minimize power
consumption for data centers with guaranteed QoS levels. We
assume that data centers are able to accommodate requests of
different kinds of services, as well as requests of the same service
but with different QoS requirements. Different from previous
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studies that employ an individual server (or virtual machine) for
the requests with the same QoS, we develop a method that enables
requests of the same service but with different QoS levels to
share the same server, and therefore greatly increase the resource
utilization. To our best knowledge, this is the first approach
developed that can guarantee different levels of QoS for requests
that share the same server. In addition, we devise a novel approach
that can judiciously combine various types of requests to the same
server, and properly discard potential failure requests in time to
minimize total processing demands and thus power consumptions
with statistical guaranteed QoS. Experimental results show that
our proposed method has much better performance than other
commonly used methods in terms of both QoS satisfactions and
lower power consumptions.

II. PRELIMINARY

In this section, we introduce our system model and formulate
the problem.

Parameters | Definitions
n total number of services.
Ti,j the j-type requests in service .S;.
T the total number of request types for service .S;.
Vi k the k-th server that supplies service .S;.
m; the total number of servers that support S; service.
P the dynamic power.
re the static power.
Aij the arrival rate of 7; ;.
D; ; the deadline for 7; ;.
R; ; the completion ratio for 7; ;.
Qi,j the quality-of-service requirement of 7; ;.
i the required processing rate for 7;; in order to
guarantee (); ;.
Uik the required processing rate of the k-th server to
provide QoS-guaranteed service S;.
Q the pool rate, the sum of all the servers’ processing
rate in a server pool. Q@ =" %" Ui .
C the capacity of the servers.
TABLE I

PARAMETER NOTATION.

A. System model

We assume that a data center provides n different services
based on their application purposes, i.e. S = {S1,52,...,5,}.
Each service S; can accommodate different types of requests
I, = {Ti,j,j = 1,...,r;}, i.e. requests under different service
level agreements. Each 7; ; has its own QoS requirements, denoted
as (; ;. We assume that different services need to be hosted
on different servers but different types of requests in S; can be
potentially hosted in the same server. We assume that there are n
types of servers, i.e. {Vi,V5,...,V,}, and each type (e.g. V;) may
contain m; servers (e.g. Vi i,k = 1,...,m;) that support service
S;. Our system model is illustrated in Figure 1. In Figure 1, 71
714 share server V71, and 75 713 share server V7.

We assume that the request arrival patterns follow the Poisson
distributions [12], and their response times follow exponential
distributions. Different types of requests for the same service
may have different arrival times, deadlines, and completion ratio
requirements. Specifically, a request is modeled with a 3-tuple, i.e.
Tij = {)\i,jaDi,j7Ri,j}’ where

e A;j: the arrival rate of the j-type requests in service .S;.

1348

Service n

T
Service 2

Fig. 1. System model.

e D, ;: the deadline of the j-type requests in service S;.
e R; ;: the completion ratio requirement of the j-type requests
in service S;.
The Q; ; of 7;; is defined by {D; ;, R; ;}, meaning that at least
R; ; percent of the 7; ; requests have to be served no later than
Di,j-

A service provider suffers from high power consumptions while
providing QoS guaranteed services. We adopt a linear power model
to describe a server’s power consumption (e.g. [7]), as shown in
Equation (1):

P=Plo4 P° 1)

where P° is the static power, and P%p is the dynamic power. ¢
is the utilization of a server, defined as ¢ = %, where U is the
required processing rate of a server, and C' is the capacity limit
of a server. For ease of reference, we list some commonly used

notations in Table 1.

B. Problem definition

With the system model defined above, the problem we are to
address can be formulated as follows.

Problem 1: Given service requests I'; = {7, ; : j = 1,...,r;}
for ¢ = 1,...,n, determine the server pool, i.e. V = {Vi’k, 1=
1,...,n;k = 1,..,m;}, the corresponding processing rate U x,
and the allocation of I'; to V, such that the QoS requirements
(ie. Qij,i=1,...,n;j = 1,...,7;) are guaranteed and the power
consumption of the server pool is minimized.

This problem involves with two intertwined problems: how to
judiciously pack service requests to a server and how to determine
the proper service rate to minimize the power consumption while
guaranteeing the QoS for all types of requests. In what follows,
we first introduce three preliminary analyses, and then present our
algorithm in details.

III. PRELIMINARIES

This section presents three key analyses regarding QoS guar-
antee, request multiplexing, and request packing. These analyses
form the basis of our approach.

