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Abstract—Cloud service providers offer services to a large resource. Traditionally, VM allocation problems with niult
number of users by employing virtualization technologies. One ple resource requirements have been modeled as vector bin
of the challenges faced by the cloud providers using virtualized packing problems [6], where each resource is represented as
environments is the development of efficient algorithms for ! . N
assigning Virtual Machine (VM) instances to servers such that a vectpr component. Th? goal is therl to ml_n|m|ze the number
the number of hosting servers is minimized. This is also known Of active servers used in order to instantiate a set of VMs
as the problem of VM Packing. In this paper, we design a family according to server allocation policies and available ues®
of sharing-aware online algorithms for solving the VM Packing capacities. The classical sharing-oblivious vector biokpey
problem that take into account the sharing of memory among giqrithms in an online setting where VMs request multiple

collocated VMs. We introduce a new server resource scarcity tvpes of resources. will result in less efficient allocasigmce
metric which establishes an order among servers that are suitable yp u Wi uftt ICi

for hosting an arriving VM request and use it in the design of the they do not leverage memory sharing opportunities. Theggfo
algorithms. We evaluate the performance of our sharing-aware in this paper, we design and investigate algorithms forieglv
online algorithms by performing an extensive set of experiments the sharing-aware online VM Packing problem which results
comparing them against several existing sharing-oblivious VM i, 3 minimum number of active servers used to instantiate
packing algorithms. L . .

Index Terms—online algorithms, sharing-aware VM packing, arrving ,VMS’ ,Where page-sharing qccurs relative ,to VMs
vector bin packing, virtual machines. already instantiated on the servers. Since the hypervised
by cloud providers employ memory reclamation techniques,
our proposed sharing-aware algorithms leverage these tech
nigues and are able to significantly reduce the number of

Cloud adoption by government, industrial, and academgervers needed to satisfy the users’ requests and implicitl
institutions have created opportunities for providers ti@ro lead to a significant reduction of energy and costs for thedlo
services at scale through flexible infrastructures based providers.
virtualization technologies. Industry forecasts prediet by
2018 approximately 8.0% Qf a.II worquads will be m.anageg. Our Contribution
through data center virtualization services [1]. Curreintuy
alization technologies incorporate mechanisms that parfo We propose and design sharing-aware online algorithms
memory reclamationi.e., mechanisms that regulate/conserer solving the VM Packing problem with multiple resource
memory resources when multiple VMs are instantiated thiougequirements, in an online setting. Our proposed sharing-
a hypervisor layer. The deduplication of similar memorygmg aware online algorithms are improved designs of classical
between two or more VMs instantiated through the sanwmline algorithms for vector bin packing, that is, our desig
hypervisor layer, i.e.page-sharing is an example of such take memory sharing into account when making allocation
techniques. Fairly recently, frameworks supporting hyer- decisions. We introduce a neserver resource scarcityetric
based VM page-sharing, such as Satori [2], Memory Budecessary for designing sharing-aware Best-Fit and Wetst-
dies [3], and Difference Engine [4] have been developed. Neaype algorithms. Ouserver resource scarcityetric considers
processes and mechanisms, such as the aforementioned alkes/M resource requirements, server's available resource
drive the development of more efficient algorithms suitdbfe capacities and page-sharing. The metric is used to ideatify
resource management. A variant of the VM resource allocatiactive server with the highest priority to instantiate afiren
problem motivated by these developments in virtualizationM request. We perform extensive experiments to compare the
technology is the VM Packing problem [5]. performance of our sharing-aware online algorithms agains

The VM Packing problem considers instantiating multipleseveral sharing-oblivious algorithms for VM packing. Tee th
type VMs in an offline setting which utilizes hypervisors abest of our knowledge, no sharing-aware online algorithons f
an architectural layer on top of physical servers, allowimg packing VMs with multiple resource requirements have been
page-sharing; resulting in a reduced utilization of the mgm proposed in the research literature to date.

