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_Abstract—In hosting environments such as laaS clouds, de-  From the perspective of an laaS provider [5], [6], the cloud
sirable application performance is usually guaranteed through value proposition is highly dependent on efficient resource
the use of Service Level Agreements (SLAs), which specify management [7], and hence reduced operational costs by

minimal fractions of resource capacities that must be allocated italizi . 8 d - d imbil
for unencumbered use for proper operation. Arbitrary colocation capitalizing on energy savings [8] and on improved scalgbi

of applications with different SLAs on a single host may result [9]. Such efficiencies need to be achieved while satisfyireg t
in inefficient utilization of the host's resources. In this paper, aforementioned contractually-binding customer SLAs. sThi
we propose that periodic resource allocation and consumption pecessitates that SLAs be spelled out in such a way so as

models — often used to characterize real-time workloads — be y, eypose potential flexibilities that enable efficient miagp
used for a more granular expression of SLAs. Our proposed f ohvsical to virtualized inst
SLA model has the salient feature that it exposes flexibilities Of physical resources to virtuaiized instances.

that enable the infrastructure provider to safely transform SLAs Given the wide range of applications currently supported
from one form to another for the purpose of achieving more in an laaS setting — not to mention envisioned serviess,

efficient colocation. Towards that goal, we presenMORPHOSYS:  in support of cyber-physical systems [10] — it would be
a framework for a service that allows the manipulation of impractical for an laaS provider to support special-pugpos

SLAs to enable efficient colocation of arbitrary workloads in a SLAs that tail de f h h licati d
dynamic setting. We present results from extensive trace-drisn S thal are failor-made Tor each such applicalion an

simulations of colocated Video-on-Demand servers in a cloud S€rvice, and which can be efficiently audited. Rather, a more
setting. These results show that potentially-significant reduction practical approach calls for the development of a common
in wasted resources (by as much as 60%) are possible usinglanguage for expressing SLAs — a language that would cater
MORPHOEYS. well to the widely different types of applications that aiteely
to be colocated on an laaS infrastructure.
. INTRODUCTION Currently, the de-facto language for expressing SLAs mir-
rors how virtual machines are provisioned — namely through

the specification of resource capacities to be allocated on

as a $ervice (laas) in particular ha_ve_emerged as cpmpellgl\%rage over fairly long time scales. While appropriate for
paradigms for the deployment of distributed applicationd a any ai)plications such coarse SLAs do not cater well to

services on the Internet due in large to the maturity and Wi(iiné o . .
: . o he needs of applications that require resource allocsitatra
adoption of virtualization [1], [2].

. . . more granular scale.g, through the specification of a worst-
From the perspective of an laaS customer, this paradi Mse periodic resource consumption in support of interacti
shift presents both an opportunity and a risk. On the one P P P

hand, deploying applications in the cloud is attractivesuse applications.

. - . ) To elaborate, recent studies have documented the often
it enables efficiency through elastic scaling to match custo S

: o .~ unacceptable perofmance of a number of application classes

demand. On the other hand, deploying applications in the . . . .

o L L in a cloud setting. Examples include interactive and HPC

cloud implies relinquishing QoS monitoring and control to

the cloud. Mitigating that risk requires the establishmeia applications, image aquisition applications, P telephoredia

“contract” — a Service Level Agreement (SLA) — between the. Vers: and audiofvideo streaming SEIVers [11], [.12]' The
. . - main culprit for the degraded performance is the high vari-
provider and the customer, which spells out minimal reseurc

allocations that the customer believes would satisfy der ab|l_|ty as_souated_ with the t|me_.\-scale of resource allmmam_
a virtualized environment. This suggests the need for finer-

QoS constraints, while also being verifiable through measur_ . s e
ment or auditing of allocated resources. Indeed, providir?graln SLA sepecifications that enable applications to smel

trustworthy laaS accountability and auditing features eha\{oelr resource needs over arbitrary time scales, as welhgs a

been cited as key attributes that would increase cloud amopt lerable Qey|at|?]ps thereqf (frI?X'b'“t'eS)'
3], [4]. Recognizing this need, in this paper we propose an expres-

sive periodic resource allocation model for the specifarati
This research was supported in part by NSF awards #07208085874, Of. SLAs — a model that on the one hand prowdes customers
#0820138, #0952145, and #1012798. with a larger degree of control over the granularity of reseu

