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Abstract—Reducing the power consumption while main-
taining the response time constraint has been an important
goal in server system design. One of the techniques widely
explored in the literature to achieve this goal is Dynamic
Voltage Scaling (DVS). However, DVS is not efficient in modern
systems where the overall power consumption includes a large
portion of static power consumption. In this paper, we aim
to reduce the static power consumption by Dynamic Power
Management (DPM) with sleep model in addition to DVS.
We propose a smart PowerSleep power-saving scheme, where
a procrastination technique is adopted to carefully aggregate
jobs to reduce the overhead of transitions in and out of the
sleep mode. We also observe that PowerSleep might not always
be a good choice due to the mode transition overhead when
the server utilization is high, where instead we use PowerIdle
power-saving scheme with DVS only. By modeling the system
with M/G/1/PS queuing model and further extensions, we
present how to minimize the mean power consumption of the
server under the given mean response time constraint for both
power-saving schemes. Simulation results show that our smart
PowerSleep scheme significantly outperforms the simple power-
saving scheme which adopts sleep mode.

Keywords-power saving; sleep; response time; M/G/1.

I. INTRODUCTION

Power-aware design has become a prominent design issue
in server systems due to the rising energy utility bill. For
example, for a high-performance server with 330 Watt power
consumption, the annual energy cost of the server is around
$214, provided that the electricity costs $0.074 per kWh.
Even without considering the cost of the power delivery
subsystems and the cooling facility, the electricity cost is
significant in maintaining a cluster with hundreds of servers.
Specifically, it has been shown that the electricity cost
remains significant even if the server does not always operate
with the maximum power consumption [1]. By 2011, data
centers in U.S. are expected to consume around 100 billion
kWh per year [2], in which the annual power cost is around
$7.4 billion.

At the same time, clients are very sensitive to the server
performance. Delayed response to users will have negative
effects for a hosting company including client frustrations
and revenue loss. Mean response time of requests has been
an important performance measure for servers. How to
minimize the server mean response time or to meet the mean
response time service level agreement (SLA) constraint for
servers has been an active research [3]–[6]. Recently, how to
reduce the power consumption while maintaining the mean
response time constraint has received increasing attention.
Low-power opportunity for web servers has been observed
in [7], [8] to reduce the energy consumption by applying
Dynamic Voltage Scaling (DVS) with minimal performance
impact. In [9], a queueing theoretic model was used to
predict the optimal power allocation in a variety of scenarios
with DVS. An optimal speed scaling was investigated in [10]
to balance the mean energy consumption and mean response
time under Processor Sharing (PS) scheduling.

DVS is an efficient power-saving technique in the systems
where the static power consumption is only a small portion
of the overall power consumption. However, as shown in
[11]–[13], the static power dissipation when a server is idle
could reach up to 60% of the peak power, and is worsened
if the power waste in power delivery and cooling sub-
systems is counted, which could increase power consump-
tion by 50∼100% [14]. Given the fact that average server
utilization is only 20∼30% in typical data centers [7], [11],
[15], reducing the power consumption for an idle server
becomes practically important. To overcome the idleness
of the server, consolidation technique is adopted in server
clusters by using virtual machines to put several servers in
one machine and reduce the number of active machines.
However, a large fraction of servers exhibit frequent but
brief bursts of activity, making dynamic consolidation and
system shutdown difficult [15]. The other common approach
to reducing power consumption for an idle server is to
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use Dynamic Power Management (DPM) (such as clock
gating or power gating). In other words, to reduce the power
consumption when a server is idle, we can turn the server
from the active mode to the sleep mode. However, mode
transitions between the active mode and the sleep mode
introduce significant overheads in terms of time and energy.

In [15], a PowerNap scheme was proposed to handle
the dominant idle time by quickly transitioning in and out
of a low power sleep mode. Under PowerNap, the server
runs at the maximum speed in executing jobs if there are
jobs in queue, and is immediately put into the sleep mode
once the queue is empty and is waken up once a new job
arrives. However, mode transitions between the active mode
and the sleep mode introduce a pure timing overhead for
the server, which degrades the performance such as the
mean response time of jobs. When the server utilization is
low, the PowerNap scheme is shown superior to the pure
DVS scheme. The higher the server utilization is, the more
obvious the mode transition overhead has an impact on the
system performance. Therefore, it is necessary in the design
with the sleep mode to reduce the mode transition overhead
as much as possible. In [15], one of the goals is to reduce
each transition duration for fast mode transitions. However,
due to the hardware limitation, we have no much space
in this direction. Moreover, in general, the more inactive
hardware components are in the sleep mode, the larger the
timing overhead is required for mode transitions. Therefore,
in addition to having fast mode transitions from the hardware
aspects, we would also like to consider another direction:
reducing the mode transition frequency from the software
aspects. We could jointly consider DVS to change the
execution speed of the server and DPM to change the power
mode. We do not have to run the server at the maximum
speed in executing jobs or wake up the server so greedily
like PowerNap since the server might have to go to sleep
again after a short period of job execution.

