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Abstract

Increasing energy consumption in server consolidation environments
leads to high maintenance costs for data centers. Main memory, no less
than processor, is a major energy consumer in this environment. This
paper proposes a problem of reducing memory energy consumption us-
ing virtual machine scheduling in multi-core systems. We prove that
scheduling virtual machines to minimize the memory energy consump-
tion is an NP-Complete problem.

1 Introduction

As the size of data centers grows, it is becoming important to address the
ever-increasing energy consumption of computer systems. Not only does the
high energy consumption cause environmental problems, but it also signif-
icantly increases the maintenance cost of data centers. Great efforts have
been devoted to reducing the energy consumption by using various power
management features available in computer components [1][2].

Recently, an increasing number of virtual machines have been consoli-
dated in a single computer through virtualization for efficient utilization of
computer resources and ease of maintenance. In order to provide sufficient
memory for each virtual machine, the demand for a large amount of mem-
ory has increased. This leads to high energy consumption in the memory
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system. In server systems with a large amount of memory, the energy con-
sumption in memory may exceed that in processors. For example, Lefurgy
et al. reported that in a commercial server equipped with 16 processors and
128-Gbyte main memory, the processors are responsible for only 28% of the
entire energy consumption while the memory for 41% [1]. Thus, one of key
steps in building energy-efficient data centers is to reduce memory energy
consumption.

The fundamental requirement to save memory energy is to understand
the characteristics of physical memory. Usually, the entire physical memory
is divided into a number of memory blocks, each of which is the smallest
power control unit. In this paper, we call this unit a memory node. Each
memory node in its entirety is allowed to be in one of power-saving modes in
order to save energy. Compared to the normal operating mode, the power-
saving mode enables memory nodes to dissipate less power without loss
of stored data. When the data in such memory nodes are accessed via
read/write requests, their power modes have to be switched to the normal
operating mode. In most cases, this power mode change incurs a substantial
delay.

Using these characteristics of physical memory, the basic approach to
reducing memory power dissipation is to put the memory nodes that are
expected to experience relatively long periods of idleness into one of power-
saving modes. In the server consolidation environment, part of the entire
memory is allocated to a virtual machine. When the virtual machine runs,
only the memory nodes, which have the memory pages allocated to it, are
accessed. Meanwhile, other memory nodes are not accessed, and these can
be put into one of power-saving modes to reduce memory power dissipation.

In traditional single processor systems, only a single virtual machine runs
at a specific time; thus, the memory nodes used by the virtual machine are
the major source of memory energy consumption. In multi-core systems,
however, several processor cores simultaneously access the memory since
they run a number of different virtual machines at the same time. In these
systems, the memory energy consumption dynamically varies, depending on
the virtual machines that run together. In order to save memory energy,
it is necessary to minimize the number of memory nodes accessed by these
virtual machines through a sophisticated scheduling policy.

In this paper, we propose this scheduling issue in multi-core based com-
puter systems. And we prove that this problem is NP-Complete.

The rest of the paper is organized as follows. The next section presents
background information. Section 3 describes the assumed memory power
management architecture. In Section 4, the virtual machine scheduling prob-
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lem is defined, and Section 5 proves that this problem is NP-Complete.
Section 6 presents the related work and we conclude in the final section.

2 Background

This section describes the hardware characteristics of DRAM in detail. We
also give an overview of virtualization technology that might be helpful to
understand the proposed problem.

2.1 DRAM Architecture

Typically, a memory node consists of a number of DRAM chips, which work
synchronously. A DRAM chip consists of large arrays of capacitors and a
number of subcomponents such as row/column decoders, sense amplifiers,
etc. When all these subcomponents are enabled, the memory immediately
handles read/write operations. This mode is defined as a precharge state
in the DDR2 SDRAM technology [3], which we call a standby mode in this
paper.

Disabling some of subcomponents presents several operating and power
modes such as powerdown and self-refresh modes in the DDR2 SDRAM
technology [3]. If a memory node is in one of these low-power modes, it
dissipates less power while retaining the stored data. In order to service
read/write operations, however, the memory node should transition to the
standby mode, where all subcomponents are enabled. This power mode
transition incurs a large transition delay and increases the memory access
latency, resulting in significant performance degradation in the entire sys-
tem. To avoid this performance degradation, the memory nodes that are
expected to be accessed soon should be in the standby mode.

