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Abstract—With Cloud Computing gaining tremendous impor- Unfortunately, one complexity that arises with virtual-
tance in the recent past, understanding low-level implicabns jzation is that it becomes harder to provide performance
of the cloud infrastructure becomes necessary. One of the ¥e o arantees and to reason about a particular application’s
technologies deployed in large Cloud infrastructures namlg S
the Amazon EC2 for providing isolation and separate protec- performance, beqause the performance _Of "_’m appl'cat'on
tion domains for multiple clients is virtualization. Therefore, hosted on a VM is now a function of applications running
identifying the performance bottlenecks in a virtualized ®tup in other VMs hosted on the same physical machine. Also,
and understanding the implications of workload combinatiins jt may be Cha”enging to harness the full performance of the
and resource configurations on the overall I/O performance nqerlying hardware, given the additional layers of inclire
helps both the cloud providers in managing their infrastruc . . 7. - ,
ture efficiently and also their customers by means of better tion 'n, virtualized resourlce managemer_lt. Wh'le many ylrtua
performance. machine platforms provide good CPU isolation and minimal

In this paper we present the measurement results of detailed CPU overheads [10], [4], we find that when it comes to I/O
experiments conducted on a virtualized setup focusing on performance, virtual machines result in some interestimdy a
the storage I/O performance. We categorize our experimenta non-obvious interactions and side-effects.
evaluation into four components, each of which presentin . : . .
some significant factors tFr)lat affect storage 1/0 perFf)ormane.g In this paper, we perform a de_talled_ eXp?”mema.l analysis
Our experimental results can be useful for cloud applicatio  ©Of the /O performance observed in a virtualized environmen
developers to tune their applications for better I/O performance  Through a series of systematic experiments on the Xen [4]
and for the cloud service providers to make more effective VMM platform, we show that the storage I/O performance
decisions on resource provisioning and workload schedulm observed by an application inside a VM depends on various

aspects such as which disk partition the virtual machins,use
I. INTRODUCTION the CPU utilization of other VMs on that system, the nature
of I/O performed by other VMs on the hosted system and

The cloud computing paradigm is the backbone of variotise block size used for performing disk 1/0. In many cases,
Internet services that take an ever increasing fraction @fe performance difference between the best choice and the
time people spend on computers today. By hosting data amgkrage (eg. default) choice is as high as 8% to 35%. We
applications in a server farm (i.e. a data center) and pingid also evaluate the costs of using a virtualized environment
access through a thin-client, such services/applicagoable compared to a dedicated physical system, in terms of 1/0
ubiquitous access to data besides the ability to harnggsformance.
massive computing power even from portable devices. CloudThe rest of the paper is organized as follows: In section Il
computing allows customers to only pay for the computinge present our detailed experiment results and their aisalys
resources they need, when they need them. including the technical insights we learned through thisme

In order to enable support such cloud-based applicationsrement study. We outline the related research in sedtion |
in a cost-effective manner and to lower the barrier to entgnd conclude in section IV
for such applications, a somewhat recent business model tha
has emerged is that of a service provider hosting thirdypart
applications in a shared data center (e.g. Amazon’s EC2In this section we present our empirical results in four
platform). A key technology that enables such cost-efficiegroups based on their impact on the cloud service providers,
resource sharing in such data centergrigialization; by pro- application developers and the customers. We start with
viding isolation and separate protection domains for rpldti presenting results that provide insights on how to prowisio
third party applications, virtual machines [10], [4] emabland place virtual storage space in physical devices. We then
server consolidation, and consequently significant saving present the effects of workload interactions across maltip
the cost of managing such data centers. VMs that use a shared physical resource. We finally provide

Il. EXPERIMENTS AND ANALYSIS



results showing the performance impact of I/O block sizes fexactly same workload. When disproportionate amount of
different workloads some of the differences between usingdésk space, with respect to data footprint of the workload, i

physical machine versus a VM. allocated for a user, some file system allocation policies or
_ application decisions might lead to data being spread acros
A. Experimental Setup a larger footprint on disk.

