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Abstract In order to realize eco-society, we have to reduce the electric energy con-
sumed by servers. Virtual machines are now widely used to support applications
with virtual computation service in server clusters. Here, a virtual machine can mi-
grate to a guest server while processes are being performed. In the EAMYV algorithm
we previously proposed, the termination time of each process on each virtual ma-
chine has to be estimated. However, it is not easy to obtain the state of each process
and takes time to calculate the expected termination time. In this paper, we newly
propose a virtual machine migration (VMM) algorithm where termination time of
each virtual machine is estimated without considering each process. We evaluate the
VMM algorithm and show the total electric energy consumption and active time of
servers and the average execution time of processes can be reduced in the VMM al-
gorithm compared with non-migration algorithms. The VMM algorithm is simpler
than the EAMV algorithm
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1 Introduction

We have to reduce the electric energy consumed in information systems, especially
server clusters [27] to realize eco society [26]. In order to discuss how to reduce
the electric energy consumption of servers in a cluster, we first need a power con-
sumption model which shows how much electric power a server consumes to per-
form application processes. Types of power consumption models are proposed in
our previous studies [12, 13, 14, 20, 21, 22]. The power consumption models are
also proposed for communication [16] and storage [17] types of application pro-
cesses. In order to reduce the electric energy consumption, types of server selection
algorithms [7, 13, 14, 17, 20, 21, 22] are proposed. Here, a server to perform a re-
quest process is selected so that the expected total electric energy consumption of
the servers can be reduced. A process migration approach is also discussed where
processes migrate to more energy-efficient servers [4, 5, 6, 7, 11]. However, it is not
easy to migrate types of processes to servers with various architectures and operat-
ing systems.

A server cluster provides applications with virtual computation service by us-
ing virtual machines like KVM [25] and VMware [27]. Applications processes can
be performed on a virtual machine without being conscious of what servers are
included in a cluster. A virtual machine on a host server can migrate to a guest
server while processes are being performed on the virtual machine [25]. The EAMV
(Energy-Aware Migration of Virtual machines) algorithm [10] is proposed to select
a virtual machine for a request process and migrate a virtual machine to another
guest server. Here, the termination time of every current process on each virtual
machine has to be estimated to obtain the expected electric energy consumption of
the servers. In this paper, we newly propose a virtual machine migration (VMM)
algorithm which is simpler than the EAMYV algorithm. As discussed in paper [28],
the average execution time of processes depends on the total number of current pro-
cesses on a server and is independent of the number of virtual machines. A server is
selected for a request process which is expected to consume the minimum electric
energy to perform the process and every current process. Then, a virtual machine
where the minimum number of processes are performed is selected in the selected
server. If a server is expected to consume more electric energy to perform processes,
one virtual machine is selected in the server, where the maximum number of pro-
cesses are performed. Then, the selected virtual machine migrates to another guest
server which is expected to consume smaller electric energy. We evaluate the VMM
algorithm compared with non-migration algorithms. In the evaluation, we show the
total electric energy consumption and active time of servers and the average execu-
tion time of processes are reduced in the VMM algorithm.

In section 2, we present a model of virtual machines. In section 3, we discuss
power consumption and computation models of a server with virtual machines. In
section 4, we propose the VMM algorithm. In section 5, we evaluate the VMM
algorithm.
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2 System Model

A cluster S is composed servers sy, ..., Sy (m > 1). A server s; is equipped with
a set CF, of np, (> 1) homogeneous CPUs, cpyo, ..., cp;up,—1- Each CPU cpy is
composed of nc;; (> 1) cores ¢, - - -, Cik ne,,—1- Each core cy; supports a set {thy0,
oeos thypi cr;—1 } of threads (ctx; > 1). Here, ncy = ne; and ctyy; = ct; for each core
ctyi. A server s; supports processes with the total number n#; of threads, where nt,
=np; - Clyj * NCy.

A server s; is modeled to support processes with v#; (> 1) virtual processors vty,
-« Vliyy—1. In this paper, every virtual processor is homogeneous in each server
s;. Applications can use virtual processors to perform processes without being con-
scious of which thread in which core of which CPU is supported. One virtual pro-
cessor is at a time allocated to a process p; [24]. In this paper, we assume each
virtual processor is in a one-to-one correspondent relation with one thread. Hence,
vt; = nt;. A virtual processor is active if at least one process is performed, otherwise
idle. A server is active if and only if (iff) at least one virtual processor is active, oth-
erwise idle. In this paper, a process means an application process to be performed
on a server, which uses CPU.