The actual power dissipation and transition delays of several power
modes vary, depending on the size and operating clock of individual DRAM
chips. Throughout this paper, we assume the use of three typical DDR2
SDRAM memories [4][5][6]. TABLE 1 shows the power dissipation and
transition delays of each DRAM chip. The self-refresh mode is used as the
power-saving mode in this paper. In DDR2 SDRAM, the least power is
dissipated in this mode.

2.2 Virtual Machine

Our memory power management architecture is based on the Xen virtual
machine monitor (VMM) [7]. The basic function of Xen is to create sev-
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Table 1: Power Dissipation and Transition Delays From the Self-Refresh
Mode to the Precharge Mode of 64Mbyte [4], 128Mbyte [5], and 256Mbyte
[6] DRAM Chips

Power dissipation (mW)
Power-saving Delays (ns)

Standby (self-refresh)
64Mbyte 104.5 4.1 500
128Mbyte 114.0 6.1 375
256Mbyte 114.0 10.8 600

eral secure and isolated runtime environments on a single computer. When
creating a new virtual machine, VMM makes virtual devices such as virtual
processors, virtual disks, and virtual network interfaces.

At the same time, VMM allocates the entire requested memory to the
virtual machine at once because Xen does not currently use a demand paging
technique. Usually, this allocated memory cannot be used by other virtual
machines, except when transferring data between virtual machines through
temporary page sharing. Once a virtual machine is created, VMM schedules
its virtual processor, which begins the boot-up procedure and eventually
executes tasks inside the operating system.

A single virtual machine may have more than two virtual processors and
run an SMP operating system to increase throughput. VMware employs a
co-scheduling technique to schedule such virtual processors [8]. Currently,
Xen does not place any restrictions on scheduling more than two virtual
processors that belong to a virtual machine. We assume that all virtual
machines use a single virtual processor in order to eliminate the effect of
different co-scheduling policies. Thus, scheduling a virtual machine is iden-
tical to scheduling the virtual processor of the virtual machine throughout
this paper.

The latest version of Xen uses a credit scheduler [9][10] to schedule virtual
machines. The credit scheduler provides fair sharing of CPU time among
virtual machines based on credits. A credit indicates the relative amount of
CPU time that a virtual machine can consume while guaranteeing fairness
among virtual machines. Virtual machines consume credits during their
execution, and the credits of all virtual machines are recharged periodically.
Virtual machines that exhaust their credits are not executed until their
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Figure 1: Overall Memory Power Management Architecture

credits are recharged.

3 Memory Power Management Architecture

The assumed memory power management architecture is based on the cur-
rent memory management and scheduling architecture of Xen. Fig. 1 shows
the overall memory power management architecture assumed in this paper.
This section presents three additional features required to save memory en-
ergy based on this architecture.

3.1 Memory Nodes Identification

The first feature is to identify a set of memory nodes accessed by each virtual
machine, which is denoted as M(v) or the access set of virtual machine
v. Monitoring memory pages accessed by a virtual machine is one way to
get the access set of the virtual machine. A non-intrusive way of tracking
the accessed memory pages is to use hardware page faults as in [11]. In
this technique, page table entries are deliberately invalidated; the pages
that induce page faults are the memory pages used by the virtual machine
running at that time. The access set of the virtual machine can be easily
obtained from these accessed memory pages. However, it is necessary to
periodically perform this task in order to maintain up-to-date information
on the access sets of virtual machines. Due to the high overhead in the
frequent use of page faults, this technique is inefficient to be used in the real
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world. Moreover, we cannot always guarantee that the recognized memory
nodes will be accessed in the future since this technique relies only on the
past behavior of virtual machines.

In our memory power management architecture, the set of memory nodes
that contain memory pages allocated to a particular virtual machine is used
as the access set of the virtual machine. When the memory allocator
of VMM allocates memory pages to a newly-created virtual machine, the
access set of the virtual machine is identified and recorded in the access
set table. The access set acquired from this method may be larger than
the access set identified from the previous technique that uses hardware
page faults. However, this method does not incur any runtime overhead
for detecting access sets, and we can ensure that the virtual machine never
accesses other memory nodes not in this access set.