Motivation: Cloud computingin general and Infrastructure



allocation, and on the other hand enables providers todeeer of resourcesd.g.,a host) can satisfy the aggregate needs of
flexibilities in customers’ SLAs for the efficient utilizam of a set of customers (namely, the composition of the SLAs for
their infrastructures. Our SLA model is equally expressime that set of customers). Given our adopted periodic model for
traditional cloud application as well as for the aforemendd SLA specification, it follows that evaluating the feasityilof
QoS-constrained applications; it enables providers terdat colocating a set of customer workloads on a given host can
a wider customer base while providing them with the regeisibe viewed as a “schedulability” problem: given the capacity
measurement and auditing capabilittes. of a host, are a set of periodic real-time tasks schedul&ble?
Different models and schedulability analysis techniques
have been proposed in the vast real-time scheduling theory,
in]cluding Earliest Deadline First (EDF) and Rate Monotonic

Scope and Contributions: Given a set of applications (work-
loads), each of which specified by minimal resource utiiorat

requirements (SLASs), the problem we aim to address is that halysis (RMA) [14], Borrowed Virtual Time (BVT) [15],

mapping these workloads efficiently to physical resourges. nd pinwheel scheduling [16], among others. While similar in

achieve efficient mapping, we need to provide workloads wi _ S .
the ability to express potential flexibilities in satisfgirtheir fherms of their high-level periodic real-time task modetse

SLAs. For instance, an SLA spelled out as a fixed period‘?(.pproaCheS differ in terms of the trade-offs they expose vis

. . - a-vis the complexity of the schedulability analysis, théuna
allocation may not expose potential workload flexibililtyes !
. . . of the underlying resource manager/scheduler, and theatbver
some minimal frequency of allocation. Thus, we recognizé th

it could be the case that there are multiple, yet functicynalf’j‘Ch'ev"’lble system utllization. Without loss of generahtie

X : fssume that RMA [14] is the technique of choice when
equivalent ways to express the resource requirements of a, _ L : .
: evaluating whether it is possible to co-locate a set of jkcio
QoS-constrained workload. Towards that end, we propose” a ) ;
I . : . workloads on a fixed-capacity resource.
specific model for SLAs that makes it possible for providers t Liu and Layland [14] provided the following classical resul
rewrite such SLAs as long as such rewriting is safe. Thetgbili y el provie 9
. . f?r the schedulability condition ofi tasks (SLAs), each of
to make such safe SLA transformations enables providers % -
. : . P which requiring the use of a resource 6% out of everyT;
consider a wider range of colocation possibilities, andceen . : ]
. . units of time, under RMS:
achieve better economies of scale. In that regard, we presen
MORPHOSYS:? the blueprints of a colocation service that " /3
demonstrates the premise of our proposed framework. Result U= Z T; sn(V2-1) (1)
from extensive trace-driven simulations of colocated ‘dide =1
on-Demand servers in a cloud setting show that potentialliyollow-up work, including that by Lehoczkgt al [17] and
significant reduction in wasted resources (by as much as 60#8)0 and Mok [18] showed that by grouping taskstiglusters
are possible using MRPHOSYS. such that the periods of tasks in each cluster are multigles o

. . . . . ach otheri(e., harmonic), a tighter schedulability condition
Paper Overview: The remainder of this paper is organ|ze(§S possible — namely:

as follows. In Section Il we present some background and
basic concepts underlying our SLA model. In Section Ill, we
introduce our SLA model for QoS-constrained resource suppl
and demand (for hosts and workloads, respectively), along
with necessary notation and basic definitions. In sectigmiy ~ As motivated above, there may be multiple yet functionally-
present the basic elements of ouoKPHGSYS framework. In  €quivalent ways to satisfy a given SLA. This flexibility cdul
Section V, we present experimental results that demoestr&€ leveraged by a provider for efficient colocation. In mari
the promise from using MRPHOSYS to manage colocated lar, given a set of periodic tasks (SLAs), it might be posstbol
streaming servers in a dynamic environment. In Section \@btain clusters of tasks with harmonic periods by manipugat
we review relevant related work, and we conclude in SectidRe periodZ; of some of the tasks (SLAs) in the set. For such

VII with closing remarks and current and future research transformation to be possible, we must establish that it is
directions. safeto do so.