A cluster S supports applications with a set VM of virtual machines {V'Mj, ...,
VM,} (v > 0). Each virtual machine VM, is supported with virtual processors of a
server s;. Here, s; is a host server of the virtual machine VM), and VM, is a resident
virtual machine of the server s;. SV M,(7) shows a set of resident virtual machines on
a host server s, and HS(7) denotes a host server of a virtual machine V' M;, at time
7. VP, (7) (C VP) shows a subset of virtual processors on a host server s;, which are
allocated to a virtual machine V' M), at time 7. One virtual machine VM, (€ VM) on
a host server s, is selected for a process p; issued by a client. Then, the process p;
is performed on the virtual machine V' M},. Here, the process p; is a resident process
of the virtual machine VM. VCP,(T) shows a set of resident processes of a virtual
machine VM), at time 7. A virtual machine V' M, is active at time 7 if |VCP,(1)| >
0, i.e. at least one process is performed, otherwise id/e. CF(7) is a set of all the
resident processes performed on virtual machines of a server s, at time 7, i.e. CF,(7)
= Uyagesvm ()Y CPh (7).

A virtual machine V"M, on a host server s; can migrate to a guest server s,,. First,
a copy of memory of a virtual machine VM, is created on a guest server s,. On
issuing a migration command [25] on the host server s;, the memory state of V' M}, is
first transferred to the server s, while processes are being performed. On termination
of the state transfer to the host server s, the processes are resumed on the virtual
machine V'M,, and the state of V"M, changed after the state transfer is transfered to
the server s,. Then, the processes on the virtual machine V' M), are restarted on the
server sy.
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3 Power Consumption and Computation Models

3.1 MLPCM and MLC Models

The electric power consumption £;(7) [W] of a server s, with multiple CPUs to
perform computation processes at time 7 is given as follows [23]:

[Multi-Level Power Consumption with Multiple CPUs (MLPCM) model]

E/(T) = minE, + 3", {}’tk( [bE,—}—Zm’O 0ui(T)(CEr + B (T) tEL)]. (1)

Here, y4(t) = 1 if a CPU cpy; is active. Otherwise, ¥ (7) =0. That is, E;(7) = minE,
[W] in an idle server. o4;(T) = 1 if a core ¢yy; is active on a CPU cpyy. Otherwise,
0i(7) = 0. Bii(7) (<L cty) is the number of active threads on a core c¢;;.

In Linux operating systems, processes are allocated to nt; (> 1) virtual pro-
cessors, in the round-robin (RR) algorithm [24]. The, electric power consumption
CE,(n) [W] of a server s; to concurrently perform n (> 1) processes at time 7 is
given in the MLPCM model [23] as follows:

[MLPCM model]

minE;ifn=20
minE; +n- (bE,+cE, +tE)if 1 <n<np,.
CE,(n)= < minE; +np; - bE, +n(cE, +tE,) if np, <n < nc - np;.
minE; +np; - (bE; +nc, - cEy) +nty - tE; if ne, - np, < n < nty.
maxE; if n > nt,.
2

In this paper, we assume E,(7) = CE,(|CP,(1)|) for each server s;. The total elec-
tric energy TE|(st,et) [J] consumed by a server s, from time st to time et is TE; (st,
et) Z‘L' st ( )

It takes 7;; [sec] to perform a process p; on a thread in a server s,. If only a process
pi 1s exclusively performed on a server s, without any other process, the execution
time 7;; of the process p; is minimum, i.e. 7;; = minT;;. In a cluster S of servers sy,