We conducted all our experiments on a 2.4GHz Intel Next, we present some insights regardiplgcement of
Quad-core machine with 4 GB RAM and two Seagate 740@rtual disks in a physical storage system. In the set of
RPM SATA hard disks of 250 GB each. We used Xeexperiments reported in this paper we consider differes¢gsa
hypervisor [4], version 3.3.1 and created two guest domaiwndthin a single disk. However, the principles discusseceher
Domy and Domsy. We used physical disk volumes for everyare applicable to large scale storage arrays as well. We star
partitions in each of the guest domains by default. We usedgth the configuration of one VM per host and then extend
a variety of monitoring tools such asenmon [6], Xentop, to multiple VMs per host. The goal of these experiments
iostat, blktrace andbtt. In cases where we record the blockis to identify the impact of placement of virtual disks on
level trace using UNIX blktrace utility, we used separatboth the I/O performance of each virtual machine and the
physical disks for recording the trace this avoids most overall throughput achieved by the physical disk device. We
of the disk-level interference caused by the tracing agtivi consider four cases: (i) a file-backed virtual disk (which is
Each of the guest domains were allocated a single dedicatainmon in most desktop virtualization setting), where gdar
processor core as it reflects typical enterprise setting. Cféde is created in the host’s file system and it is mounted as
pending on the nature of experiments, we varied the guastlisk in the virtual machine, and then virtual disks backed

domains’ RAM size from 128MB to 1GB each. by physical partitions which are located in (ii) outer, )(iii
_ o middle (mid) and (iv) inner zones of a disk. We ran Postmark
B. Mirtual Disk Provisioning and Placement benchmark with varying file sizes in each of these settings

Choosing the right location at the right disk: Our first and collected the storage I/0O bandwidth values. Figure 1(c)

set of experiments are focused on identifying the impact 8fows the bandwidth achieved by each of these virtual disk
provisioning and placement policies for virtual disks o thconfigurations. We observe that the file-backed disk perdorm

overall /0 performance. consistently worse than the other cases. This is because the

In our experimentwe haveasing'e virtual machine runniﬁértual disk is essentia”y a file in the host file SyStem and
on a physical host. We test the performance of ‘PostmarRvery time a virtual machine accesses its disk, the meta data
benchmark [11] with a file size of 5KB in two differentfor that file in the host file system need to be accessed as
virtual disk size settings viz. 4GB and 40GB. Postmarell. Therefore, meta-data access is doubled for most of
benchmark is reminiscent of mail server workload withe disk accesses by the virtual machineone within the
various configurable parameters like file size, block siz¥irtual machine, and the other by the host file system. We
read/write ratio, etc., The 4GB and 40GB virtual diskdlso observe that, although there is not much variationsacro
are separate partitions from a single physical disk of sigdfferent configurations for small file sizes, the performan
250GB. The total data footprint of our workload is 15(yaries significantly as the file size increases. This is b&zau
MB, and the total number of files is 30000 spread acrod§ the file size gets larger, the sequentiality is increaseld a
500 subdirectories. As the file placement policy aims to c#2€ subtle differences between various regions within thle d
locate the files within only a single directory, the files fron@re clearly shown. In contrast, for smaller files, the ace®ss
500 subdirectories are spread across the entire virtull d@e€ mostly random and the disk seek overhead amortizes
by the file system. Figure 1(a) and Figure 1(b) show thgnaller differences in accessing various disk regions. In
distribution of read accesses in both cases. We used Lir@gidition, we observe that for large files (sequential a@=)ss
blktrace utility to collect the block level traces and phutt the performance is best when the virtual disk is placed in the
them in the context of the entire physical disk. When th@uter-most zone. This is because the outer-most zones have
virtual disk size is 4GB, the data (and hence the accessesiigler tracks and sequential accesses benefit from a single
confined to the 4GB{141GB-145GB) space. However wherlarge track read. As we move to the inner zones, the track
the virtual disk size is 40GB, even a small data footprint ¢fize decreases and the sequential accesses would incur more
150MB is spread across the entire 406BO6GB-236GB) and more track switches, reducing the 1/O performance.
space. Figure 1(d) and Figure 1(e) show the correspondingNext, we try to understand the case of more than one
throughput profile of each virtual disk respectively. Thekdi virtual disks per physical host. The virtual disks may aithe
I/0 throughput for 4GB setting is at 2.1 MS/sec on averagke from a single VM or multiple VMs. We compare different
whereas for 40GB, it is about 60% lesser on 1.3 MB/secases of placing the two virtual disks and identify the best
As the disk seek distance is vastly reduced when the virtisdtting with respect to overall I/O performance. Figure) 1(f
disk size is small, the throughput achieved by a 4GB virtuahows the average response time of Postmark benchmark
disk is significantly better than that of a 40GB disk for thavith file size averaging to 10KB. We bypassed the file
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Fig. 1. Provisioning and Placement of Virtual Disks