In earlier work of ours [19], we provided a type-theoretic

Il. SLA MODEL: BAsICs formalism for studying such safe transformations of rémlet
Recall that an important consideration for efficient cotama workloads, and provided an off-line heuristic for efficignt
is the ability of a provider to evaluate whether a given sehapping individual tasks to hosts in a multiprocessor isgtti
of customers can be safely colocated. To do so, a providerthat work, we used a generalized type for the specification
must be able to decide whether the capacity of a given s#ftreal-time task SLAs, comprising a quadruple of natural

Lvirtualization is not only enabling laaS offerings, butals is enabling a numbers (07 T, D, W)’ ¢sT D s W' and W' > -1,

cloud-like management of resources in traditional séttimgmas the “Single where C denotes the resource capacity demanded in each

Chip” cloud computer [13]. Thus, while laaS motivates theonbrcsys — allocation interval 7', and D is the maximum number of

framework presented in this paper, we note that this framewsrlalso

applicable in traditional multiprocessing settings. 3In this paper, we often use terms that hearkens back to CPldsling
2MORPHGSYS can be seen as catalyzing the “morphosis” of a set of SLA®rminologies, noting that our work applies equally to coragiohal as well

— namely, morphing SLAs to enable more efficient colocation. as other consumable resourcesy( networking and 1/0 bandwidth).
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times that the task could tolerate missing an allocation infar resources as long as the disbursement of these cycles
window consisting ofi/” allocation intervals. In that work, we is guaranteed over some acceptable range of periods. For
showed that this type-theoretic model is expressive endaghexample, a fluid workload may specify the need for 10K
represent different categories of real-time tasks. Funtioee, cycles per second as long as these cycles are disbursed
we established a set of safe transformations on real-timeer a fixed period in the range between 100msec and 10
workloads to enable efficient multiprocessor scheduling.  secs. Thus, a disbursement of 1K cycles every 100 msecs is
In this paper, we rely on a set of theorems from our woricceptable as is a disbursement of 100K cycles every 10 secs.
in [19]. These theorems provide us with the means to rewriBut, a disbursement of 200K cycles every 20 secs would be
SLA S as SLA S’ such that resource allocations that satisfynacceptable as it violates the upper bound imposed on the
S’ would provably also satisfyS. Theorems 1 - 4 provide allocation period, and so would an allocation of 100 cycles
different ways of scaling up/down either or both of the pdrioevery 10 msecs as it violates the lower bound on the allatatio
C and the periodic allocatio for a an SLA. In general, satis- period. We note that such a requirement is less stringemt tha
fying SLA S’ would require more of the underlying resourcesvhat a “real-time” workload may require, but more stringent
than the original SLAS. Nevertheless, such a transformatiothan what typical laaS virtualization technologies arecétol
may be advantageous to the laaS provider as it may resultoffier.
a more efficient colocation of customer workloads (tasks) gefinition. An SLA + is defined as the tuple of natural

e.g, by making such.workloads harmonic and hence SUbjer?Gmbers(a 7,13, T,, D, W), such thatd < C < T, T} <

to looser schedulability bounds [17], [18]. T <T,, D<W,andW > 1, whereC denotes the resource
In the following theorems from [19], we make the simplixahacity supplied or demanded during each allocationater

fying assumption that) = 0 and W =1 —i.e, SLAs are ', and7, are lower and upper bounds @h and D is the

strict; applications do not tolerate missed allocations. maximum number of times that the workload could tolerate

Theorem 1. Given an SLA of typéC, T'), a transformed SLA Missing an allocation in a window consisting iéf allocation
(C",T') satisfies(C,T) if one of the following conditions intervals?

holds: As commonly assumed in the real-time literature, periodic
1) T"<T/2andC’ > C/(K — 1) whereK = |T/T"]. resource allocation could be done as early as the beginriing o
2) T">TandC' >T' — (T - C)/2. any interval and must be completely produced/consumed by
) T2<T' <TandT'— (T —-C)/3<(C". the end of the same intervél€,, allocation deadline is equal

to the allocation interval’).

According to the above definition, an SLA of typé€, T', T;,
T.,D,W) represents a fluid workload which requires an
allocation ofC every intervall’, whereT" can vary betweefd;
Theorem 3. LetT = (C,T) be an SLA type, and = (C’,7") andT, as long as the rati¢'/T is consistent with the original
be another SLA type, whef€ = KT for someK > 1 then SLA type. The following are illustrative examples, whictear
7! satisfiesr if: meant to show the range of SLAs that we are able to express
using this generalized model.