3.2 Power Mode Transition

As shown in Fig. 1, the memory power control module handles the
power mode of each memory node based on currently used memory nodes.
The currently used memory nodes at time t, which are denoted as C(t),
indicate a set of memory nodes accessed by virtual machines running on
every processor core at time t. C(t) is the union of the access sets of these
virtual machines, so it usually changes when one virtual machine finishes
and another begins to run on any of the processor cores.

In order to reduce memory energy consumption without performance
loss, the memory power control module puts memory nodes in C(t) in the
standby mode, and other memory nodes in the power-saving mode. Since
C(t) may change when the contexts of two virtual machines are switched,
the virtual machine scheduler informs the memory power control module
of the access set of the newly-scheduled virtual machine and then performs
a context switch between two virtual machines. When informed by the
virtual machine scheduler, the memory power control module updates C(t)
and transitions the power mode of each memory node if necessary.

Transitioning power modes from the power-saving mode to the standby
mode incurs a significant delay, as mentioned in Section 2.1. If the delay
exceeds the time required for a context switch between two virtual machines,
the next virtual machine will experience an unnecessary delay when access-
ing data from the memory node whose power mode transition is in progress.
In order to avoid performance degradation, the context switching latency
should be shorter than the transition delay from the power-saving mode to
the standby mode.
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Figure 2: The cumulative distribution function of the virtual machine con-
text switching latencies

We have measured virtual machine context switching latencies on the
latest Intel Xeon E5405 processor running at 2 GHz. Fig. 2 shows the
cumulative distribution function of the context switching latencies when
eight virtual machines are executing various workloads on the same processor
core. The figure illustrates that the context switching latency always exceeds
the power mode transition delays shown in TABLE 1. Thus, we expect that
these transition delays potentially do not affect the performance as long as
we initiate the power mode transition before the actual context switch.

3.3 Memory-Aware Virtual Machine Scheduling

In multi-core systems, the execution sequence of virtual machines affects
memory energy consumption. We explain this issue with an example. Sup-
pose that a computer system has two processor cores and four memory
nodes. Fig. 3 shows two different virtual machine execution sequences and
memory energy consumption in this system. In the figure, a shaded box in-
dicates a running virtual machine; we illustrate the virtual machine ID and
its access set in the shaded box. In addition, C(t) values at each unit time
are shown. We assume that the memory energy consumption of a memory
node in the standby mode for a unit time is one; we ignore the memory
energy consumption in the power-saving mode. Based on this assumption,
the memory energy consumption per unit time is also displayed.

Without any memory power management, the total memory energy con-
sumption will be 32 since all four memory nodes should be in the standby
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(a) Scenario 1

(b) Scenario 2

Figure 3: Memory energy consumption of various virtual machine execution
sequences
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mode for eight unit times. Using the features explained in Section 3.1
and 3.2, we can reduce the total memory energy consumption. The ac-
tual amount of energy savings depends on the virtual machine execution
order. When virtual machines are executed in the order shown in Fig. 3(a),
the total memory energy consumption is reduced to 24.

Our work is motivated by the fact that, in multi-core systems, the to-
tal energy consumption in memory can be reduced further by changing the
schedule of the given virtual machines. For example, if the execution se-
quence of the same virtual machines is changed as depicted in Fig. 3(b), the
total energy consumption is decreased to 16. Note that the energy reduction
stems from the decrease in the number of memory nodes that are put into
the standby mode by rearranging the execution order of virtual machines.

Therefore, it is necessary to develop a new scheduling policy that re-
orders the execution sequence of virtual machines in order to save additional
memory energy. The fundamental goal of the memory-aware virtual machine
scheduling is to minimize the number of memory nodes in the standby mode
using the access set information of virtual machines.

4 Memory-Aware Virtual Machine Scheduling Prob-
lem

In this section, we formally define the memory-aware virtual machine schedul-
ing problem. The given computer system consists of a set of memory nodes
M, and C processor cores, where C ≥ 2. The system has a set of virtual
machines and schedules them based on their credits as explained in Section
2.2.