A. Processing rate selection for QoS guarantee

Traditionally, people using M/M/1 queue [12] to represent the
request processing procedure [13], as shown in Figure 2. Service
requests arrive with a rate A\, wait in a queue with an infinite size,
and get processed with a rate p.

A o (e )—

Fig. 2. M/M/1 queue.
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Accordingly, the probability density function (PDF) and the
cumulative distribution function (CDF) of the response time are
listed below:

F(t) = (p = Aem B! @)
F(t)=1—¢ #0130 3)
with a mean response time:
1

The g-percentile of the response time ¢, (t, is larger than ¢%
of all response times) has the following relationship:

1— _tqﬂ(l_%) — i 5
‘ 100 ©)
with simple transformations, we have:
1 100
ty = ——In[——
T =\ [100—(]} ©)
= Bl ]
B 100 — ¢

Given request 7; ;’s arrival rate \; ;, deadline D; ;, and comple-
tion ratio requirement R; ;, in order to guarantee (J; ;, the required
service rate y; ; (when 7; ; is hosted alone) is:

1
In[{= o ]

pij=—p + Aij (7

ij

While 41; ; defined above can guarantee );,;, as much as (1 —
R; ;)% can miss their deadlines and contribute little or no benefit
to the application at all. To save power consumption, it is desirable
that we can discard a request if it has a high probability to miss its
deadline but save the precious resource for requests that are more
likely to be successfully fulfilled. The problem is how to discard
these requests without compromising the QoS. To this end, we
employ the renege M /M /1 queuing model [14], as illustrated in
Figure 3.

Deadline
missing

Successfully
served

r L T

Fig. 3. M/M/1 with renege.

As shown in Figure 3, according to the renege model, each
request is associated with a deadline. If a request is not fully
served until its deadline, it is removed from the system. According
to this model, there exists an interesting relationship among the
request’s deadline miss probability P,,;ss, the request arrival rate
A, processing rate p, and deadline D, which can be formulated as:
1— p)euD(pfl)

(
Pmiss - 1_ pe/‘D(P*U

®)

where p = % Accordingly, for the given \; ;, R;;, and D; ; of
request 7;,j, we can derive p ; that guarantees () j:

. oy
(1- iy )euz,]Di,j(,L%f;—l)

Bij
1-R;; > v &)
A wi Ds (=L —1)
1—22ieg ™ 7t
Hi g
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It is interesting to note that, the processing rate derived using
renege queue /7 ; is smaller than the ; ; in Equation (7) (because
of page limit, we omit the proof). It means that, with the renege
model and judiciously remove the request from the queue, we can
guarantee the same QoS with smaller processing rates.

B. Request multiplexing

When service S; has multiple types of requests, e.g. 7; ;, one
common approach is to host each type of requests with one
individual server or virtual machine. While this approach simplifies
the resource management for guaranteeing specified QoS levels, the
efficiency of resource usage can be rather low, not to mention other
possible problems, such as the cost of software licenses.

Consider three types of requests of the same service 711, T2
and 7i3. The R; j-th percentile response time tg, ; of 7 ; can be
formulated as:

1 1

MJ—Amhﬂl—Rm

When hosting each 7 ; individually on a service pool V =
{Vi1,V12,Vi3}, we let the server processing rates as Uyq, Ui,
and Uys, respectively. Then, to satisfy each @); ;, the processing
rates can be calculated as follows:

] (10)

lR; ;

1
=0 + )\i,]’

Uij = D, .
i.j

(11
Let us define the processing rate of the server pool' as the sum

of all the servers’ required processing rates in a server pool (i.e.
V), denoted as (V). Then, we have:

N B 3 B 3 ln[lfll?l,j]
V)= m,= Z[T + Al (12)

j=1 j=1

When the three types of requests are hosted together in a single
server V' = V/ |, the processing rate U7 ; of V} ; has to satisfy the
QoS requiremehts of 71,1, 71,2, and 71 3. For example, assume that
the required processing rate of V| is uj ; according to 71,1’s QoS
requirements (i.e. U] ; = uj ;). Then, based on Equation (10), we
have

1 1 1 1

M1 — >\1,1ln[1 - Rl,l] B uj, — Z?zl A1 ln[l - R1,1} (13)
We transform Equation (13) and have:
3
U{,l = Us{,l =pi1— A1+ Z )\Lj
=1
s ! (14)
= 1,1+ Z A1
J=1,#1