An SLA of type (1,2,2,2,0,1) can be used to represent a
Theorem 4. LetT = (C,T) be an SLA type and’ = (C,T") workload that requires a unit capacity= 1 over an allocation
be an SLA type, wherél' + C)/2 < T' < T andC < T". periodT = 2 and cannot tolerate any missed allocations (akin
If m = lem(7,T")/T, andn = lem(T,T")/T’ where Icm is to hard real-time semantics).
the least common multiple, then we can guarantee at leastAn SLA of type (1,2,2,2,1,5) is similar in its periodic
s = n —m + 1 satisfied intervals out of totaln intervals. demand profile except that it is able to tolerate missed allo-

Theorem 2. Let 7 = (KC,KT) be an SLA type for some
natural numberK > 1 then the SLA of typéC,T) satisfies
T.

(K-1)*T+C<C <T

Thereforer’ satisfiesr if s = m. cations (akin to soft real-time semantics) as long as thexe a
no more thanD = 1 such misses in any window o = 5
Il. SLA M ODEL: FLUIDITY consecutive allocation periods.

As we alluded before, we believe that a periodic resourceAn SLA of type(2,4,2,8,0,1) represents a fluid workload
allocation model is appropriate for expressing SLAs in athat demands a capacity = 2 every allocation intervall’ =
laasS setting. Thus, in this section we extend the real-task t 4, however the original SLA would still be satisfied if its gets
SLA model proposed in [19] for the purpose of expressing capacityC’ = 4 every allocation interval” = 8 since the
general SLAs of laaS customer workloads — which may nedtio C’/T” is equal toC/T.
be inherently “real time”. In particular, we extend the SLA As we noted earlier, without loss of generality, in this pape
model to allow for the modeling of “fluid” workloads. we restrict our attention to workloads for whidh = 0 and

A fluid workloadis one that requires predictable periodigi’ = 1. Allowing different D and W would not change our
allocation of resourced.€. not best effort), but has flexibility
in terms in of how such periodic allocations are disbursed.acjeany, if 7, = 7, = T, then our SLA model degenerates to the real-time
For instance, a fluid workload may specify a periodic neagsk model defined in [19].



more flexibility for colocation, and hence better performance.

MOoORPHOSYS framework, other than providing us witbven i . ﬂ
Current Configuration

Fluid Transformations: In addition to the transformations im-
plied by Theorems 1-4 from [19], we introduce the following
straightforward tranformation for fluid workloads.

[
Theorem 5. Given a fluid SLA type = (C,T,T;,T,, D,W), :
if , <T' <T,andC’' = [C xT'/T] then the SLA type I
= (C',T',T;,T,, D,W) satisfiesr. :

Proof: C" = [C =« T"/T implies the ratio ofC’/T" >
C/T.T, <T' <T,implies thatT” is an acceptable allocation
period for fluid workload (based on the definition). Therefor
T =("T1,1T,,T,, D,W) satisfiesr [ ]

FF/BF

Generate a
Transformation |~

No

IV. MORPHOSYS: THE FRAMEWORK

|
|
|
|
|
|
: FF/IBF
We consider an laaS setting consisting of any number ¢ L
|
|

homogeneous instances (servers), to which we refer as “Phy
ical Machines” (PM) Each workload (served with a virtual Yes No
machine instance) is characterized by an SLA that follow: e :

the definition above — namely = (C,T,1;,T,, D,W). The I v

MORPHGSYS colocation framework consists of two major ser- |
vices: a Workload Assignment Service (WAS) and a Workloac
Repacking Service (WRS). WAS assigns workloads to PMs in

an on-line fashion using a prescribed assignment policy. WRS

performs workload redistribution across PMs to optimize th
use of cloud resources.

Fig. 1. The WAS Component of BRPHOSYS.