Let us denote V as the set of all virtual machines and Vi as the set of
virtual machines that are executed on the i-th processor core. vt

i indicates
the particular virtual machine that runs on the i-th processor at time t.
Then, C(t) can be defined as

C(t) =
C∪

i=1

M(vt
i),

where M(v) is the access set of the virtual machine v.
The power dissipation in memory at time t, denoted as p(t), depends on

the number of memory nodes and their operating modes. More specifically,
p(t) can be defined as

p(t) = e · |C(t)| + e · |M − C(t)|,
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where e and e are the power dissipation of a memory node in the standby
mode and in the power-saving mode, respectively.

Therefore, the total energy consumption in memory, E, from 0 to a fixed
time T is

E =
∫ T

0
p(t) dt,

and our goal is to minimize it. That is given by

minE = min
∫ T

0
p(t) dt

= min
∫ T

0

(
e · |C(t)| + e · |M − C(t)|

)
dt

= min
{

(e − e)
∫ T

0
|C(t)| dt + e

∫ T

0
|M| dt

}
.

Since e, e, and |M| are invariant with respect to time, minimizing E is
equivalent to

min
∫ T

0
|C(t)| dt.

Here, the memory-aware virtual machine scheduling problem is to find
a schedule S = {S1, S2, · · · , SC} that minimizes

∫ T
0 |C(t)| dt, where Si is

a virtual machine execution sequence on the i-th processor core such that
Si = (τ1, τ2, ..., τk, ...) and τk ∈ Vi.

5 Proof of the NP-Completeness for the Memory-
Aware Virtual Machine Scheduling Problem

We simplify our problem by making a few restrictions on the execution
characteristics of the virtual machine as follows.

1. The CPU burst time, which is the time a virtual machine runs without
waiting for I/O requests, is fixed to the one time slice for all the virtual
machines.

2. Once a virtual machine finishes its execution, the virtual machine is
not allowed to run again. This assumption ensures fair-sharing of CPU
time among the virtual machines.

3. The run queue of all the processor cores contains the same number of
the virtual machines to execute.

10



4. A virtual machine that is once associated to a processor core cannot
be associated with and scheduled on the other processor cores.

This restriction changes the memory-aware virtual machine scheduling
problem into VmScheduling which is defined as follows:

Let M = {1, 2, . . . , N}. The input consists of C lists Q1, . . . , QC
of length L containing subsets of M; and a positive integer W .
The problem is to decide whether it is possible to order each list
Qi = si

1, . . . , s
i
L such that

L∑
j=1

|
C∪

i=1

si
j | ≤ W,

where |S| denotes the cardinality of set S.

We will show that VmScheduling is np-complete even for C = 3. It is easy
to see that the problem is in np: we guess an ordering of each list, and then
compute the value of the sum.

We prove now that VmScheduling is np-hard by reduction from sat.
So consider a boolean formula ϕ in conjunctive normal form, containing n
variables x1, . . . , xn and k clauses C1, . . . , Ck. We will construct an instance
of VmScheduling such that the output is yes if and only if ϕ is satisfiable.

We set C := 3, L := 2nk, and W := 9nk. Our universe M consists of the
following N = 4nk + k + 1 symbols (we use these symbols in the following
description instead of the integers 1, . . . , N): (i) for each variable xi, we have
4k symbols ai

1, . . . , a
i
k, b

i
1, . . . , b

i
k, e

i
1, . . . , e

i
k, ē

i
1, . . . , ē

i
k; (ii) we have k symbols

c1, . . . , ck for the k clauses; (iii) one extra symbol r.
For 1 ≤ i ≤ n and 1 ≤ j ≤ k, we define the notation αi

j and ᾱi
j as

follows:

αi
j :=

{
cj if xi appears in clause Cj

ei
j else

ᾱi
j :=

{
cj if x̄i appears in clause Cj

ēi
j else

We now describe the three lists Q1, Q2, Q2.
The lists Q1 and Q2 contain k elements for each variable xi as follows:

Q1 contains the k elements

{ai
1, b

i
1}, {ai

2, b
i
2}, . . . , {ai

k, b
i
k},
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while Q2 contains the k elements

{ai
1, b

i
2}, {ai

2, b
i
3}, . . . , {ai

k−1, b
i
k}, {ai

k, b
i
1}.

These elements make up nk elements of each list. In addition, Q1 contains
the k elements

{c1}, {c2}, . . . , {ck}.

The remaining (n − 1)k elements of Q1 and the remaining nk elements of
Q2 are all equal to {r}.