.y S (m > 1), minT; shows a minimum one of minTy;, ..., minT,,;. That is, minT;
= minTy; on the fastest thread which is on a server s7 in the cluster S. Here, the
server sy is referred to as fastest. We assume one virtual computation step [vs] is
performed on the fastest server s for one time unit [tu]. This assumption means,
the maximum computation rate maxCRT of a fastest server sy is assumed to be
one [vs/sec]. Here, maxCRT = maxCRTy. On another slower server s;, maxCRT; <
maxCRTy (= 1). The total number V'C; of virtual computation steps to be performed
in a process p; is defined to be minT; [sec] - maxCRTy [vs/sec] = minT; [vs] where
a server sy is the fastest. The maximum computation rate maxCR;; of a process
pi on a server s, is VC; / minTj; [vs/sec] (< 1). On a fastest server 57, maxCR y;
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= maxCRT = 1. For every pair of processes p; and p; on a server s;, maxCR;; =
maxCR;; = maxCRT; (< 1). The maximum computation rate maxCR, of a server s;
is nt; - maxCRT;.

[Multi-level computation (MLC) model] [20, 21, 22] The computation rate CR,;(7)
[vs/sec] of a process p; on a server s; at time 7 is given as follows:

[ maxCR, /|CE(7)| if |CE(T)| > nt;.
CRii(7) = {maxCRT, t if |CP(7)| < m‘i. 3)

Suppose a process p; on a server s; starts at time s¢ and ends at time ef. Here,
¢ +CR,; (1) =VC;[vs]. Attime T a process p; starts on a server s, the computation
laxity plc,;(T) of a process p; is VC;. At each time T, plc;;(T) is decremented by the
computation rate CR;;(T).

[Computation of a process p;]

1. At initial time 7 the process p; starts, plc,; (1) = VC;;
2. Ateach time 1, plc,;(t+ 1) = ple;(T) - CRy(7T);
3. Then, if plc;i(t+1) <0, p; terminates at time 7,

3.2 Computation Model of a Virtual Machine

Let py; show a process p; performed on a virtual machine VM) of a server s;.
pleyi(T) is the computation laxity ple,;(T) of a process py; on the server s, at time
7. The virtual machine (VM) laxity vicy(7) [vs] of a virtual machine V' M), at time T
is defined to be the summation of computation laxities of the resident processes of
VMy:

o Viey(T) = Xpevcr,(r) Plen (7).

The server laxity slc,(T) [vs] of a server s; is the summation of VM laxities of
virtual machines hosted by the server s, at time 7:
o slcei(T) = yum,esvm(x) vVien(T).

The VM computation rate VCR;,(T) [vs/sec] of a virtual machine V'Mj, is defined
as follows:
[Virtual machine (VM) computation ratio] The VM computation rate V'CR;(T)
of a virtual machine V' M), on a server s; at time 7 is given as follows:

[ maxCR, - |VCPy(1)| / |CP/(7)| if |CP(T)| > nt,.
VCRy(T) = { |VCP,(t)| - maxCRT, if |Ch(7)| < nt;. )

Here, VCR;, (1) < VCRy(7) if |VCPy(1)| < |VCP(7)| for every pair of differ-
ent virtual machines VM, and VM on a same server s;. VCR;,(T) / VCRy(T) =
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|VCPy(7)|/ |VCP;(7)|. The computation rate CR,;(7) of each process p; depends on
the total number |CF,(T)| of processes but is independent of the number |SVM;(7)|
of virtual machines of a host server s; [28].

The VM laxity vic,(7) of a virtual machine VM, and the server laxity sic,(7) of
a server s; which hosts VM), are manipulated as follows:
[VM computation (VMC) model]

VCPh = VCPh(‘L');

while (VCP, # ¢) {

1. for each process p; on a virtual machine VM, in SVM,(7), i.e. p; € VCP,,
plch[(T-l- 1) = plchi(f) — VCR},(T) / |VCPh|;

2. if plep; (T4 1) <0, p; terminates at time T and VCP, = VCP, — {p;};

3. viep(t+ 1) =viey(t) — VCRy(7T);

4. ifvicy(t+1) <0, every process on V' M), terminates, i.e. VM, gets idle;

5. t=1+1;

|5

/* while end */

A virtual machine V' M,, is referred to as terminate if VM), gets idle, i.e. no process
is performed on V' M}, In this paper, we estimate the termination time £ 7; and electric
energy consumption EE; of a server s; to perform every process by considering
active virtual machines, not each process as follows:

[Virtual machine computation (VMC) model]
VMEST (s;, T, EE;, ET;)
input s;; T;
output £E;; ET;;
{ nep = |CP,(7)|; /#*number of processes on s;*/
vic =0;
SVM = SV M,(7); /* set of virtual machines on s; */
xX=T1;
EE, =0;
/* obtain laxity vic of the server s; */
for each virtual machine V' M}, in SV M, /* VM laxity of VM), */
viey = viey(t) (= Epevep,(r) Plei(T));
nepy, = |VCPy(T)]; #number of processes on VM,,*/
vic = vilc + vicy; I* server laxity of s, */
}; /* for end */
while (SVM # ¢) {
EE; = EE, + CE,(ncp); /* electric energy */
for each virtual machine VM, in SV M, {
vie, =viey — VCRy(1); /* VM laxity is decremented */
if vic, <0, /*V'M,, gets idle, i.e. terminates */ {
SVM =SVM — {VM,},
nep = nep — nepp;
} else vic = vic — vicy; /*decrement server laxity™®/
}; /* for end */
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x =x + 1; /* time advances */
}; /* while end */
ET, =x — 1; /¥ every VM terminates, i.e. gets idle on s, */

5

Here, the VM computation rate VCR;,(7) of a virtual machine VM), depends on
how many number of processes are totally performed on V' M),. The more number of
processes are performed on a virtual machine V'Mj, the larger M computation rate
VCRj (7). Here, it is noted we do not consider the termination time of each process
pi and only consider each virtual machine.

4 A Virtual Machine Migration (VMM) Algorithm

A client issues a process p; to virtual machines VM, ..., VM, (v > 1) in a cluster S.
The expected electric energy consumption EE; and expected termination time E7;
of a server s; to perform every current process on the virtual machines are obtained
by the procedure VMEST (s;, T;ET;,EE;). Then, one virtual machine VM, on a
server s; is selected to perform a process p; as follows:
[VM selection]

for cach server s, in a cluster S, VMEST (s,,7;EE,,ET,);

MS = {s, | EE, is minimum in S};

select s; in MS where |CP,(7)| is minimum;

select a virtual machine VM, in s; where [V'CP,(7)| is minimum;

Then, the process p; is performed on the selected virtual machine VM), in the
selected host server s;.

A server s; is overloaded at time 7 iff |CB(T)| > maxNCPF,. For example, the
computation rate CR;(T) of each process p; should be larger than & - maxCR;. Since
CR;i(7) < o - maxCR;, CR,;(t) = nt; - maxCR, | |CP,(7)|, nt; - maxCR, / maxNCPF,
=« - maxCR,. Hence, maxNCPF, = nt, / o.. A server s; more overloaded than a server
sy if |CB(T)| / maxNCP, > |CP,(t)| / maxNCP,.

First, an overloaded server s; is selected whose expected electric energy EE; is
the largest in a cluster S. Then, a virtual machine VM, is selected in the selected
server s;, VM), € SV M, (1), where the number |V'CP,(7)| of processes performed on
V M}, is minimum.

[VM selection in s;]

for each server s, in a cluster S, VMEST (s,,T;EE,,ET,);

OS = {s, | s, is overloaded and SV M, (1) # ¢ in S};

while (OS # ¢)

{

select s, whose EE; is maximum in OS;
while (s; is overloaded)

{
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select a virtual machine VM, in SV M, (t) where |V'CP,(7)| is minimum;
select a server s, where |CP,(7)| is minimum and which is not overloaded;
if not found, break;
migrate V' M, from s; to s,;
}; /* while end */
0S=0S — {s};
}; /*while end */

5 Evaluation

We evaluate the VMM algorithm in terms of the total electric energy consump-
tion TEE [J] and total active time TAT [sec] of servers and the average execution
time AET [sec] of processes compared with the random (RD), round robin (RR),
and NVM (non-migration of virtual machines). In the NVM algorithm, a virtual
machine is selected in the same VM selection algorithm as the VMM algorithm
but no virtual machine migrates. In the RD algorithm, one virtual machine V' M}, is
randomly selected. In the RR algorithm, a virtual machine V' M}, is selected after a
virtual machine V'Mj,_;. In the RD, RR, and NVM algorithms, every virtual machine
V' M}, does not migrate. In the VMM algorithm, each virtual machine V' M), migrates
to a guest server.