The U{ﬂl derived by Equation (14) guarantees that after the
combination, the processing of 711 is the same as it is hosted
separately by a single server. Similarly, we can derive the V7 ,’s
required processing rate U] | = uj 5 (U] | = uj 3, resp.) according
to the QoS requirements of 71 5 (713, resp.) as follows:

3
! . * .
Upi=ujs=p2+ E A1)
j=1j#2

(15)
and

IThe processing rate of the server pool, i.e. €2, is a parameter for reflecting the
overall physical server utilization in the server pool.
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3

Uy =uis=ms+ > Ay (16)
J=13#3

Therefore, when 71 1, 71 2, and 71 3 are hosted together in Vl”l,

in order to satisfy the QoS requirements for all the three types of

requests simultaneously, the processing rate Uj ; of V/ | has to be

the maximum among Equations (14), (15), and (16), i.e.:

U{,l = max{uy{,l,uiz,u’{ﬁ} (17)

Then, the server pool processing rate is Q(V') = U7 ;.
We formally formulate the discussion above in Theorem 1 to
conclude our analysis. The proof is omitted due to page limit.
Theorem 1: For service requests 7; 1, T;2, ..., T;r, hosted in
a single server V; 1, in order to satisfy the QoS requirements for
Tij,J =1,2,...,7;, we need to have

i
U =ul;=pij+ Y, Mg (18)
q=1,q#]
Then 7;1, 752, ..., Tiy, can all meet their QoS if U;; >
maz{pf ;7 =1,2,...,7}.
From Theorem 1, to meet QoS of 7 1, 71,2, and 71 3 when mul-

tiplexing a server, we have Q(V') = uj , = p1,q +Zf:1 ko AL

(assuming uj , = maz{uj ;,j = 1,...,3}). Therefore, to com-
pare Q(V) and Q(V'), we have:
3
Qv =1 H1,5
V) Lgmini (19)
Q) Mo + Zj:l,j;ﬁa AL

which indicates that to guarantee the same QoS level, request
multiplexing requires a smaller processing rate of the server pool
(i.e. Q) than hosting each type of requests in an individual server
separately.

C. Request packing

From the discussions above, clustering multiple types of requests
into the same server helps improve the resource usage. The
question is then how to identify the group of request types for
each server that can minimize the server pool processing rate £)
(ie. @ = >, >, Ux) and thus maximize the resource usage
efficiencies. Consider the following example with four types of
requests 7j ...74:

. )\1 = 60, M1 = 120.

. )\2 = 40, Mo = 80.

. /\3 = 50, M3 = 70.

. )\4 = 20, Ha = 90.
with p; the minimum processing rate to satisfy its QoS when
allocated to a server individually. All parameters have the unit
of (request/second). With the two request combinations shown
in Figure 4, in order to guarantee all the QoS requirements, the
required server pool processing rates are Q(V7,Vs) = 300 and
Q(V{,V3) = 280 (derived based on Equation (17)). This example
clearly shows that different service request allocations can lead to
server pools with very different processing rates.

The service request allocation problem, as we proposed to
study here, is NP-hard in nature. Therefore, we focus on the
development of effective and efficient heuristic solution for this
problem. To this end, we have made a number of interesting
observations, which are formulated in the following theorems. Due
to page limits, we omit the proofs.
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Fig. 4. Processing rate with different combination.

Theorem 2: Let I'y , and I'; 4 be two sets of requests of the

same service mapped to two servers Vi , and V; g4, respectively.
Assume that one request type, i.e. 71; € I'1,, is migrated from
Vip to Vi4. Let Uy (Uyg, resp.) be the minimum processing
rate for Vi, (V1,4, resp.) that guarantees the QoS requirements
for requests allocated to the server after 7, ; is migrated. Then the
processing rate for the server pool, i.e. Q(V) = Uip + Uiy, is
minimized when ¢; 1 = pi;,1 — As 1 is the minimum.
Theorem 2 implies that when migrating requests from one server
to another, selecting the requests with the smallest ¢ helps reduce
the overall server pool processing rate. In addition, we have the
following theorem.

Theorem 3: Let Vi = {Vi1,Via,....Vip} and V/ =
{Vi1,V{a,..., V{ ,} be two server pools that host the same set of
requests I';. Both V; and V] satisfy I';’s QoS requirements. Then
QW) = QW) if p = q.