In this paper, we propose a smart PowerSleep power-
saving scheme. To minimize the mean power consumption
while maintaining the mean response time constraint, we
carefully choose an execution speed for the server with
DVS and sleep periods while putting the system in the
sleep power mode with DPM. Specifically, we introduce a
procrastination technique for carefully aggregating jobs to
reduce the number of mode transitions: When a new job
arrives at the empty queue, the system could continue to
stay in the sleep power mode for extra time to aggregate
more jobs to reduce the mode transition frequency. We will
show that PowerSleep outperforms PowerNap significantly,
in particular when the single mode transition overhead is
large. However, fundamentally, the mode transition overhead
cannot be eliminated, PowerSleep might not work well
sometimes when the server utilization is high. In this case,
we better use the pure DVS design without using the sleep
mode, which we define as PowerIdle power-saving scheme.

In PowerIdle, we will present how to efficiently choose the
execution speed to minimize the mean power consumption
under a given mean response time constraint. In the study of
server performance, M/G/1/PS server model has been shown
by different research studies that can model the modern
web servers well [3], [6], [9], [10], [16]–[18]. To make the
modeling and analysis even more accurate, in this paper, we
adopt the M/G/1/PS model with some significant extensions
as the mode transition overhead is taken into consideration.

The rest of this paper is organized as follows: Section II
shows the system model. The PowerSleep power-saving
scheme will be described in details in Section III, as well as
the PowerIdle scheme. Section IV presents detailed power
consumption and response time analysis. The optimal design
is described in Section V by showing how to minimize the
mean power consumption under the given mean response
time constraint. Section VI presents performance evaluation
on simulated platforms. We will conclude the paper in
Section VII with a brief discussion of some potential future
work.

II. SYSTEM MODEL

The system in this work is based on the M/G/1/PS server
model. We consider a Poisson job arrival with an arrival rate
λ and we assume that jobs follow a generalized service time
distribution with a given mean value E[S] when executing
at the maximum speed. We also assume all jobs in the
queue are served with the PS scheduling algorithm, where
PS approximates very well the Round-Robin job scheduling
algorithm used in Linux. Our methodology can be applied
to other job scheduling algorithms such as First-Come-First-
Served (FCFS) as well.

We use DVS and DPM for the power management in
the server. With DVS, we can choose an execution speed
for the server (with a corresponding choice of the supply
voltage) to serve jobs in the queue. We define r as the ratio
of the execution speed of the server to its maximum speed.
The speed ratio r is bounded by a lower bound rl, i.e.,
rl ≤ r ≤ 1. When the server is active, either it is (i) in the
running mode while executing jobs, or (ii) in the idle mode
at the lowest speed ratio rl without executing any job. With
DPM, the server can be set to the sleep mode. However,
there are some timing overheads for the mode transitions
between the running mode and the sleep mode [15], during
which the server is in the transition mode.

The power consumption in our study is the system-level
power, including the power consumed by the processor
and all other components within the server. The power
consumption depends on the mode the server is in (running,
idle, sleep, or transition), and also the execution speed in
use. In this paper, we adopt the power consumption model
in [9]. The server has the following power modes:

• Running power mode: In the running mode, the power
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consumption PR(r) by the server at a speed ratio r is

PR(r) = α[r − rl]γ + PI , (1)

where γ ≥ 1 and PI is the the static power con-
sumption. The cubic rule is widely suggested in the
literature for the processor power-to-speed relationship
in the running mode, i.e., γ = 3. However, in server
farms with DVS or for some applications, the linear
rule could be applied. The reader can find more details
on this in [9].

• Idle power mode: In the idle mode, the server consumes
the static power PI .

• Sleep power mode: In the sleep mode, the power
consumption by the server is PS , which is significantly
smaller than PI .

• Transition power mode: In the transition mode, the
server also consumes power, which is defined as PT .
We assume the power consumption in the transition
mode is equal to the one in the running mode, i.e.,
PT = PR(r).