There are m heterogeneous servers sy, ..., S, in a cluster S. The power consump-
tion parameters like minE; and maxE, [W] and the performance parameters like
maxCRT; and maxCR; of a server s; are randomly taken as shown in Table 1. There
are a set VM of v (> 1) virtual machines VM = {V M, ..., VM,}. In the evaluation,
m=6andv=_S8.

The number # (> 1) of processes py, ..., p, are randomly issued to the cluster S.
In the simulation, one time unit [tu] is assumed to be 100 [msec]. In each process
configuration PF,g, the minimum execution time minT; of each process p; is ran-
domly taken from 5 to 10 [tu], i.e. 0.5 to 1.0 [sec]. The amount V'S; [vs] of virtual
computation steps of each process p; is minT; as discussed in this paper. The start
time stime; of each process p; is randomly taken from 0 to xtime - 1. The simula-
tion time xtime is 200 [tu] (= 20 [sec]). The simulation is time-based. We randomly
generate four process configurations PF,, ..., PF,4 of the processes py, ..., px.

We randomly generate four server configurations SF, ..., SFy of the servers sy,
.., 8, (m = 6). In each server configuration SFy, the parameters of each server s;
are randomly taken. We also generate four VM configurations V' Fy, ..., VF; of the
virtual machines VM, ..., VM, (v = 8). In each VM configuration V' F;, initially
each virtual machine V' Mj, is randomly deployed on a server. For each combination
of the configurations SFy, V' F;, and PF,,, the electric energy consumption EE, and
active time AT; of each server s; and the execution time £ 7; of each process p; are
obtained.

Figure 1 shows the total electric energy consumption (TEE) [J] of six servers s,
..., 8¢ (m = 6) with eight virtual machines VM, ..., VMg (v = 8) for number n of
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Fig. 1 Total electric energy
consumption.

Fig. 2 Total active time of
servers.

Fig. 3 Average execution
time of processes.
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processes. TEE is the summation EE; + ... + EE,,. As shown in Figure 1, TEE of
the VMM algorithm is smaller than the other non-migration algorithms. Thus, TEE
can be reduced in the VMM algorithm.

Figure 2 shows the total active time (TAT) [sec] of six servers (m = 6) for the
number n of processes. TAT is AT} + ... + AT,,. TAT in the VMM algorithm is
shorter than the other algorithms. This means, the servers are more lightly loaded in
the VMM algorithm than the other algorithms.
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Figure 3 shows the average execution time (AET) [sec] of the number n of pro-
cesses. AET is (ET1 + ... + ET,) / n. AET of the VMM algorithm is shorter than
the other algorithms.

As shown here, the total electric energy consumption and active time of servers
and average execution time of processes can be reduced in the VMM algorithm.

Table 1 Parameters.

parameters values

m number of servers sy, ..., s, (> 1).

np; number of CPUs (< 2).

ney number of cores (1, 2, 4, 6 )/ CPU.

cty threads/core (< 2)

nt; number of threads (= ct; - np; - ncy).
maxCRT; [vs/tu] 0.5~ 1.

maxCR; [vs/tu] nt; - maxCRT,.

minE, [W] 80 ~ 100.

maxE; [W] mink; +E (50 < E < 150).

bE; [W] (maxE; - minE;) / (4 - npy).

cE; [W] S - (maxE; - minEy) / (8 - np; - ney).

tE; [W] (maxE; - minE;) / (8 - nty).

n number of processes pi, ..., p, (> 1).
minT; [tu] minimum computation time of p; (0.5 ~ 1.0).
VSI' [VS] VSI' = min]}.

stime; starting time of p; (0 < st; < xtime - 1).
xtime simulation time (= 200 [tu] = 20 [sec]).

v number of virtual machines VM, ..., V M,,.

6 Concluding Remarks

In this papers, we proposed the VMM algorithm to reduce the electric energy con-
sumption of servers in a cluster. A virtual machine migrates from a host server to
a guest server if the guest server is expected to consume smaller electric energy
than the host server. The termination time of every current process is estimated for
each virtual machine without considering each process The computation time of the
VMM algorithm is smaller than the other algorithms. In the evaluation, we showed
the total electric energy consumption and active time of servers and the average ex-
ecution time of processes can be reduced in the VMM algorithm compared with the
non-migration algorithms.
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