Theorem 3 indicates that for a server pool that holds the same
set of requests, the smaller the number of server is, the smaller
the processing rate it needs to guarantee all the QoS requirements.
Therefore, to improve the resource usage and minimize the power
consumption, it is beneficial to reduce the number of servers as
best as we can.

IV. THE REQUEST ALLOCATION ALGORITHM

We are now ready to discuss our approach for power consump-
tion minimization in data centers with guaranteed QoS.

Since the overall power consumption depends on both the pro-
cessing rate of the server pool and their static power consumptions
(see Equation (1)), to solve Problem 1, we need to minimize the
number of employed servers and their utilizations. As discussed
above, when multiple requests are hosted in the same server, the
processing rate of the server pool can be greatly reduced. Also,
when requests with long latency and high possibility of missing
its deadline can be judiciously removed, the demanded server
processing rate can also be reduced. Therefore, in our approach,
we adopt the renege model to enable the guarantee of different
QoS levels for requests that share the same server, and also save
the power consumption by expunging the requests that have high
probability to fail. In the meantime, Theorems 2 and 3 provide
valuable insights for the development of heuristic to minimize the
number of servers as well as the processing rate of the server pool.
The detailed algorithm is illustrated in Algorithm 1.

As shown in Algorithm 1, the required processing rate p; for
each type of requests I' = {7;,j = 1,...,r} is calculated using
the renege model (line 1). We then sort all requests based on
¢;,7=1,...,r in a decreasing order (line 2), with ¢; = p; — A;,
where \; is the request 7;’s arrival rate, and p; is the required
processing rate of a server to satisfy @; if 7; is hosted alone. Then,
we employ the traditional first-fit bin-packing algorithm to pack
requests in the list to servers with a capacity (i.e. the maximum
processing rate) of C (line 3 to line 13). The reason to order
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Algorithm 1: Request allocation

Input : A set of requests I' = {7;,j = 1,...,r} in service 5,
each 7; has corresponding A; and Q; ({Dj, R;}). A set
of servers V.= {Vi,k =1,...,m} with the same

capacity C' serve the requests in service S.
Output: The requests allocation.

1 Calculate each p; to satisfy @); based on Equation (9);

2 dif_vect < Sort the ¢ = p — A in the decreasing order;

3 for All requests 7;, j =1,2,...,r do

4 for All servers Vi, k=1,2,...,m do

5 Add 7; into server Vj;

6 Calculate V}’s required processing rate U based on
Equation (17);

7 if U, < C then

8 Remove 7; from dif_vect;

9 Break the loop and pack the next request;

10 else

1 L Remove 7; from the current server Vj;

12 if Request 7; did not fit in any available server then
13 L Open a new server and pack request 7;;

the requests according to the value of ¢ is because, according
to Theorem 2, when a server is full and new server needs to
be powered-on, allocating the requests with the smallest value
of ¢ helps reduce the overall processing rate of the server pool.
Furthermore, the bin-packing algorithm minimizes the “bins”, or
the number of servers. It thus also minimizes the processing rate
of the server pool as shown in Theorem 3. Therefore, Algorithm 1
can potentially achieve high resource usage efficiencies (for both
computing and energy resources).

V. EXPERIMENTAL RESULTS

In this section, we use simulations to study the properties of our
proposed approach.

We assume that requests for different services must be assigned
to different servers. In our experiments, all requests are of the
same service but with different QoS levels. The arrival rate of
each request type was randomly generated following a uniform
distribution in a range between 120 requests/second and 20
requests/second. The deadline of each request type was also
randomly generated following a uniform distribution in a range
between 100m.s and 80m.s. The completion ratio was fixed at 95%.
The server’s capacity was set to be 250 requests/second.

We compare our approach to four other approaches. All of them
apply renege model to derive the required processing rate for each
type of requests.

« split: denoted as “S”, the traditional method that each request
type is hosted in an isolated server [6][15].

o random: denoted as “R”, a method that combines the requests
randomly using request multiplexing.

o first-fit-decreasing: denoted as “F”, a widely employed bin-
packing method [16][17]. Requests are combined using re-
quest multiplexing in a decreasing order of ji; ;.

o greedy: denoted as “G”, a greedy packing approach. It packs
all the requests into one server, e.g. Vi, using request multi-
plexing. If the required processing rate of the server exceeds
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the server’s capacity, the request type that has the smallest
¢ will be migrated into a new server, e.g. V5. The migration
continues until V;’s required processing rate U; is smaller
than or equals to the capacity C, i.e. U; < C. Then, the same
procedure works in V5 and stops when all the servers, e.g. V7,
.., Vi, satisfy their capacity constraints.
o Proposed: denoted as “P”, our proposed method.