system cache in order to understand isolated disk behavamcesses are temporally dependent on each other should be
for different configurations by using ‘@IRECT’ flag for co-located for best performance. By temporal dependency,
the Postmark transactions. The six different configuratiorwe refer to the cases where each of the two virtual disks
with respect to placement of the two virtual disks, are: (Bre owned by one or more VMs such that the applications
One virtual disk in outer zone(smaller LBNs) and other inunning on them are closely related or causally dependent
inner zone(larger LBNs)(O-1), (ii) One virtual disk in inne on each other in the sense that both applications might issue
zone and other in middle zone(M-I), (iii) one virtual disk indisk requests fairly simultaneously.

middle zone and other in outer zone(O-M), (iv) both virtual

disks in middle zone(M-M), (v) both virtual disks in innerC. Workioad Interference

zone, and (vi) both .virtual disks in outer zone. We show Choosing right workload for the right VM : Our next set

the first four cases in our results as the other two resulis oxneriments are focused on understanding the interastio
resemble the (M-M) configuration. The secondary Y-aXi§etween different types of workloads running in multiple
shows the average seek distance of the requests reacRjfigs hosted on a single physical machine. It is important to
the physical disk. This value is obtained by running blkéracgy, 4y such interactions because these are common cases in a
utility in the physical disk device. This result shows tha{nica| infrastructure cloud setting, where VMs hosted in a
when the two virtual disks are co-located, they providghysical machine serves to different customers. Thergfore
the best performance when compared to other placemgnimportant that a specific load from one VM should not

combinations. This is because the seek-distance is reduggdersely affect other applications running on other VMs
when the virtual disks are collocated, leading to fastekseepgsted in the same physical machine.

Remarks: These experimental results deliver four impor- We dedicate this group of experiments to the understanding
tant observations: (i) Cloud service providers can improwd two types of contention, as both affects the overall 1/0
their storage efficiency by practicing thin provisioning operformance: (i) one VM running CPU intensive application
their storage resources. (ii) Customers of cloud storage cand another VM running disk intensive application; and (ii)
purchase storage based on their expected workload fobtptinth VMs running disk intensive applications. We first run a
rather than just the price. This is important because, cuBPU intensive workload (a batch of floating point operations
tomers may tend to purchase more disk space than what tireloop) and a disk intensive workload (Postmark benchmark)
need, especially when the price differential is not sigaific in two different VMs, Dom; and Doms, and track the
(iii) It is beneficial to place sequentially accessed virdiak performance of the disk workload iPom.. Intuitively, one
in the outer zone of the disk to achieve better performanggght expect a drop in performance of the I/O workload when
(Eg. VMs that host movies, large OS distributions, etciv). ( there is another VM running a CPU intensive workload, given
When a cloud service provider needs to place multiple virtutnat theDom, CPU is time-shared between all the domains.
disks in a single physical storage, those virtual disks whoblowever our results show a different phenomenon. Fig-



Freq. Governor Reqgs/s Blks/s CPU Util  CPU Freq(MHz)