I. INTRODUCTION



B. Related Work large scale simulations, their proposed heuristics detena

. i ) ] minimum number of servers close to the optimal solution. For

Several variants of online vector bin packing problerhe online setting, Azaet al. [15] proposed vector-bin packing

modelmg the _allocat|on of resources in clouds h_ave_be%borithms, analyzed their performance under various VM
recently investigated. Songt al. [7] proposed a semi-online sequences, and established a new lower bound for the compet-
bin packing algorithm for resource allocation. Their pré@0 tive ratio. While competitive analysis has been the stamdar
setup allows VMs to be reshuffled through live migratiofor evaluating online algorithms, determininglative worst
among the servers if resource conservation can be achievgger ratiosbetween online algorithms’ performance serves as
Li et al. [8] introduced a novel variant of the bin packinganother means of evaluating them. Boyar and Favrholdt [16]
algorithm which attempts to minimize the total cost asstedia introduced the relative worst order ratio metric for onlisie
with a server's utilization. Kamali and Ortiz [9] improvegen  packing algorithms and provided an extensive analysis @f th
the upper bound foNext-Fit and introduced a new algorithm, aigorithms. None of these works investigated online athors
Move To Front, which performed the best in the average caggr v Packing that take into account the sharing of memory
for the online dynamic bin packing total cost minimizatiolymong collocated VM instances. To the best of our knowledge

problem. Resource awareness is a prevalent topic in designjye are the first to design and investigate such algorithms.
resource allocation algorithms for cloud environmentsliGa

al. [10] formulated a variant of the bin packing problem, calle€. Organization

Variable-Sized Bin Packing with Cost and Item Fragmentatio  The rest of the paper is organized as follows. In Section I,
which is energy-aware when attempting to pack cloud re®ourge define the Sharing-Aware Online VM Packing Problem.
requests onto servers in both online and offline settingsitBr |y section 111, we present the design of our proposed online
gand and Epstein [11] considered a variant of the bin paCki@Earing-aware algorithms for VM packing. In Section IV,
problem called Stochastic Bin Packing (SBP) which is riskye compare the performance of our proposed algorithms
aware of network bandwidth consumption, and designed bo{jainst several sharing-oblivious algorithms througleesive
online and approximation algorithms to solve it. Kleineweb eyperiments. In Section V, we summarize our results and

et al. [12] proposed a variant of the multi-dimensional biyresent possible directions for future research.
packing problem which is QoS-aware relative to cloud file

systems, specific to storage virtualization. They desigmed Il. SHARING-AWARE ONLINE VM PACKING PROBLEM
object-based file system reservation scheduler which ne&nag \we now describe theSharingAware Online Virtual
the mapping of storage area volumes onto available objgghchinePacking GA-OVMP) problem from the perspective
storage devices while observing QoS requirements. NOgea cloud service provider.
of the research presented above considered memory sharinge consider a cloud service provider that offers resources
when making resource management decisions. Fairly rgcengh the form of VM instances to cloud users. A VM instance
several systems such as Satori [2], Memory Buddies [3], apghuested by a user is denoted by and is characterized
Difference Engine [4], considered hypervisor-based VM&agpy g tuple < ¢%, ¢, ¢¢ >, where ¢¢ is the number of
sharing, but did not addressed the design of online sharingpys ,m is the amount of memory, a{m:; is the amount of
aware algorithms for VM packing. storagejrequested fdr;. For simplicity of presentation and
The closest research to ours is by Sindedaial. [5] who the relevance to practical settings, we specifically cansid
were the first to propose and analyafline sharing-aware al- only three main types of resources that characterize a VM
gorithmsfor the VM Maximization and VM Packing problemsinstance: CPU, memory, and storage.
under hierarchical models which capture page sharing amongrhe cloud service provider has a sebf servers available
instantiated VMs. However, they do not consider an onlin@r instantiating the VMs requested by the users. Each serve
setting and did not propose sharing-aware online algosthrg, ¢ S is characterized by the amount of available resources
for the VM Packing problem. In our previous work [13], [14],0f each type, represented as a tuples), C*, C% >, where
we considered the design of sharing-aware offline aIgoBthr@;; is the number of available CPUE;" is the available
for the VM Maximization problem under the general sharinghemory capacity; and(; is the available storage capacity.
model. The VM Maximization problem is different from thewe denote byR the subset of resource types composed of
VM Packing problem we are considering in this paper. ThePUs (type denoted by) and storage (type denoted by,
objective of the VM Maximization problem is to allocatethatis,R = {u, s}. The memory resource (type denotedrby
VM instances onto a set of servers such that the profit jis not included inR since in the design of our algorithms
maximized, while the objective of the VM Packing problem igve will treat the memory resource differently by considgrin
to minimize the number of servers used to host user requestg@émory sharing among the VMs collocated on the same
VM instances. server. We assume that the requests for resources from any
Recent research investigated vector-bin packing algosth single VM instance can be satisfied by any ser§gre S
in the context of VM resource management. For the offlindat does not already host a VM, i.q;f < CF, q" < cr,
setting, Panigrahet al. [6] studied heuristic variants of theand ¢; < C}. When several VM instances are hosted on a
First-Fit-Decreasing algorithm for VM allocation. Based on serverSy, and they use a common subset of memory pages,