A. Service utilization effect

We first conducted a set of tests to study the power saving
performance by different approaches under different request uti-
lizations, i.e. p;; = )‘zj From Equation (9), when the arrival
rate is a constant value, the smaller the deadline, the higher the
required processing rate is. Therefore, as the deadline D; ; reduces,
the processing rate fi; ; increases, and then the service utilization
increases. We therefore varied request utilization by changing the
interval from which we randomly picked the deadlines. Specifi-
cally, we modified the upper bound and lower bound of the interval
simultaneously, from 100ms to 40ms and from 80ms to 20ms,
respectively, with an interval length of 20ms. The test cases in
each intervals was tested a thousand times. The averaged power
consumption results were collected, normalized to that by the

approach “split”, and are shown in Figure 5.
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Fig. 5. Power saving performance for requests with different deadline ranges
[lower bound, upper bound].

As shown in Figures 5(a) to 5(d), our proposed method (denoted
as “P”) has the lowest power consumption ratio across all experi-
ment settings. The figures clearly illustrate the fact that the power
consumption ratio decreases as the utilization becomes higher
(which indicates an increasing resource saving). When the number
of request types is 10, the power consumption ratio achieved
by our proposed approach increased from 65% to 85% as the
utilization increases (e.g. the deadline range changes from [20ms,
40ms] to [80ms, 100ms]). Since the “greedy” approach uses a
similar allocation strategy that is based on the sorting result of
®;,5. its power saving performance is worse than but very close
to the results achieved by our proposed approach. The “first-fit-
decreasing” (ffd) derives the request allocations according to the
sorting of /1; j, which does not have direct effects on the processing
rate of the server pool (i.e. ) and thus has a poor power saving
performance, especially when the utilization is high (as shown in
Figure 5(a)). However, when the utilization is low (as shown in
Figure 5(d)), “ffd” has a similar performance as our proposed
approach because the sorting of ¢; ; is similar to the sorting of

Hi,j-
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B. Capacity effect

Next, we study the server’s capacity effect on power savings. In
this experiment, we kept the request deadline’s upper and lower
bounds at 40ms and 20ms, and gradually changed the server’s
capacity from 250 requests/second to 550 requests/second with
an interval length of 100 requests/second. The completion ratios
for all requests were set at 95%. We ran each setting a thousand
times.
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Fig. 6. Server’s capacity effects on power saving.

The averaged results are shown in Figure 6. The server’s
capacity increases from 250 requests/second in Figure 6(a) to
550 requests/second in Figure 6(d). Our proposed approach out-
performs the others throughout all of the test settings. However, the
improvement of our proposed approach diminishes as the server’s
capacity increases. This is because when the server’s capacity
increases, more types of requests can be hosted together in the
same server. All the approaches that employ request multiplexing
can achieve much better energy saving results than that when each
request type is hosted solely on an individual server. If the capacity
is large enough that all the requests can be packed into a single
server, then all the approaches that employ request multiplexing
have the same results.

C. Completion ratio and average response time

Finally, we compare the request completion ratios and av-
erage response times achieved by our proposed approach and
the split method. The test was conducted with 5 request types.
The deadline’s upper and lower bounds were set to 40ms and
20ms. The arrival rate’s upper and lower bounds were set as
120 requests/second and 20 requests/second. Completion ratios
were set to 95% for all requests. Our proposed method provided a
combination, indicating that {74, 71,75} and {73, 72} were hosted
separately in two servers. Each request type had 10,000 requests.
The averaged simulation results are shown in Figure 7.
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Fig. 7. Completion ratios and average response times.

As reflected in Figure 7(a), our proposed method not only

guarantees the completion ratios (actually our method achieves
even higher completion ratios), but also obviously reduces the

1352

average response times as shown in Figure 7(b). The reason for this
phenomenal improvement is because of the request multiplexing
technique, which efficiently utilizes computing resources among
different types of requests.

VI. CONCLUSION

The expansion of web services in both scope and scale make
efficient resource management extremely challenging for a service
provider’s sustainable development. In this paper, we propose
an approach based on request multiplexing and renege queueing
techniques to judiciously combine different types of requests for
each server and discard potential failure requests in time. A data
center’s power consumption can be reduced significantly without
compromising QoS satisfactions.
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