The different power modes provide the space for system
designers to design efficient power-saving schemes.

III. POWER-SAVING SCHEMES

In this section, we describe in details the power-saving
schemes: PowerSleep and PowerIdle.

In the design of PowerSleep, we set the server in the
sleep mode once the queue is empty. In order to design a
better power-saving strategy, we try to answer the following
questions: (i) What speed ratio can be set in the running
mode (as well as in PowerIdle design)? (ii) When should
the server be waken up? The straightforward scheme is to
choose the full speed in the running mode, set the server to
sleep once the queue is empty, and wake it up upon a new
job arrival as PowerNap does in [15]. This approach works
well but with some limitations and it is not efficient.

• The full speed might not be the best choice in saving
power. This is well-accepted in the study of pure DVS
in the literature. If we also consider DPM, how will the
choice of a speed affect the power-saving design?

• The transition from the running mode into the sleep
mode might be too frequent. If the empty-queue du-
rations or the running durations are short, the server
is wasting time in transition without taking enough
duration of sleep or execution of jobs. How will we
control the transition frequency?

In the design of PowerSleep, we will address the above
raised concerns. With PowerSleep, we utilize both DVS and
DPM. In the running mode, a server will run at a constant
speed ratio r. Once the queue is empty, the server will
immediately be set to the sleep mode. It remains in the sleep
mode if no new job arrives. When a job arrives at a sleeping
server, it cannot be served immediately; rather the server is

procrastinated in the sleep mode for an additional constant
δx time units. Then the server will be waken up into the
running mode. Recall that there are some timing overhead
for the mode transitions between the running mode and the
sleep mode. We denote δs and δw as the overheads for the
suspend transition from the running mode to the sleep mode
and the wake-up transition from the sleep mode back to the
running mode respectively. In [15], it is assumed that these
two types of transition duration are equal, but we consider a
general case. Note that each suspend transition could not be
stopped once a suspend transition is initiated. The wake-up
transition will follow the procrastination sleep period before
serving a new job. Also note that PowerNap in [15] is a
special case of PowerSleep by setting r = 1 and δx = 0.

PowerIdle is quite simple where only DVS is used: If there
are jobs in the queue, the server will be in the running mode
at a constant speed ratio r, otherwise the server stays in the
idle mode. We ignore the mode transition overhead between
the running mode and the idle mode since it is relatively
small in comparison with the one between the running mode
and the sleep mode.

Figure 1 illustrates the change of the server mode under
PowerSleep and PowerIdle for the same given job arrivals.
Under PowerSleep the server stays in three different modes:
running, transition and sleep, while under PowerIdle, the
server stays in two different modes alternatively: running
and idle. As shown in Figure 1(b), the procrastination of the
sleep period can aggregate job arrivals so as to reduce the
mode transition frequency along with the wake-up transi-
tions (sometimes suspend transitions as well). Slowing the
execution speed can have the similar effect too. Therefore,
choosing appropriate values of r and δx is the key to the
efficiency of PowerSleep design.

In order to minimize the mean power consumption under
the mean response time constraint, we could apply either
PowerSleep or PowerIdle. Usually PowerSleep outperforms
PowerIdle, in particular when the server utilization is low.
However, as we will show later, in certain circumstance,
PowerIdle is better than PowerSleep when the server encoun-
ters higher workload demands. That is, to meet the mean
response time constraint for a stringent server, putting the
server to the sleep mode could increase the mean power
consumption. The server should then take the better one
between the two solutions to minimize the mean power
consumption.

IV. POWER CONSUMPTION AND RESPONSE TIME

ANALYSIS

Recall that our objective is to minimize the power con-
sumption under the mean response time constraint. First
we need to perform the power consumption and response
time analysis, which depends on the power-saving scheme
used in the server. Under PowerSleep, we will extend the
tradition M/G/1/PS queueing theory to consider the sleep
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Figure 1. Examples for PowerIdle and PowerSleep

and transition modes. Based on the result of PowerSleep,
we can easily obtain the result of PowerIdle.

A. Main Results

Under PowerSleep, the server will stay in three differ-
ent modes: running, transition, and sleep. With sleep and
transition modes, the traditional queueing theory cannot be
applied directly here. Instead we adopt a Queue with Starter
model [19], [20]: the server is “turned off” whenever the
queue becomes empty. When a job arrives at an empty
queue, it cannot be served immediately; rather the server
requires an additional amount of time TX (called a starter)
to start from “cold” before it can serve the new first job.
Jobs which arrive to a “hot” server (i.e., one with at least
one job either in service or in the queue) will join the queue
and be served in turn as in a simple queueing system. Starter
TX under PowerSleep includes the wake-up transition plus
the procrastination sleep period δx and may also include the
remaining portion of a suspend transition.