wheresé? is the amount of memory sharing among

Table I: Notation. the currently considered VM instancg;, and the

Expression| Description VM instances that are already hosted by seSgr

Vi Virtual machine;. The objectiveis to minimize the total number of

S Set of available servers. -

S Set of inactive serversS C S B active servers.
Sit1 First ava”gble iHSCﬂV$ éefver frou. Equation (1) is the memory capacity constraint, guarantee-
qqg;n iggzzzi o zumrguﬁ{ gf m:ﬁir% ing that the available memory capacity at sengr is not

j : . e !

@ Requested amount of storage by. exceeded. The .ava|liable capaoity’ — ¢} |s_adjusted for the
ce CPU capacity of serves),. amount of sharlng$§, betweenV; and the instances already
cr Memory capacity of serves,. hosted bySy. The constraints in Equation (2) guarantee that
i Storage capacity of serve. the capacities of the other types of resources of sefyeare

R Subset of server resource typesands, R = {u, s}. not exceeded

Ek S server resource scarcity metric value relativ '

J k y &fo

sj Shared memory pages (in GB) relative§g andV;. [1l. SHARING-AWARE ONLINE VM PACKING

ALGORITHMS

. In this section, we design sharing-aware online algorithms
the total amount of memory allocated to those VM instanceg, solving the SA-OVMP problem. Before describing the

can be reduced through page-sharing. For example, when ty8ithms we introduce few definitions and assumptions
Microsoft Windows 8 VM instances are collocated on the SaMSncerning the servers. The servers managed by the cloud
server, they can share a significant amount of pages and g, ider are in one of the following two states: active and
total allocated memory to those two VM instances can higa tive. An active serveris a server that is powered on
reduced significantly compared to the case in which sharigg is cyrrently considered for allocation by the algorishm
is nqt considered. To determln.e the amount. of sharing amoRf inactive serveris a server that is not powered on and
VM instances, the cloud provider usesstagingserver that s not currently considered for allocation by the algorithm
computes the memory fingerprints [3] of the VM instanCQye genote byS the set of inactive servers. When all the
that is ready for allocation on the main cloud servers. TR@\s hosted by a server are terminated the server becomes an
fingerprint of the VM instance is then used to determing,ctve server and can be activated in the future. Injtiall
the amount of memory sharing, denoted by among the goryers are inactive servers, i8.= S. All the sharing-aware
currently considered VM instanc&};, and thel VM mstqnces algorithms presented in the paper assume 5§ﬁathe amount
that are already hogted by serveyr. The notation used in the sharing among the currently arrived VM; and the VMs
paper is presented in Table I. _ o hosted by active serve$;, was already determined trough the
The cloud provider is interested in satisfying as manyemory fingerprinting on the staging servers as described in

requests from users as possible, while using the minimuc(ion 11. We now present our first sharing-aware algorithm
possible number of servers. The requests for VM instances

arrive one by one and the cloud provider needs to decide the Next-Fit-Sharing Algorithm

allocation of the newly arrived VM request without knowing i . .

the information about future requests. Thus, this is annenli !N order to describe theNext-Fit-Sharing, we need to
setting and the cloud provider has to rely on online algarith introduce a third type of state for servers, called closedese
to allocate the VMs to servers. Our goal is to design suéh ¢losed serveis already hosting VM instances and is not
online algorithms for VM packing that take the sharing ofurrently considered for allocation by the algorithm. Tiet-
memory into account when making allocation decisions. BEit-Sharing algorithm is given in Algorithm 1 and works as
fore doing that, we formulate the problem of Sharing-Awar@”OWS- Only one server is active at the time. Upon arrivil o
Online VM Packing SA-OVMP) as follows.