. ) In the worst case, the complexity of WASG¥k«n) where
A. Workload Assignment Service (WAS) k is the largest number of possible task transformations, and
Figure 1 provides an overview of the main elements of WAS. is the number of hosts in the system. In practices< n
WAS is invoked upon the arrival of a request for a Virtuaivhich makes WAS scale linearly with the number of hosts.
Machine (VM) allocation, in support of a workload specified
by an SLA. The WAS service uses one of two heuristics 1. Workload Repacking Service (WRS)

select the PM that could potentially host the VM: First Fihepacking is an essential service that allows the remap-

(FF) and Best Fit (BF). FF assigns the VM to the first PM. . . S
that can satisfy the VM's SLA, whereas BF assigns the V ing/reclustering of workloads. This service is neededchbse
' 9 aaS environments may be highly dynamic due to the churn

i;)Mth;:LQJ.IIest — most utilized — PM that can still satisfy th%autsed by ?rrivEl and ?heparture of VMs, and/or tht_e neeg of
o . . . . customers to change their own resource reservations. Over
Pl\l/r Et:frrg%ils(?zssjt::)f?r:a\:vﬁciItcci) L%i?t;fge(ﬁzaﬁlzrzﬂsirngF&Jtime, such churn will rgs.ult in u_nder-utilized hosts whiaud
then WAS attempts to rewrite the SLA of the VM (safely) in’oe managed more efficiently if workloads are repacked.
the hopes that it would be possible to assign the VM (subgectRepacking Heuristic: Remapping a set of workloads to
the transformed SLA) to an existing PM. To do so, WAS pranultiple hosts efficiently is the crux of the problem. We say
ceeds by generating a safe SLA transformation and attemfefficient” as opposed to optimal because multi-processal-r
to use either FF or BF to find an assignment. This processe scheduling has been shown to be NP-Hard [20] (and our
is repeated until either one of the safe SLA transformatiompsoblem by reduction is also NP-Hard), and thus we resort to
results in a successful assignment of the VM to a PM, or WAguristics. In particular, we implemented repacking hetiai
runs out of possible safe SLA transformations. In the lattalgorithms that utilize Breadth First Search (BFS) and Dept
case, WAS may invoke the WRS repacking service to repaEkst Search (DFS) techniques to explore the solution space
already utilized hosts in an attempt to assign the workload, Given the set of task transformations, our (BFS or DFS)
alternatively WAS can simply instantiate a new PM to hosteuristic proceeds by setting up a search space of all the
the newly-arriving PM. alternative task sets that could be considered for colocati
It then proceeds to explore the search space with the aim of
°Again, we emphasize that while we present our framework in treext  finding a feasible colocation. In the worst case, our herist
of computational supply and demand — using terminologies sagbthgsical . . . . .
may end up searching the entire solution space, which is

and virtual machines — MIRPHCSYS is equally applicable to other types of / . ! )
resources. obviously impractical. To manage the exponential nature of



the search space, our heuristic utilizes two strategiesctwhwhere0 < ¢ < 1 is a tunable parameter (CM reduces to UM,
proved highly effective. whene = 0).
Our first strategy is based on an early-pruning approach:The logic for all WRS variants is shown in Figure 2.
at each stage of our search, if the aggregate utilization of |
the workloads under consideration thus far is greater than t 1 if NM then _
current capacity of the “best” solution found based on our Vi€ HO_StS{HOS_tS_'S the set of all PM
adopted schedulability condition, then we prune that Hranc®  RepackingHeuristic(;)
of the tree on the assumption that a feasible solution canndt IS¢ , ,
exist down that patf. 5. CHosts — GetCandidateList(RepacRaram) {returns

Our second strategy is based on a smaller-degree-firstisear 0SS based on the Repadlaram which can be either

approach: we build the search space by greedily startinig wit CM or l_JM} -
tasks that have the smallest number of transformationss Thl{;' enl;e_lf)acmngHeunstlc(CHosts)
: i

ensures that when pruning is applied, it will likely maximiz
the size of the pruned subspace. This optimization strategy Fig. 2. The WRS Component of §RPHOSYS.
was shown to be quite effective in reducing the solutioncdear

space for network embedding problems [21]. V. MORPHOEYS: EVALUATION

Repacking Policies:Our WRS service could be instantiated, s section we present results from extensive experiaien
based on one of three possible repacking policies: No Repagky) jations of the MRrPHASYS framework. Our main purpose
ing (NR), Periodic Repacking (PR), and Forced Repacking 45ing 50 is to establish the feasibility of our proposer se

(FR). NR is used to disable WRS, PR allows repacking ce by: (1) comparing the schedulability of QoS workloads,

run at designated epochs/periods based on a system def'\[\}ﬁg and without applying our safe SLA transformations, (2)