‘ . Idle CPU 4756 380425  64.7 1400
Ondemand g, cpy 5169 413448 638 2400
Porformance. 1€ CPU 5166 413142 62.9 2400
Busy CPU 5163 41302 63.2 2400

TABLE |

EFFECT OFDYNAMIC FREQUENCY SCALING ON |/O PERFORMANCE

ure 2(a) shows bandwidth achieved by Postmark benchm&Kunder-clocked’ i.e., the CPU frequency is reduced, this
with varying file sizes under two cases: (Dom; is idle results in the Postmark benchmark running in a lower fre-
and Doms runs postmark benchmark, and (Pom, runs quency. WhenDom; runs a CPU intensive task, the overall
CPU intensive task an®oms, runs postmark benchmark.CPU load is increased significantly, thereby switching the
Counter-intuitively, theDoms /O performance in case-2 CPU to highest frequency automatically, thanks to dynamic
is better than that of case-1. We initially suspected it tsequency scaling. Though we have allocated separate cores
be Xen's VM scheduling anomaly. We repeated the san®each of the VMs, the frequency scaling policy is applied to
experiments under a different Xen scheduler, namely SEC# cores equally. Therefore, the difference between cape (
instead of using the default CREDIT scheduler. However, tlad case (2) essentially represents the performancesatiffer
results did not change significantly. In order to isolates thbetween the case whédoms CPU runs in highest frequency
behavior with respect to workloads, we chose syntheticalind the case wheWom, CPU runs in lower frequency. In
generated purely sequential workload. Figure 2(b) showsgure 2(a) the dynamic frequency scaling phenomenon is
similar behavior across different CPU weight assignmaeunts fless significant for smaller file sizes because random agsess
purely sequential file read. The ratio in the X-axis représeron disk lead to larger seek delays, which amortizes delays
the weight ratio of virtual CPUs of the two VMs)om; due to reduced CPU frequency. Table | shows the throughput
and Doms. We conjecture that this behavior is observed fand CPU utilization values for the default ‘Ondemand’ pplic
sequential workloads across different Xen schedulers.  and the ‘Performance’ policy along with the corresponding

We further investigated the experiments by a Xen mon|t0qf:.PU frequency values. This set of results further testifigs o
ing tool-Xenmon [6] and recorded the ‘CPU Cycles/Execuh€asurement analysis.
tion’ metric, which shows the number of CPU cycles spent We next measure the effect of running two 1/O intensive
for a particular execution unit. Figure 2(c) shows the CPWorkloads on multiple VMs hosted on a single physical
cycles/Execution for both case (1) and case (2). We obsemachine. For these experiments, we use Postmark benchmark
that case (1), where th®om,; is idle, incurs more cycles and synthetically generated combinations of sequentidl an
per execution than case (2), whebem; is running a CPU random reads. Figure 2(d) shows the achieved bandwidth of
intensive task. postmark benchmark for various file sizes in three different