SA-OVMP problem: We consider a cloud provider Algorithm 1 Next-Fit-Sharing
having a set of servers, where each serves, € S

1: Input: VM instance arrival ;)

is characterized by< Cy, C}",Cp >, and a se- 2: {S;: currently active servey.
quence of VM request§V;, Vs ..., V;, ...}, arriving 3 0f (C" — ¢ + 55 < 0)or (C} — ¢t < 0)or (C — ¢} < 0)
one by one, where each VM requdst is charac- then
terized by< ¢, ¢, ¢ >. A VM request must be ‘S‘f I\SA?L kgse\rxg@ fs closed
assigned to a servef;, € S upon arrival, so that the 6; Activate serlv+elr5i+1
following capacity constraints are satisfied: 70 Sip1 — Sip U{V;)
Cy'—qi" + 5? >0 1) g eIsZe<_ T

10. S« S; U{V;}

and m u s m u s m % u s
11: [C, CF, CF] < [C, CF, G - L) - 85, 4y 4

Cr—q; >0, Vr e R, (2)
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Vi S1 S2 V; S Sa
<dq 4 a;> <Cf CF, Ci> 55 <Cf, CF, C5>, 5] <L g g> <COP OG> sl <O Oy, 0>, 8
Vi:<4,4,2> <4,6,8> 0 <K KRS % Vii<4, 4,2> <4,4,2> 0 <Rk kS
Vor<1,4,4> <3,4,4> 2 <SEEE>, K Vo< 1,4, 4> <4,4,2> 2 <K K K> x
Vi< % %> <SEEE>, K <EEES¥ Vsi<2,4,1> <1,2,3> 3 <K K K>S x
Vio < % %> KK K>SO <K KE>K Vii<4, 4, 4> <K KK Sk <4,6,6> 0
Sh S S1 So

©0000000 | 66660000

XX XXX

00000000 | [ OO0OO0O0000

Figure 2:Next-Fit-Sharing: Allocating V> Figure 4:Next-Fit-Sharing: Allocating V;

VM requestV;, the cloud provider determines If; can be ,ctivated. In Figure 1, a single VM request, arrives and

packed onto the active servef € S\ S. it is allocated to the first servel§;. After V; is allocated,

« If active serverS; has enough available capacity for everyhe remainings; resource capacities are 4 CPUs, 6 GB of
resource type to instantiate VMI; while considering RAM, and 80 GB of storage. In Figure 2 arrives and is
memory sharing in the amount ef, thenV; is packed allocated to the first servef;. As mentioned before, prior to
onto servers; (line 10 of Algorithm 1). the allocation, a staging process occurs whergpys finger-

« Else, servelS; is closed, inactive serve; . ; is activated, printed for memory and then the sharing amdrigand all
andV; is packed ontd; ;1 (lines 4 to 8 of Algorithm 1). vMs instantiated onS; is determined. In this example, the

The difference betweeNext-Fit-Sharing and the standard amount of sharing is 2 GB of memory pages, i€.,= 2.

sharing-obliviousNext-Fit algorithm is thatNext-Fit-Sharing The process of sharing, in this case, is illustrated thraigh
accounts for page sharing within each server when allogatiforward diagonal lines in the memory section for each server
the incoming VMs; thereby reducing the memory utilizatiofFigure 2). Out of the 4 GB of RAM requested by, 2 GB
and implicitly the number of servers required to satisfy thare shared with; and the other 2 GB are allocated separately
user requests. from the rest of the VMs. Followind/’; being allocated, the

As an example, in Figure 1 through Figure 4, we show themaining resource capacities 8§ are 3 CPUs, 4 GB of

execution ofNext-Fit-Sharing for a given VM sequence. We RAM, and 40 GB of storage. Nexi/; arrives and it is also
consider servers that have the following resource capacitiallocated toS; (Figure 3). From the staging proceds; is