Since the server has different power consumption in
different modes, we need to obtain the probability that the
server is in each mode (running, sleep or transition), which
we define as πR, πS , and πT respectively. Under the Queue
with Starter model, these probabilities can be obtained with
the following lemma:

Lemma 1: In an M/G/1 server under PowerSleep with
Starter TX , a job arrival rate λ, and a generalized service
time distribution with a given mean value E[S], we have

πR = λE[S], (2)

πT = [1 − λE[S]]
λ[δs + δw]
1 + λE[TX ]

, (3)

πS = [1 − λE[S]]
[
1 − λ[δs + δw]

1 + λE[TX ]

]
. (4)

The proof of Lemma 1 is included in the appendix.
With Lemma 1, we can easily obtain the mean power

consumption as shown in the following lemma:
Lemma 2: In an M/G/1/PS server under PowerSleep, the

mean power consumption of the server is

E[P ] = PR(r)πR + PT πT + PSπS , (5)

where PR(r) defined in (1), and πR, πT , and πS are defined
in Lemma 1.

Next we will investigate the response time under Pow-
erSleep. It is shown [19] that the additional delay in a
queue introduced by a starter is independent of the response
time in the system without starters. Using this independence
property, it is then easy to calculate the total response time in
the system with starters: it is simply the sum of the response
time in the queue without starters plus the additional delay
RX introduced by starter. By the traditional M/G/1/PS queue
theory [21], the mean response time of a job in an M/G/1/PS
server without starters is E[S]

1−λE[S] . By [19], in an M/G/1/PS
system with a job arrival rate λ and Starter TX , the mean
additional delay introduced by Starter is

E[RX ] =
E[TX ] + 1

2λE[T 2
X ]

1 + λE[TX ]
. (6)

We summarize it in the following lemma:
Lemma 3: In an M/G/1/PS server under PowerSleep with

Starter TX , a job arrival rate λ, and a generalized service
time distribution with a given mean value E[S], the mean
response time of a job is

E[R] =
E[S]

1 − λE[S]
+ E[RX ], (7)

where E[RX ] is defined in (6).
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We assume the mean job execution time E[S] = 1
μ under

the maximum speed. If the server runs at a speed ratio r in
the running mode, we have E[S] = 1

rμ . We denote

ρ =
λ

μ
. (8)

The relative server utilization with respect to the speed ratio
r can be written as

λE[S] =
ρ

r
, (9)

while ρ is the (absolute) server utilization with respect to
the maximum speed.

In order to evaluate the performance of power consump-
tion and response time under PowerSleep, we need to obtain
E[TX ] and E[T 2

X ] used in (3), (4), and (6). First we have
to find the formula for Starter TX . By the definition of a
starter in Queue with Starter, Starter TX under PowerSleep
includes the wake-up transition plus the procrastination sleep
period δx and may also include the remaining portion of a
suspend transition, which depends on the preceding empty-
queue period TI before a new job arrival. If the empty-queue
period TI is shorter than the suspend transition period δs, the
server needs to wait the completion of the suspend transition
and goes back to the wakeup transition right away, therefore
in this case TX = δs − TI + δx + δw; otherwise, the server
take TX = δx + δw time period before the next service. We
summarize it in the following formula:

TX = [δs − TI ]+ + δx + δw. (10)

where z+ = max{0, z}.
By the definition of TI , we know that TI is the same as

the idle period defined in an ordinary M/G/1 model, which
follows the exponential distribution with a mean value 1

λ .
Therefore, for TX defined in (10), we have

E[TX ] =
∫ ∞

0

TXλe−λtdt

=
∫ δs

0

[δs − t]λe−λtdt + δx + δw

= δ − 1
λ

, (11)

E[T 2
X ] =

∫ ∞

0

T 2
Xλe−λtdt

=
∫ δs

0

[δ − t]2λe−λtdt +
∫ ∞

δs

[δx + δw]2λe−λtdt

= [δ − 1
λ

]2 +
1
λ2

− σ[σ + 2δs], (12)

where σ and δ are defined as

σ =
1
λ

e−λδs and δ = δs + δx + δw + σ. (13)