: . ‘on lingayating the effect from using different migration padis
fashion (triggered by the WAS). on the efficiency of colocation, (3) evaluating the effect of
Migration Policies: The effectiveness of the repacking policchanges in the mix of fluid and non-fluid workloads, and
depends on the ability to migrate workloads from one host {4) evaluating the effect of changing the flexibility of fluid
another. However, adding hosts increases the total nunfbemerkloads on the efficiency of colocation.

workloads to be repacked which in turn results in an increaﬁ‘?(perimental Setup: Our setting is that of a cloud storage
in the total service turnaround time. Thus we model thres‘:ervice used to host a large number of streaming servers.
types of migration policies: No Migration (NM), Constrathe 1, qrive our simulations, we utilize a collection of video

Migration (CM), and Unconstrained Mi.g.ration (UM). NM yraces from [22]. We assume that the underlying system of
pgllcy aIIO\_/vs for repacking on the co_nd|t|on that work_load§he provider is a disk /O system that serves requests of
Wll! not migrate from the host to which they are assignedjitrarent streaming servers using a fixed priority scheuyli

This approach will naturally consideme host at a time, and algorithm, which we take to be Rate Monotonic. The usage

is suitable for running WAS in an “online” fashion. CM andy¢fiyeq priority algorithms for disk scheduling was suggest
UM policies allow for workloads to migrate from one hosrby Daigle and Strosnider [23], and Molano et al [24].

to another as long as it results in a more efficient repackingthe “video traces in [22] provide information about the

of these workloads. This is suitable when WAS is run in a3 mes of a large collection of video streams under a wide
“offline” fashion. The difference between CM and UM is inange of encoder configurations like H.264 and MPEG-4. We
the host selection criteria they utilize: UM considers gtem .o qucted our experiments with a subset of 30 streams, with
hosts,_whereas CM considers hosts that satisfy a hostiselec;p quality, and a total duration of one hour each. We iniiall

condition. identify the period for serving a video stream request as the

Host Selection Condition:A host is a candidate for repackingperiod of thel frames @.k.a, Group of Pictures, or GoPs).
if it satisfies a condition on its utilization. Lét < ¢ < 1 be Overall, there were three unique periods in our collectién o

the average host utilization, which we define as follows. ~ Video traces. . .
n We model the SLA associated with each stream as follows:
¢ = L Ui The SLA specifies a periodic (disk I/0) demadt over a
n periodic allocation timer".
whereu,; > 0 is the utilization of host. Furthermore, letv = For a given stream, the periodic demaftids set as follows:
>, Ci/T; be the sum of the utilizations of the workloads on (57 b,)
a specific host. A host is a candidate for repacking-fo > e, C = maxe%
%
®Initially, the “best” solution is set to the total number ofste used prior whereb; is the volume in bytes of the stream in interjak
t07repack|ng: . OxT,(i+1)%60=T].
For practical purposes, we set an upper-bound on the epectithe of The allocation period” is set to be equal t6 = 7" where
the repacking heuristic, which we take to be 5 minutes forisesvoperating : lon peri ! . .qu LW
on hourly “pay-as-you-go” reservations. T’ is one of the three unique periods in our video traces and



# (@ > 1) models the tolerance of the client (the recipientneasure of wasted resources when our baseline First-Fjit (FF
of the stream) to burstiness in the allocation over tin®. strategy is used. Thus, CE can be seen as the degree to which
large value forf implies that the allocation is over a largea strategy is superior to FF (the reduction in wasted ressurc
number of GoPs, and hence a tolerance by the client forrelative to FF). In our experiments, all CE values are caliad
bursty disbursement of periodic allocation. A small valoe f with 95% confidence.

0 specifies a smoother disbursement over time. Each cli
request specifies a value for the paramétevhich is chosen
at random between a lower bourtdand an upper bound.
In our experiments we s¢t = 1 and~ = 10.