We eventually found that this behavior is because &Pnfigurations viz. (i) one instance of postmark in a single
a power optimization technique used in the CPU, callégM and other VM remains idle, (i) two VMs each run one
Dynamic Frequency Scaling. It is a technique where theinstance of postmark and their virtual disks reside in same
frequency of the CPU (and hence the power Consumé@{)ysical disk, and (iii) two VMs each run one instance of
is increased or decreased dynamically based on CPU loBstmark and their virtual disks reside in different phgsic
For an Intel Quad-Core processor and Linux kernel versiétisks. We observe that case (ii) performs the worst among
2.6.18, the dynamic frequency scaling is enabled by defaidtl three configurations as the sequentiality in both Postma
However, this po“cy is Conﬁgurab|e by means of Choosini@stances is affected when both virtual dISkS(WhICh reside
CPU frequency scaling ‘governors’ in the Linux kernelSingle physical disk) are accessed alternatively. Intevgly
and the options available in Linux kernel aperformance, there is roughly 24% difference in bandwidth for 10MB
powersave, ondemand and Conservative. Linux allows the file size between cases (i) and (iii) even though each of
user to set a particular CPU frequency scaling policy bastte two VMs in case (iii) is running its virtual disks in
on the power and performance requirements. ‘ondemarigparate physical disks (and with separate processor)cores
is the default option in Linux kernel 2.6.18, which meanghis can be viewed as a scheduling overhead between the
the CPU frequency is scaled dynamically based on lodio virtual machines. As all I/O requests go throughms
The ‘performance’ option is used to run the CPU at highlock device driver, when one of the VMs is scheduled, the
frequency a|Ways and the ‘powersa\/e’ Option runs the Cp@quests in the other VM waits for their turn and its disk
in lowest frequency always. The ‘conservative’ is similar tMight skip the sector to be read. This may lead to rotational
ondemand with slightly more bias towards either perforneané€lays even in the case of pure sequential workloads, hence
or power. Therefore, the fact thdbom, 1/0 performance accounting for the reduced bandwidth.
in case (2) (busy CPU ibom;) out-performs that of case In order to understand the effect of different I/O schedaler
(1) (idle CPU in Dom;) is annotative: when CPU is idlein Domy on /O Performance in guest domains, we run
in Domy, the overall CPU load on the physical host is lessynthetically generated sequential workloads in each ef th
with just the 1/O workload inDomsy. Therefore the CPU two VMs whose virtual disks reside in two different physical
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Fig. 2. Resource Contention w.r.t. to workloads

disks. Figure 2(e) shows the time taken for reading 100,00@is is because of the contention in one of themg's
blocks of data from a large file sequentially in the grantyari queue structures: two sequential workloads would populate
of 4KB blocks. The ‘ideal’ bandwidth shown in Figure 2(e) ithe queue faster when compared to other workloads and
the bandwidth recorded when a single process reads 200,f@€refore some of the sequential requests would have to wait
blocks of data. The comparison against this ideal bandwidtlefore entering the queue.

value shows the scheduling overhead when running twoRemarks: Through this group of experiments, we make
virtual machines, each serving half of this amount of retpiesthree observations, which are useful for both cloud service
Figure 2(e) shows that the Deadline scheduler and the Ngeviders and their consumers. (i) Most of the infrastruetu
scheduler(no scheduling) perform slightly better than theoud systems employ Dynamic Frequency Scaling technique
Completely Fair Queued scheduler (CFQ) for this particulém conserve power. Therefore, strategies for co-locatiodkw
workload. However, we observe that the performance dolesads can be critical for achieving maximum performance
not change significantly across scheduling policies and thad at the same time conserving power. (ii) Cloud service
perceived overhead is inherent when alternating 1/Os b&tweproviders should avoid co-locating VMs with two sequential
multiple virtual machines. I/O workloads on a single physical machine, even when each

Figure 2(f) shows the performance overhead when runnififythem goes to separate physical disks.
different types of 1/0 workload in difference combinations
We consider sequential and random reads and study f(er
combinations of them. Every x-axis points is in the fdiore- Choosing right block size for the right workload: In
ground(background). For example, Seq(Rand) represents this group of experiments, we analyze the significance of
performance overhead suffered by a foreground sequenti@ block size of VMs on the overall 1/O performance of
workload when a background random workload runs simuhe system. In our experiments we run synthetically gener-
taneously. The y-axis represents the percentage differenc ated random workload of varying spatial locality between
time compared to running just the corresponding foregrouadcesses. Our policy of defining the locality factor is as
workload (without any background workloads). We obserfellows: Once a block isread, it is likely that ‘X' more blocks
that when two sequential workloads run simultaneouslygtheout of the next 'y’ contiguous blocks are read in the near
is close to 18% performance difference compared to runnifigure. In all experiments, the total amount of data read is
a single sequential workload. Note that the foreground amdnfigured to be the same. We read 16,000 blocks of data
background workloads are sent to different physical disfsom a 1GB file. In ‘Nq Locality’, we read 16,000 blocks of
since we set up each VM with its own physical disk imata randomly, each 4KB in size. The remaining four cases,
this set of experiments. However, other combinations denoted as ‘Localityx’, represent the workload where we
sequential and random workloads induce very less overhehdve a set of random accesses and between every such access,