Recall that we assume PT = PR(r). 1 Applying (9), (11)
and (12) into Lemmas 2 and 3, with further mathematical
manipulation, we have the following theorem:

Theorem 1: In an M/G/1/PS server under PowerSleep, the
mean power consumption is

E[P ] = PS + [PR(r) − PS ]
[
ρ

r
+ [1 − ρ

r
]
δs + δw

δ

]
, (14)

and the mean response time of a job is

E[R] =
1

μ[r − ρ]
+

1
2

[
δ − σ[σ + 2δs]

δ

]
. (15)

where ρ is defined in (8), and σ and δ are defined as

σ =
1
ρμ

e−ρμδs and δ = δs + δx + δw + σ. (16)

In Theorem 1, we observe that E[P ] is a decreasing
functions in terms of δx and r, and E[R] is an increasing
function in terms of δx but a decreasing function in terms
of r.

Under PowerIdle, the server stays in only two different
modes alternatingly: running and idle. So, the formulas of
power consumption and response time can be easily derived
by setting δs = δw = 0 and PS = PI in Theorem 1.
With further mathematical manipulation, we can obtain the
following theorem:

Theorem 2: In an M/G/1/PS server under PowerIdle, the
mean power consumption is

E[P ] = α[r − rl]γ
ρ

r
+ PI , (17)

and the mean response time of a job is

E[R] =
1

μ[r − ρ]
, (18)

where ρ is defined in (8).
In Theorem 2, we observe that E[P ] is an increasing

function in terms of r as γ ≥ 1, and E[R] is a decreasing
function in terms of r. The necessary condition for the
stability of the system is that the relative server utilization
has to be less than 1, i.e., r > ρ.

B. Remarks

If other job scheduling algorithms are adopted in the
server, the methodology for the power consumption and
response time analysis can still work with some correspond-
ing changes. Based on the analysis for both PowerSleep
and PowerIdle, the power consumption keeps the same
for all work-conserving scheduling algorithms including
PS and FCFS. However, the response time depends on
the scheduling algorithm. For instance, if FCFS is used,
with M/G/1/FCFS queueing theory, the mean response time
of a job in the system without starter will be revised
as λE[S2]

2[1−λE[S]] + E[S], where the second moment E[S2] is

1Other transition power consumption model can be applied here too.
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needed in addition to E[S]. The addition delay E[RX ] in
PowerSleep will remain the same. The mean response time
in PowerSleep and PowerIdle could be revised accordingly.

V. OPTIMAL DESIGN

In this section, we will study the optimal design for
power-saving schemes of both PowerSleep and PowerIdle,
in order to minimize the mean power consumption under
a given mean response time constraint, where we choose a
mean response time threshold R̂. The optimization problem
can easily be formulated as follows:

minimize E[P ] (19a)

subject to E[R] ≤ R̂, (19b)

max{rl, ρ} ≤ r ≤ 1. (19c)

Inequality (19c) is based on the low bound of r (rl ≤ r ≤ 1)
and the stability condition of a server (r > ρ).

Given the power consumption and response time analysis
summarized in Theorems 1 and 2, we can adopt specific
optimization approaches to obtain the optimal design for
PowerSleep and PowerIdle individually.

A. PowerSleep

To minimize E[P ], we can first fix r and consider variable
δx only. By the linear relationship between δ and δx defined
in (16), it will be equivalent to consider δ only.

Based on (14), E[P ] is a decreasing function with respect
to δ. Therefore, to minimize E[P ], we only need to maximize
δ. By denoting

R̃ = R̂ − 1
μ[r − ρ]

, (20)

the constraint condition can be revised as: δ2−2R̃δ−σ[σ+
2δs] ≤ 0. Then the optimization problem can be simplified
as:

maximize δ (21a)

subject to δ2 − 2R̃δ − σ[σ + 2δs] ≤ 0, (21b)

δ ≥ δs + δw + σ, (21c)

where (21c) comes from the definition of δ in (16). Con-
straint (21b) is a quadratic inequality. Therefore, the maxi-
mal δ is achieved at δ = δ∗, where

δ∗ = R̃ +
√

R̃2 + σ[σ + 2δs], (22)

as δ∗ ≥ δs + δw + σ.
We apply the value of δ = δ∗ into E[P ] defined in (14),

then E[P ] has only one variable r, which is constrained by
(19c) and δ∗ ≥ δs + δw + σ. The optimal E[P ∗] and r∗

can be obtained with an ordinary optimization tool. In our
evaluation, we use fmincon tool in Matlab. Moreover, by
(22), we can obtain δ∗ and hence δ∗x too. We summarize the
result in the following theorem:

Theorem 3: In an M/G/1/PS server under PowerSleep,
there exist optimal values of r∗ and δ∗x such that the power
consumption can be minimized as E[P ∗] while the mean
response time is below the mean response time threshold R̂.