The list Q3 contains 2k elements for each variable xi:

{bi
1, b

i
2, r, ᾱ

i
1}, {bi

2, b
i
3, r, ᾱ

i
2}, . . . , {bi

k−1, b
i
k, r, ᾱ

i
k−1},

{bi
k, b

i
1, r, ᾱ

i
k}, {ai

1, a
i
2, r, α

i
1}, {ai

2, a
i
3, r, α

i
2}, . . . ,

{ai
k−1, a

i
k, r, α

i
k−1}, {ai

k, a
i
1, r, α

i
k}

It remains to show that the answer to VmScheduling is yes if and only
if ϕ is satisfiable.

Let us first assume that ϕ is satisfiable, and let x1, . . . , xn be a satisfying
assignment. We reorder the three lists to obtain the following matching: For
1 ≤ i ≤ n, if xi = 1, then we match:

{ai
j , b

i
j} ∪ {ai

j , b
i
j+1} ∪ {bi

j , b
i
j+1, r, ᾱ

i
j}

If, on the other hand, xi = 0, then we match:

{ai
j+1, b

i
j+1} ∪ {ai

j , b
i
j+1} ∪ {ai

j , a
i
j+1, r, α

i
j}

All remaining elements of Q1 are now of the form {cj} or {r}, and all
remaining elements of Q2 are of the form {r}. The total size of the matched
sets is 5nk.

For each clause Cj , we pick a variable xi such that either xi = 1 and xi

appears in Cj , or xi = 0 and x̄i appears in Cj . Since ϕ is satisfied by the
assignment, such a variable must exist.

If xi = 1, then we match

{cj} ∪ {r} ∪ {ai
j , a

i
j+1, r, α

i
j}.

This is possible since {ai
j , a

i
j+1, r, α

i
j} has not been used yet, as xi = 1. Also

since αi
j = cj , the set has size four.

If xi = 0, then we match

{cj} ∪ {r} ∪ {bi
j , b

i
j+1, r, ᾱ

i
j}.
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Again this is possible since {bi
j , b

i
j+1, r, ᾱ

i
j} has not been used yet, as xi = 0.

Since ᾱi
j = cj , this set has size four as well.

It follows that so far the total size of the matched sets is 5nk +4k. Since
the remaining (n − 1)k elements of Q1 and Q2 are all equal to {r}, it does
not matter how we match them with Q3, and the total remaining size is
4(n − 1)k. The total size is therefore 5nk + 4k + 4(n − 1)k = 9nk, and the
answer to VmScheduling is yes.

We now consider the opposite direction, and assume that the three lists
can be matched such that the total set size is at most 9nk.

We first observe that each element of Q3 has size four, and so Q3 con-
tributes 8nk to the total set size.

An element {ai
j , b

i
j} of Q1 must contribute at least one to the total set

size, since there is no element in Q3 that contains it entirely. In total, these
elements contribute nk to the total set size. Since this entirely uses up
the given total size of 9nk, it follows that: (i) each element {ai

j , b
i
j} of Q1

must be matched with an element of Q3 that contains either ai
j or bi

j ; (ii)
an element {ai

j , b
i
j+1} of Q2 must be matched with elements of Q1 and Q3

that together contain it entirely; and (iii) each element {cj} of Q1 must be
matched with an element of Q3 that contains cj .

The only matching for an element {ai
j , b

i
j+1} of Q2 that achieves both (i)

and (ii) is to match either

{ai
j , b

i
j} ∪ {ai

j , b
i
j+1} ∪ {bi

j , b
i
j+1, r, ᾱ

i
j},

or
{ai

j+1, b
i
j+1} ∪ {ai

j , b
i
j+1} ∪ {ai

j , a
i
j+1, r, α

i
j}.

It is easy to see that for a given 1 ≤ i ≤ n, all elements {ai
j , b

i
j+1} of Q2

must make the same choice. We set xi = 1 for the first choice, and xi = 0
for the second choice. It remains to show that this is a satisfying assignment
of ϕ. Indeed, consider any clause Cj . By property (iii), the element {cj} of
Q1 must be matched with an element of Q3 that contains cj . This is either
an element of the form {ai

j , a
i
j+1, r, cj} if xi appears in Cj , or an element of

the form {bi
j , b

i
j+1, r, cj} if x̄i appears in Cj .