Impact of I/O block size
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Fig. 3. Effect of 1/0O size on Performance

there are ‘X’ more block accesses within the neighboring 256 hardware resources, we used the same operating system
blocks. (Ubuntu 8.04 Server), kernel version and the I/O scheduler
Figure 3(a) shows the difference in total time taken by both cases. We used CFQ (Completely Fair Queued)
the workload with respect to varying I/O block sizes foscheduler for both physical machine afbmg. The guest
different locality factors. Clearly, as the block size ieases, domains’ /O scheduler is set to ‘noop’ so that they do not
we see that the time taken for workloads with spatial logalischedule the requests themselves before they are queued in
constantly decreases. However, when there is no locality ffomy.
the workload, the total time taken raises sharply as thekbloc

size increases. Figure 3(b) shows similar behavior when Wine and its equivalent virtual machine and record the

measure the throughput as the block size increases frBréﬂmwidth achieved in both cases. Figure 4(a) shows the

4KB to 256KB, The rquests s_eryed per second INCreayhdwidth measurements (MB/sec) of postmark benchmark
for workloads with locality. This is because, when there

: tial locality in th Kload di | Lihnder various file sizes. The bandwidth achieved by the
IS spatial focallty In the workioad, reading a large amou ysical machine is not much different from that of the
of data in one request helps in placing more data in pa

cache and future requests to neighboring blocks are sergj for small file sizes (1KB, 10KB). As the file size
|

f th he H hen the block size | eases there is increasing drop in bandwidth in virtual
rom the page cache. However, when [ne block SIZ€ 1S SMay,) opine bandwidth, when compared to physical machine

even requesits to neighboring blocks are treated as irw‘m/idHandwidth. This is because, when the file size is small and

random requests, thus reducing performance. When the”?/vﬁ'en they are spread across many directories, the Postmark

no locality of data, reading in larger block sizes reduces trt1ransactions are seen by the disk as random accesses. As

erformance because irrelevant data are read into the €. o
P P file size increases, the accesses become more and more

cache, leading to cache pollution a_nd wasteful I/O bandwm_ltsequential. Therefore, the overhead induced by virtutidina
Figure 3(c) shows the cache hit rate for each of the fi

§ amortized by the disk seek overhead in the case of small

configurations discussed above. It is interesting to noat trﬁle sizes. As the file size grows, the disk seek overhead is
for workloads with locality, there is a steep increase ipe '

cache hit rate, while the slope of increase in throughput andduced’ thus projecting the virtualization overhead.
decrease in latency is much lesser comparatively. This show In order to understand the virtualization overhead in the
that even though many requests are served from cache, tte@ge of large file size (or sequential access), we picked up a
is a penalty to be paid for reading large amount of data @onstant file size of 10MB and ran the Postmark benchmark
every request in the form of storage bandwidth consumedwith varying block sizes. Figure 4(b) shows the bandwidth
Remarks: This group of experiments shows the impac®f Postmark workload running in a physical machine versus
of 1/0 block size, with respect to spatial locality of 1/0a VM. As the block size reaches 1MB, the virtual machine
workloads, on the overall performance of the system. Clo@ghieves performance similar to that of a physical machine.
application developers can use this result to tune theih-appThiS is because, a small and fixed overhead is introduced
cation’s 1/0O block size based on the spatial locality. in the virtual machine for every system calls/requestssThi
can be attributed to the extra layers introduced by virtual-
ization technique. Therefore as the block size increabes, t
The Pros and Cons of using a virtual machine:Our same amount of work is done by issuing lesser number of
final set of experiments are aimed at identifying additionaéquests, thus reducing virtualization overhead. Figym 4
overhead introduced by using a virtual machine when comshows performance of postmark benchmark with 10MB file
pared to its physical machine equivalent for different §/pé size, when two instances of the benchmark are running in
I/O workloads. For these experiments we carefully configuteo VMs simultaneously. We compare the performance of
the VM and the physical machine resources such that thenning two instances in a single disk versus running them
comparison is fair. In addition to using the same amount two different disks for both physical machine and virtual