Under PowerSleep, there is a feasible region of the choice
of ρ due to the constraint of (19b). Through our analysis
above, specifically by considering the constraints in (21b)
and (21c), the upper-bound of the feasible server utilization
ρu can be obtained as

ρu = 1 − 2

μ
[
2R̂ − [δs + δw + σ] + σ[σ+2δs]

δs+δw+σ

] . (23)

We will demonstrate in our evaluation that ρu could be less
than 1.

B. PowerIdle

Under PowerIdle, based on (17) in Theorem 2, E[P ] is
an increasing function in terms of r. Obviously the minimal
power consumption is achieved at the smallest possible r.
By (19b), (19c) and (18), we have r ≥ r∗, where

r∗ = max{rl,
1

μR̂
+ ρ}. (24)

The optimal result is described in the following theorem:
Theorem 4: In an M/G/1/PS server under PowerIdle, the

minimal power consumption under the mean response time
threshold R̂ is E[P ∗] = α[r∗−rl]γ ρ

r∗ +PI as r∗ ≤ 1, where
r∗ is defined in (24).

Similarly, in PowerIdle there is also a feasible region of
the choice of ρ. The mean response time threshold will
always be violated as r∗ > 1 or R̂ > 1

μ . By (24), r∗ ≤ 1, and

R̂ ≤ 1
μ , the upper-bound of the feasible server utilization ρu

can be obtained as

ρu = 1 − 1
μR̂

. (25)

Considering (24), by denoting ρ̃ = [rl − 1
μR̂

]+ we have
the following cases for the value of E[P ∗]: As ρ ∈ [0, ρ̃],
we have r∗ = rl, then E[P ∗] = PI ; As ρ ∈ [ρ̃, ρu], we
have r∗ = 1

μR̂
+ ρ, then E[P ∗] = α[r∗ − rl]γ ρ

r∗ + PI ,
which increases as ρ increases. Therefore, E[P ∗] is a non-
decreasing function with respect to ρ as r∗ ≤ 1 and R̂ ≤ 1

μ .

VI. PERFORMANCE EVALUATION

This section presents performance evaluation of the pro-
posed power-saving schemes PowerSleep and PowerIdle
with optimal design, in comparison with the baseline scheme
PowerNap [15]. The power consumption model used in the
evaluation is based on the power profile of servers in [9],
which includes two cases:

• Linear-power server: γ = 1, rl = 0.4, α = 100 Watt,
PI = 180 Watt, and

• Cubic-power server: γ = 3, rl = 0.4, α = 455 Watt,
PI = 150 Watt.
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As PowerSleep model requires timing overhead for mode
transition, we consider the following two cases:

• δs = δw = 0.01 sec, PS = 1
5PI , and

• δs = δw = 0.1 sec, PS = 1
10PI ,

where the first one has higher power consumption in the
sleep mode but requires faster transitions.

Our performance evaluation focuses on the power man-
agement of a web server with web applications. For fair
comparison, we adopt the application specification from
[15], where the mean job execution time on the server at
the maximum speed is 1

μ = 0.038 sec. We consider two

cases by (i) fixing the mean response time constraint R̂ and
varying the server utilization ρ, and (ii) fixing the server
utilization ρ and varying the mean response time constraint
R̂. For each configuration, we report the optimal mean power
consumption under PowerSleep (by applying Theorem 3)
and PowerIdle (by applying Theorem 4) in comparison with
PowerNap.

A. Fixed Mean Response Time Constraint

Figure 2 presents the optimal mean power consumption
with respect to the varying server utilization ρ under Pow-
erSleep, PowerIdle, and PowerNap when the mean response
time constraint is fixed as R̂ = 10

μ = 0.38 sec. Corre-
spondingly, the optimal r∗ and/or δ∗x for PowerSleep and
PowerIdle are shown in Figure 3. Note that the maximum
feasible server utilization is ρu = 0.864 under PowerNap
and PowerSleep defined by (23), and ρu = 0.9 under
PowerIdle defined by (25).

We first compare the power consumption under Power-
Sleep and PowerNap.