8 CPUs, 10 GB of RAM, and 100 GB of storage. Wdound to share pages in the amount of 3 GB with all VMs
represent a server as a box with three rectangular sectiamstantiated onS;. The process of sharing, in this case, is
that correspond to: (i) CPUs, represented by circles in tilkustrated through the backward diagonal lines in the mgmo
bottom section; (ii) memory resource, as the top left sectiosection of each server, that is, 2 GB shared Witrand 1 GB
where each vertical stripe corresponds to 1 GB of RAM; arghared withl5;; leaving 1 GB of RAM in isolation from the
(iii) storage resource, as the top right section, where eaadst of the VMs. Followingls being allocated, the remaining
horizontal stripe corresponds to 10 GB of storage. Wheasource capacities of; are 1 CPUs, 2 GB of RAM, and
a component within one of the server sections is coloretf) GB of storage. Lastlyl/, arrives (Figure 4), and due &,
that component resource is interpreted as provisioned tmat having enough available capacity to hbst S is closed,
requesting VM. and S, is now activated and waiting for VMs to host. Since

According to Next-Fit-Sharing, only one server is active V} is the only VM on S, there are no pages to share, thus

at a time until a VM cannot be instantiated on the servethe remaining capacities df; are 4 CPUs, 6 GB of RAM,
at which point that server is closed and the next server asd 60 GB of storage.



First-Fit-Sharing First-Fit
V; S S Sa S3
< g q' q > <CF Cr, CF >, s]l < CcH, ;0 > < 0y, 0,05 > < CY, CF, CF >
Vir<l, 4,1> <7,6,9> 0 <7,6,9> <K K> <H K>
Vp1<2,4,1> <558> 2 <5,2,8> <K K> <K x>
V3:<1,4,4> <4,4,4> 3 <5,2,8> <7,6,6> <K KK >
Var<1,4,1> <3,33> 3 <5,2,8> <6,2,5> <E K>
V5:<2,4,2> <1,2,1> 3 <5,2,8> <6,2,5> <6,6, 8>

S Sy Sy S3

00000000 00000000 90000000 ©@000000

Figure 5:First-Fit-Sharing vs. First-Fit: VM Sequence Allocation.

B. First-Fit-Sharing Algorithm C. Best-Fit-Sharing Algorithm

The First-Fit-Sharing algorithm is given in Algorithm 2  In order to design theBest-Fit-Sharing, we introduce
and works as follows. Upon VM/; request arrival, a searchthe server resource scarcitynetric which characterizes the
ensues to determine the first active sersigrfrom the set of Scarcity of aggregate resources at a given server relative t
active serversS \ S on whichV; can be packed. the requested resources by a VM. The classical version of

. V; is packed onto the first active servég € S\ S that the Best-Fit packing algorithm places a new item into the

has enough available capacity for every resource type%‘ with the least remaining current capacity according to

instantiate VMV; while considering memory sharing ingf‘e dit”r‘]enfli,\c;ln’ i.el.<,_ the Siéf of the it;m in olrtl.eldimension.
K : ince the acking problem considers multiple resource
the amount ofs¥, (lines 5 to 8 of Algorithm 2). p gp P

] requirements, we have to consider all required resourcds an

« If V; cannot be 'packe_d onto any O_f the active SEVEIZvailable capacities when determining the appropriateeser
then servers;, is activated and/; is packed onto it {5, 5jiocating the requesting VM. We define tiserver re-
(lines 9 to 13 of Algorithm 2). source scarcitymetric as follows:

r m _ ok
Algorithm 2 First-Fit-Sharing B =% ‘Lﬂr L% msj 3)
1: Input: VM instance arrival ;) reR Ck ¥
2: flag < 1

3 forall k: S, €S\ S do Tfhtehmz'igc charactelrlf_es tthetﬁcarmty of the aggregateltrge/s?
4 if (flag) then of the k*" server relative to the resource requirementd/p

5 0 (O — ¢ + 55 > 0)and(C} — ¢* > 0)

and (C} — ¢; > 0) then
6 Sk — Sk U{V;} Algorithm 3 Best-Fit-Sharing
& ik 1: Input: VM instance arrival ;)
8: flag — 0 flag — 0

: 2:

9: if (jlag)ihen 3 FE«—0
100 S — S\ {Si1} 4: idz — 0
11:  Activate serverS; 1 5 forall k: Sp € S\S do
120 Sit1 = Siva U{V;} 6 if (Cf'—q)"+st > 0)and (C}—¢} > 0)and (C5—q; > 0)
13: t+—1+1 then