In the first case, we can now observe that xi = 1, as otherwise the
element would have been used before. In the second case, we have xi = 0.
In both cases, the literal xi or x̄i satisfies clause Cj .
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6 Related Work

Traditionally, the energy consumption in memory has been reduced using
the information inside the operating system since it controls the execution
of applications and various system services. Delaluz et al. manipulated
power mode transitions within the process scheduler of the operating system
when switching contexts between processes [11]. They use this mechanism
in conjunction with hardware-directed memory power management, which
puts some memory nodes into the power-saving mode when they are not
accessed for a specified period.

Huang et al. also used a similar method in light of using the process
scheduler as the manager for memory power mode transitions [12]. In ad-
dition, they added several enhancements to the memory allocator of the
operating system, such as page aggregation and page migration in order to
reduce the number of memory nodes allocated to a process. Lee et al. saved
additional energy by considering buffer caches of the operating system in
memory power management [13].

All these researches are based on a single processor computer system.
They only focused on minimizing the number of memory nodes used by
a process. In this paper, we mainly consider the scheduling problem of
memory power management in multi-core systems. However, all previous
techniques can be orthogonally used to reduce the number of memory nodes
used by a virtual machine.

7 Concluding Remarks

This paper identifies that virtual machine scheduling affects the memory
energy consumption in the server consolidation environment based on multi-
core systems. We formally define the virtual machine scheduling problem
focusing on reducing the memory energy consumption. In addition, we prove
that this problem is NP-Complete.

Acknowledgement

I would like to thank Prof. Otfried Cheong for several helpful discussions
about the NP-completeness of the problem.

14



References

[1] C. Lefurgy, K. Rajamani, F. Rawson, W. Felter, M. Kistler, and T. W.
Keller, “Energy Management for Commercial Servers,” IEEE Com-
puter, vol. 36, no. 12, pp. 39–48, 2003.

[2] R. Bianchini and R. Rajamony, “Power and Energy Management for
Server Systems,” IEEE Computer, vol. 37, no. 11, pp. 68–74, 2004.

[3] Micron Technology, Inc., DDR2 SDRAM, http://www.micron.com,
2009.

[4] “DDR2 SDRAM MT47H64M8 - 16 meg x 8 x 4 banks,” Micron Tech-
nology, Inc., 2004.

[5] “DDR2 SDRAM MT47H128M8 - 16 meg x 8 x 8 banks,” Micron Tech-
nology, Inc., 2004.

[6] “DDR2 SDRAM MT47H256M8 - 32 meg x 8 x 8 banks,” Micron Tech-
nology, Inc., 2004.

[7] K. Fraser, S. Hand, R. Neugebauer, I. Pratt, A. Warfield, and
M. Williamson, “Safe Hardware Access With the Xen Virtual Machine
Monitor,” Proc. First Workshop on Operating System and Architectural
Support for the on demand IT InfraStructure, 2004.

[8] VMware, “ESX Server - Best Practices Using VMware
Virtual SMP,” White paper, 2005. [Online]. Available:
http://www.vmware.com/pdf/vsmp best practices.pdf

[9] L. Cherkasova, D. Gupta, and A. Vahdat, “Comparison of the Three
CPU Schedulers in Xen,” SIGMETRICS Perf. Eval. Rev., vol. 35, no. 2,
pp. 42–51, 2007.

[10] D. Ongaro, A. L. Cox, and S. Rixner, “Scheduling I/O in Virtual Ma-
chine Monitors,” Proc. Conf. Virtual Execution Environments (VEE),
pp 1–10 , 2008.

[11] V. Delaluz, A. Sivasubramaniam, M. Kandemir, N. Vijaykrishnan, and
M. J. Irwin, “Scheduler-Based DRAM Energy Management,” Proc.
39th Design Automation Conf. (DAC), pp. 697–702, 2002.

[12] H. Huang, P. Pillai, and K. G. Shin, “Design and Implementation of
Power-Aware Virtual Memory,” Proc. USENIX Ann. Technical Conf.,
2003.

15



[13] M. Lee, E. Seo, J. Lee, and J.-S. Kim, “PABC: Power-Aware Buffer
Cache Management for Low Power Consumption,” IEEE Trans. Com-
put., vol. 56, no. 4, pp. 488–501, 2007.

16