• PowerSleep always outperforms PowerNap as shown
in Figure 2 since PowerNap is a special case of Pow-
erSleep. In particular, the improvement is significant
when δs and δw are large. For instance, as ρ = 0.2
and δs = δw = 0.1 sec, for linear-power servers,
PowerSleep has 28.6% power reduction rate over Pow-
erNap; for cubic-power servers, the power reduction
rate reaches up to 46.2%.

• However, for both linear-power and cubic-power
servers, the power consumption under PowerNap is
close to that under PowerSleep when the server uti-
lization is either very low (less than 0.05) or very high
(more than 0.85). When ρ is very low, the transition
power consumption dominates the mean power con-
sumption. For such cases, the server usually is put
to the transition mode right after serving one or two
jobs. The procrastination technique behind PowerSleep
might help, but the low utilization also implies the
less probability to aggregate more jobs for joint ex-
ecution. Similarly, when the server utilization is very
high, in order to aggregate jobs for joint execution by
procrastination, one has to use a higher speed ratio,

which consumes more power (especially for the cubic-
power server) for job execution. Therefore, when ρ is
very high, under PowerSleep, the optimal speed ratio is
very close to 1 and the procrastination sleep period δx

is very close to 0, which implies the optimal solution
under PowerSleep has only marginal improvement over
PowerNap.

Next, we compare the power consumption under Power-
Sleep and PowerIdle.

• PowerSleep outperforms PowerIdle when the server
utilization is low as shown in Figure 2. In particular, the
improvement is significant when δs and δw are large.
For instance, as ρ = 0.2 and δs = δw = 0.1 sec,
for linear-power servers, PowerSleep has 30.1% power
reduction rate over PowerIdle; for cubic-power servers,
the power reduction rate reaches up to 35.0%. Pow-
erIdle might outperform PowerSleep when the server
utilization is high, such as the scenarios in Figure 2(c)
with ρ > 0.8 and Figure 2(d) with ρ > 0.55.

• When the server utilization is lower than 0.3, the mean
power consumption under PowerIdle is a constant since
the server will execute at the speed ratio lower bound
rl. When the server utilization is high than 0.3, the
mean power consumption under PowerIdle becomes a
linear (cubic, respectively) function for the linear-power
(cubic-power, respectively) server. Note that the results
in Figure 2 also suggests that power management
for the server should be PowerIdle and PowerSleep
dynamically, depending on the server utilization.

Moreover, as shown in Figure 3, when R̂ is fixed, the
optimal speed ratio r∗ under PowerSleep is a non-decreasing
function with respect to the server utilization ρ, whereas the
procrastination sleep period δx is a non-increasing function
with respect to ρ except the case when ρ is small in
Figure 3(c). The trends in Figure 3 show that the optimal
solution under PowerSleep have to jointly choose the speed
ratio and the procrastination sleep period such that the mean
power consumption in running, transition, and sleep modes
is balanced.

B. Fixed Server Utilization

Figure 4 presents the mean power consumption with
respect to the different mean response time constraint R̂
under PowerSleep, PowerIdle, and PowerNap when the
server utilization is fixed as ρ = 0.3. R̂ varies from Rmin

to 10∗Rmin, where Rmin is the minimum response time as
ρ = 0.3. The trends for their corresponding optimal r∗ and
δ∗x are skipped here due to similarity with Figure 3.

As the mean response time constraint R̂ increases, the
power consumption decreases for PowerSleep and PowerIdle
schemes but keeps constant for PowerNap. In PowerNap,
r = 1 and δx = 0 are fixed, the response time keeps
constant as the server utilization is fixed. Therefore, with a
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(b) cubic-power server with
δs = δw = 0.01sec
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(c) linear-power server with
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Figure 2. Power consumption comparison for R̂ = 10
µ
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Figure 3. Optimal r∗ and δ∗x under PowerSleep and PowerIdle for R̂ = 10
µ

.

looser mean response time constraint, there is no space for
PowerNap to reduce power consumption. For PowerSleep
and PowerIdle, as R̂ increases, the optimal choice of r and
δx takes effects on the power consumption. However, if R̂ is
very large, the power consumption will not be subject to the
mean response time constraint, the power consumption will
converge at a certain level. We also observe that PowerSleep
outperforms PowerIdle for all cases with small δs and δw

and for cases with large R̂ and large δs and δw. The
fundamental reason is same as the one we described in
previous subsection.