14: [C", CF, C5] — [CF, CF, CF - [a) - sy afs q5] 7: forall » € Rdo
. q,
8: EF — EF 4+ ar
m_k
The difference betweehirst-Fit-Sharing and the standard o: Ef — B+ L
sharing—obliviousFirst-FiF aIgorithm, is thafirst-Fit-Sharing 10: if £ < E" thenk
accounts for page sharing within each server when allogatini: ide — k
the incoming VMs; thus reducing the total memory utilizatio 12: E — Ef
and implicitly the number of active servers required tosfgti 13 flag 1

the user requests. In Figure 5, we provide an example in whi f i (iffgi)d;hen

we compare th_eFirst—F_it—Sharing and the classical sharing— 16 S — S, U V;}

obliviousFirst-Fit algorithm on a sequence of VMs requesting.7: else

instantiation. This example shows an instance wherdtte-  18: S «— S\ {Si1}

Fit algorithm uses two servers more than Hiest-Fit-Sharing 1% gctlvate SserverSi‘tvl

algorithm, which is a big savings of resources for this sm Zilz: 1 UV

sca!e example. We expect significant resource aqd servgr [C, CF, C2] — [C, C¥, C21 - [g - 5, ¥, ¢
savings for larger scale systems as we show in Section IV




We use the metric in the design of thgest-Fit-Sharing time complexity of Next-Fit-Sharing without including the

algorithm, given in Algorithm 3. determination of the amount of memory sharing (§1).
The Best-Fit-Sharing algorithm works as follows. Upon Therefore, the total run time dflext-Fit-Sharing is O(n?).

the arrival of VM requestl’;, a search ensues to determine First-Fit-Sharing, Best-Fit-Sharing, and Worst-Fit-

the active serverS; in which V; can be packed. The searciSharing require searching for page sharing relative to the

is performed on the set of all active servers i&)\ S. current requesty;, and the entire set of active servess) S.

« V; is packed onto the first active servéf, € S\ S If we denote the number of active servers prior to hoslifig
that has enough available capacity for every resource ty@¢m, then the run time for all three algorithms @(mn?).
to instantiate VMV; while considering memory sharing
in the amount ofsf’, and has the largest value for the

server resource scarcity metrig¥. (lines 6 to 13 of We perform extensive experiments investigating the perfor
Algorithm 3). ! mance of our proposed sharing-aware online algorithms for

r'§olving SA-OVMP by metrics such as the average number of
attive servers, resource utilizatioAggregate-Minratio and
Max-Minratio. In the following, we describe the experimental
setup and analyze the results.

IV. EXPERIMENTAL RESULTS

« If V; cannot be packed onto any of the active serve
then serverS;; is activated and/; is packed onto it
(lines 17 to 21 of Algorithm 3).

D. Worst-Fit-Sharing Algorithm .
i ] ) ) A. Experimental Setup
Since Worst-Fit-Sharing can be viewed as the dual of Wi d onli hari lqorith
Best-Fit-Sharing and thus, it has a structure that is very sim- '€ compre]lrehour pr((j)posg onhm_e SI ar{ngl-aV\;]arg _a_gorlt ms
ilar to that of Best-Fit-Sharing, we will not provide a formal 29@inst each other and against their classical, sharifigents

algorithmic description of it. The only difference betwethe pounte_r parts. A.” these algorithms are online algor!ththai
two algorithms is thaWorst-Fit-Sharing allocates the new IS o r;nfo;m\a/l\tllon abeUt tlr?comlng} :./M reques;s4lsé|l_|<nc3|WPI
VM request to the server that has the minimum server resou (—*éfore 'a7n3£33oe phjrc?gs 62 ;’_'tmu atlonsA(iln a .I i znte
scarcity value, that is, the compariséh < E;‘ in Best-Fit- ore=17- Q “pit system. simulations are

Sharing (Line 10 of Algorithm 3) is changed t& > E* for |mpleme|jt_ed in C++ and are comp_|led W'.th. GCC vf1.9.2.
: . . J In addition to the classical sharing-oblivious online algo
the Worst-Fit-Sharing algorithm.