First, we run Postmark benchmark on both physical ma-

E. Virtual Machine vs. Physical Machine
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Fig. 4. Comparison of Physical machines versus Virtual machines

machine. Overall we observe that there is a 32% differenceand 4(e) show the CDF of latency values of foreground read
bandwidth between physical machine and its virtual machifier two different cache sizes. The latency CDF of physical

equivalent both in the case of single disk and two separatechine shows a sudden spike in latency(cache miss) at
disks. around 9% of requests for 256MB cache and around 22%

Finally, we show that virtual machine performs better tha®f ri?uedsts for 512MB c(;;\che Slze. Th'? shor\:vs that thel write
a physical machine in some specific cases resulting from WR"kload consumes undue amount of cache space leaving
inherent design advantage of virtualization technolodieda lesser space for the foreground read workload. When this

Cache lIsolation. In a physical machine, the cache Spacésiscompared to the performance in virtual machine setup,

generally not partitioned equally across processes becaﬂ@ere even for aggregate cache size of 256 MB, around

one process may use the cache space better than the othP”? Of requests are hit in cache. The footprint of our read
On the flip-side, there is a chance that one process myy rkload is 150 MB and background write workload is 400
be unduly affected by another process, such as when M . Therefore at 512MB of cache, the workload achieves
other process uses the cache aggressively than the Otm.performanceany more increase in cache size no longer

For example, when there are two processes, one doing lafg¥€ any effect on the overall pgrformance. For _cache size
amount of writes and other process reading a set of fil@ °12MB, both the read and write workload reside in the
frequently, the cache space may be aggressively filled B@che without affecting each other. Figure 4(f) shows geeci

the write process leaving no space for read cache ThisC%Che hit rate for different cache sizes. These results show

not the case for two VMs because the cache space is whit virtualizatior_w prqvides better cache_isolation bMO
divided between the two VMs. Therefore it is beneficial t§'OCESSES running in two ;epar{:\te V|rtuallmach|nes, when
run two workloads competing for cache space in two diﬁereﬁpmpared to running them in a single physical system.

VMs than on a single VM or a single physical host. We

confirm this hypothesis by conducting a set of experimentsRemarks: In our final set of experiments we derive two
that capture the latency, cache hit rate and overall bartbwidobservations which will be useful for cloud customers and
For these experiments, we run synthetic read workload tlsmrvice providers: (i) Virtualization overhead is moret fiel
models Zipf distribution of accesses in the foreground arsgtquential workloads accessed through smaller block sizes
run a background sequential write workload. We tailoretthan random workloads. The cloud customers can estimate
our foreground workload such that the blocks are generatlye expected performance based on the characteristice of th
accessed randomly and 20% of the blocks are accessed 8@8tkload they deploy. (ii) Cloud service providers can prac
of the time. Cache size of ‘X’ MB refers to ‘X’ MB of tice static partitioning of memory across multiple VMs hexbt
memory in the case of physical machine and partitioned esa single physical machine, whenever strict performance
‘x/2' MB of memory in each of the two VMs. Figures 4(d)isolation is important across different customers.



IIl. RELATED WORK

In this section we provide some of the earlier work on
virtual machine 1/O performance study. The case of optichize
performance in virtual environments has been studied in the
past and most of them focus on sharing and scheduling
CPU [7], [16], [8], partitioning and sharing memory [17],
[14], and networking [5], [13], [12]. However, 10O optimiza-
tion in the storage layer [15], [1], [9] has relatively been[s]
studied less. Most of these focus on effect of disk /O on
CPU [7] or effect of workloads on disk performance in
virtual machine [1] or on I/O scheduling issues and impact
of different scheduling policies on the I/O performance [9] [4]
Nevertheless, there are no papers that study the intederen
of multiple virtual machines purely in the disk layer to the

best of our knowledge.
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