VII. CONCLUSION AND FUTURE WORK

This paper explores how to minimize the mean power
consumption in a server under the mean response time con-
straint. We consider two power-saving schemes, where Pow-
erSleep applies both DVS and DPM to choose an execution
speed and put the server to a low-power sleep mode while
PowerIdle applies only DVS to choose an execution speed.
By adopting the extended M/G/1/PS queuing model for job

arrival and execution, we present how to jointly decide the
execution speed for jobs and the procrastination sleep period
such that the mean power consumption is minimized while
the mean response time constraint is maintained. Simulation
results reveal the effectiveness and efficiency of the proposed
schemes.

As most commercial computers nowadays only have
discrete number of available speeds, it is also important to
decide the speed for execution for such cases. By sequential
search, it is quite straightforward to extend the results in
Section V by only considering those available speeds.

There are several open questions in the design of Power-
Sleep that we would like to address in our future work.

• A globally fixed constant speed in the running mode
might not be the best choice in saving power. A
dynamic speed relying on the preceding idle-queue
duration could reduce the power consumption while
maintaining the performance requirement.

• The average response time threshold would be always
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Figure 4. Power consumption comparison for ρ = 0.3.

violated if the wake-up transition time is beyond the
average response time threshold. The server could be
waken up earlier to reduce the wake-up transition
impact on the response time.

• The transition from the running mode into the sleep
mode might be too costly if the empty-queue duration
is short. When the queue gets empty, the server can wait
for a short-period waiting in the idle mode in hope that
a job arrives soon enough to avoid the transition to the
sleep mode.

A common approach in the industry for forming a
performance-oriented SLAs is to describe it using mean
value of the response time, which is the focus in this paper.
Some companies like Amazon [22], feel these metrics are
not good enough to have a good user experience. To address
this issue, at Amazon, SLAs are expressed and measured at
the 99.9-th percentile of the distribution. In this case, the
knowledge of the service time distribution of jobs is needed
in order to obtain such tail probability.

The focus of this paper is also on single server. For
systems with multiple homogeneous servers, our approaches
in this paper can be extended to decide the number of
servers to evenly assign jobs (workload). When the number
of activated servers is small, there might not exist a feasible
solution to meet the mean response time constraint or the
execution speeds are too large so that the mean power
consumption is too high. On the other hand, when the
number of activated servers is large, the activated servers
might waste too much power for mode transitions since the
server utilization might be too low. Therefore, we have to
activate a proper number of servers and evenly distribute
the server utilization. Moreover it is also not difficult to
extend the schemes and approaches in this paper to consider
systems with multiple low-power modes for idling, e.g.,
standby/sleep/shutdown.
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APPENDIX

PROOF OF LEMMA 1

In order to compute the probability that the server is in
each mode, we focus on a cycle in the server, which is
a time interval that begins at an instant when the queue
becomes empty and ends at the first time thereafter when
the queue is empty again, after at least one job has been
served. We will study the time spent by the server in each
mode during a cycle. We can observe in Figure 1 that a cycle
under PowerSleep is different from the one under PowerIdle
for the same workload. Let the random variable TC have
the distribution of the length of a cycle. Also let random
variables TR, TS and TT have the distribution of the length
of time spent in running, sleep and transition modes in a
cycle respectively. Then the probabilities can be written as

πR =
TR

TC
, πS =

TS

TC
, πT =

TT

TC
. (26)

In the following, we will study how to obtain TC , TR, TS,
and TT .

Under the Queue with Starter model, we can obtain the
mean value of TC . We define Starter TX in a cycle TC as a
virtual job. Starter TX will be the first job in a busy period
TB including TX . Then by the relationship between the first
job and the following busy period in [23, pp. 65], [20], we
have

E[TB] =
E[TX ] + E[S]

1 − λE[S]
. (27)

We know TC = TB +TI , where TI is a empty-queue period
in an ordinary M/G/1 model, which follows the exponential
distribution with a mean value 1

λ . Therefore, the mean
duration of a cycle can be written as

E[TC ] =
E[TX ] + 1

λ

1 − λE[S]
. (28)

We know that the probability that the server is in the
running mode under PowerSleep is always equal to the
server’s server utilization λE[S], then the mean running
duration in a cycle is

E[TR] = λE[S]E[TC ]. (29)

It is obvious that the mean transition time is

E[TT ] = δs + δw. (30)

We also know that TC = TR +TS +TT , then the mean sleep
time can be written as

E[TS ] = E[TC ] − E[TR] − E[TT ]. (31)

Applying (28), (29), (30), and (31) into (26), we have the
result in Lemma 1.
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