. . . rithms First-Fit and Next-Fit we also consider a sharing-
The Worst-Fit-Sharing algorithm works as follows. Upo_n oblivious version of theRandom-Fit algorithm. Random-

the arrival of VM request;, a search ensues to determln%it is implemented similarly td=irst-Fit with the exception
the active serverS; in which V; can be packed. The searc hat X has b y di d that it tp the VM
is performed on the set of all active servers i&)\ S. at once a server has been discovered that It meets e
) i ) _ resource requirements, the VM is allocated and the orderfing
« Vj is packed onto the first active servgf € S\ S that  he servers is changed by randomly permuting them. When the
has enough available capacity for every resource type {@y; request arrives, the servers will have a different inge
Instantiate VMkVi while considering memory sharing in | gyr experiments, we consider a cloud provider that has
the amount o7, and has the smallest value for the servejyg identical servers available for hosting VMs. Each ofthe
resource scarcity metridyy. servers has the following resource capacities: (i) 8 CPlis; (
« If V; cannot be packed onto any of the active serverdQ GB of memory; and (iii) 100 GB of disk space. We execute
then serverS;,, is activated and/; is packed onto it. 1,000 simulations which consist of allocating 500 VMs per
) _ simulation. We simulate 80 unique types of VM instances with
E. Run-time Complexity resource requests in the following ranges: CPUs (in units of
We analyze the runtime complexity of each of our proposdd 2 or 4 CPUs); memory (from 1 GB to 4 GB RAM in
sharing-aware online algorithms. In order to have a monecrements of 500 MB), and storage (in units of 1, 2 or 4 GB
accurate run-time analysis of the algorithms we have taigdel of disk space). These ranges were chosen to reflect the turren
in the analysis, the running-time of computing the amount &M instance specifications used by cloud service providers
memory sharing,s?, among the requested; and the VMs such as Amazon EC2. The 500 VMs for each simulation are
hosted at servelS,; calculated based on th&; memory selected according to a random uniform distribution from th
fingerprint determined on the staging server, as explainedset of 80 unique types of VMs.
Section II. The sharing of memory pages for our experiment is induced
In the case ofNext-Fit-Sharing, allocating a VM V; by the parameters of our 80 unique VM types. Each VM
requires searching for page sharing opportunities r@ai/ in our experiment is characterized in addition to the CPU,
V; and only one active servef;,. The search for shared pagesnemory, and storage requirements, by the set of application
consists of comparing each page requiredyagainst the that need to be executed on it, the operating system, and a
set of pages instantiated on senfyr. If we denote byn the memory sharing parametefé?‘. We consider three types of
maximum between the number of unique pages on sefyer operating systems (A, B, and C) and two types of application
and the number of pages required by, then determining bundles for generating the VM requests. The memory sharing
the number of shared pages requi@én?) time. The run parameter is assigned in amounts ranging from 500 MB and
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Figure 6: Average Number of Active Servers. Figure 7: Average Percent of Unused Resources.

up tog;* GB in increments of 500 MB, where each 500 MBhat absorb a significant amount of CPU resource, for instanc
corresponds to a given number of memory pages. To show hthwen once that resource has been exhausted, the utility of
the memory sharing parameter is determined, we considertha other resources is zero since VMs have requirements
example VM of a type selected from our set of 80 unique VMith respect to at least three resources, therefore makiag t
types, requiring 1 CPU, 2 GB of memory, 2 GB of storageserver unavailable for new instantiations for a given b
one type of bundle of applications that it needs to execut@ne. Provided our simulation parameteBgst-Fit-Sharing
and a given type of operating system. For this set of requestsisumes a considerable amount of all three types of ressurc
we generate four values for the sharing parameter 0.5 GBhen compared to the other algorithms. In particlbast-Fit-
1 GB, 1.5 GB, and 2 GB (i.e., up to the amount of memorg8haring exhibits an average of approximately 6% unused CPU
requesty;"), thus leading to four types of VM instances withresource, approximately 19% unused memory resource, and
four different sharing potentials. If for example, we calesi approximately 15% unused disk space. The next effective on-
a VM request that has the sharing parameter 0.5 GB, theriife algorithm isFirst-Fit-Sharing, which exhibits an average
another VM is hosted on the same server utilizing the sam&approximately 4% of unused CPU resource, approximately
applications and/or operating system, then 0.5 GB would B8% unused memory resource, and approximately 14% unused
shared between the VMs on the server and the requested Witk spaceBest-Fit-Sharing performs better thaffrirst-Fit-
i Sharing, since Best-Fit-Sharing searches over all active

B. Analysis of Results servers and finds the best server to allocate to, based on the

We now compare our proposed online sharing-aware alggerver resource scarcity metriirst-Fit-Sharing may miss
rithms for SA-OVMP against each other and against othex good allocation due to its allocation policy; thus, legdin
online algorithms, as previously described. to more variations in unused resources than in the case of

In Figure 6, we plot the average number of active serveBest-Fit-Sharing. The analysis of Figure 7 is important for
used by all online algorithms in our experiment. Providedoud service providers as they gain insight into which roali
our simulation parameterd;irst-Fit-Sharing activates 149 algorithm may over- or under-utilize server resources.
servers in average, representing the minimum average nmumbdn Figure 8, we plot theAggregate-Mirratios for all online
of servers relative to the other algorithnBest-Fit-Sharing algorithms used in our experiment. TiAggregate-Minratio
performs slightly worse tharFirst-Fit-Sharing activating is the total number of servers used throughout the expetimen
152 serversFirst-Fit performs the best among the sharingfor a specific online algorithm over the minimum total number
oblivious algorithms, activating 188 servers. On averdbe, of servers determined by the best performing algorithm. We
proposed online sharing-aware algorithms outperformrtheionsider theAggregate-Minratio as an experimental metric
sharing-oblivious counterparts aRandom-Fit. These results which reflects how far the performance of an online algorithm
show that by employing our proposed sharing-aware algis-to the best performing online algorithm in the experirsent
rithms a cloud provider can accommodate the requests usinglaere performances of both algorithms are obtained on the
significantly smaller number of servers than when employirgame VM sequences throughout the experiment. Provided our
the sharing-oblivious algorithms, and thus, significantéigtuc- simulation parametergrirst-Fit-Sharing uses the minimum
ing the energy costs necessary for serving the VM requesttotal number of servers. In this case, thggregate-Minratio

In Figure 7, we plot the average percent of unused resourdes First-Fit-Sharing is 1.00 and the next best performing
over all active servers throughout our simulations. For an oalgorithm isBest-Fit-Sharing with an Aggregate-Mirratio of
line algorithm to be effective in allocating VMs with multgp 1.0201.Next-Fit-Sharing is the next best performing online
resource requirements, it should use as much of the awailagélgorithm with anAggregate-Minratio of 1.1167.
server capacities as possible, for every type of resoufce. |In Figure 9, we plot thévlax-Min ratios for all online algo-
a cloud service provider instantiates multiple in-demamdsV rithms in our experiment. Th®lax-Min ratio is a metric that
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Figure 8: Aggregate-Min Ratios.

characterizes the performance of each individual onlige-al
rithm. The ratio provides insight into an algorithm’s romess 1]
and is defined as the ratio of the number of servers used by the
algorithm when provided the worst sequence of VM requests
considered in our simulations, over the number of server§!
used when provided with the best sequence of VM requests
considered in our simulations (i.e., the sequence for wtiien [3]
algorithm uses the smallest number of servers). Provided ou
simulation parameter$yext-Fit has the loweskMax-Min ratio

of 1.1145833, which implies that the performanceN#xt-  [4]
Fit is the most robust against VM sequence variations among
all the considered online algorithms. The average servantco
for Next-Fit under worst and best VM sequences tend to botf!
be greater than other algorithm’s server count under waordt a
best VM sequences. Therefore, the variance between thersers]
count forNext-Fit under a worst VM sequence allocation and
under a best VM sequence allocation will be the least om
average when expressed as a ratio. The next lolastMin
ratio of 1.1214286 is obtained Wjrst-Fit-Sharing, followed
by Best-Fit-Sharing with a Max-Min ratio of 1.1408451.

(8]

V. CONCLUSION (9

We designed a family of online sharing-aware algorithms
for solving the sharing-aware online VM packir§A-OVMP) |1
problem. We analyzed the runtime of each proposed sharing-
aware online algorithm and investigate their performange
performing an extensive set of experiments. The experiahen
results showed that our proposed sharing-aware online algo
rithms activated a smaller average number of serversveli [12]
their sharing-oblivious counterparts, reduced servdization
of CPUs, memory and storage, and thus, allowing for VM$3]
to be packed using fewer servers. In future work, we plan
on investigating the theoretical bounds for our sharings@w [14]
online algorithms and quantifying their behavior througi r
ative worst order ratios. We also plan to deploy the propos
algorithms on an experimental cloud testbed and analyZe t
performance.

1]

2
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