%]élative Performance of Various Strategies:Recall that
the assignment of an incoming workload (request) is done
using WAS, which attempts various SLA transformations on
an incoming request until the potentially transformed esju
is possible to assign to a host (disk) using either FirsteFit

1 \ \ \ \ \ \ \ Best-Fit.
In a first set of experiments, we compared the performance
08 | of WAS with No Repacking under both FF and BF (namely
06 F oo FF-NR and BF-NR) to that of the plain FF and BF heuristics
L(‘)J e (i.e., without attempting any SLA transformations). Figure 3
04 [+~ shows the results we obtained when varying the arrival r&e (
e for the different packing strategies: BF, FF-NR, and BF-NR.
0.2 [ g . | In general, the performance of BF is only marginally better
0 L= . that FF, whereas both FF-NR and BF-NR show measurable

0 05 1 15 2 25 3 35 4 (upto20%) improvement over both FF and BF, with BF-NR

Arrival rate (\) performing slightly better than FF-NR. These results ssgge
that there is a measurable improvement in colocation efffigie
FF-I\El;E o EENM o EESM e even when minimal SLA transformations are allowed (namely
BF-NR -~  FF-CM BFE-UM o the transformation of the SLA of the incoming request only).
To evaluate the benefit from repacking and migration, we
Fig. 3. Colocation Efficiency: Baseline Results ran a similar experiment with the repacking policy set to

Forced Repacking (FR). Figure 3 shows the measured CE
values for different arrival rates\] and different repacking

To model the level of fluidity (flexibility) of an SLA, we . o . . . .
. ; , _ Strategies. Our “online” repacking strategies with no raigm
allow the periodT” to range from(¢ — o) « 1" t0 (0 + o) «T", _ namely FF-NM and BF-NM — improved colocation effi-

whereo (¢ > o > 0) determines the allowable deviation fromciency significantly. For lower arrival rates, CE was around

the nominal allocation period. A non-fluid SLA is one Wher%A, implying a 40% reduction in wasted (unallocated) re-

o =0 . . sources compared to FF. For moderate and higher arriva,rate
In our experiments, we model the churn in the sys_teme reduction is more pronounced around 50%.

as follows. Cller_nt arrivals (re_quests fgr streams) are Rmis Figure 3 also shows results of experiments in which var-
(independent) with a rat&. Poisson arrival processes for VoD.

. ; . ious migration policies are enabled — namely Constrained
have been observed in a number of earlier stucieg, (25]). Migration (CM) and Unconstrained Migration (UM). Both

A client’s session time is set to be the length of the entlrg roaches result in better performance compared to NM

stream served to the client. The specific stream requeshé;pfgroaches, yielding CE values between 0.55 and 0.6.

b{ the cI!erIL IS ch(t)sen IlEJmfor_me ?t ra_rt‘r‘j"f fror; d’“?“:‘?ggt_a To summarize, this initial set of experiments suggests that
streams In the System. EXperiments with Skewed distrnslioy, oy i the absence of any fluidity in the workload (SLA

(e.q, Zipf) resulted in results that are similar to those Obtdineflexibility), a reduction of up to 60% in the wasted resources

using uniform _preferenc%and thus are r}o.t reported. .is to be expected through the use of SLA transformations and
In our experiments, to measure the efficiency of a COIocat'ﬁ’Qpacking

strategy X, we report theColocation Efficiency(CE), which
is defined as follows: Benefit from Fluid Transformations: To measure the effect
W(X) of fluidity on the overall colocation efficiency, we perforthe
CE=1— —/—+% experiments using the same setting as before, while altpwin
W(FF) a certain percentage of the requests to be fluid (with=
where (X) is the amount of wasted (unallocated) resourcdg, and only allowing fluid transformations to be applied. In
when colocation strategyX is used, andW (FF) is the other words, non-fluid workloads were not subjected to any
transformations.
8In particular, for any given value df, it is assumed that the client is able  Figures 4 (a) and (b) show the results we obtained when
g’ok;,“sf;er (and hence absorb) up 10= 0 » 7" seconds of the streamd. 6 ;sjng hoth FF-NR and BF-NR, respectively, for various mixes
gThi‘s is expected given the relatively similar lengths of ttreams in the of fluid and non-fluid workloads. As the results suggest, igvi
trace. a mix with even a small percentage of fluid workloads results
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in improvements (up to 20%) that are comparable to whédisks) — up to2,000.1° In a typical laaS setting, there might

we obtained when transformation of non-fluid workloads wase even more resources under management — more than what a

allowed with no repacking (cf. Figure 3). single WAS instance can handle. We note that in such cases,
In the previous experiment, we fixed the fluidity level£ a practical solution would be to group the resources under

1) and studied the effect of changes in the mix of fluid versusanagement into separate clusters, each of which is managed

non-fluid SLAs. Figure 5 (a) and (b) show results of additiondy a single WAS.

experiments in which we changed the level of fluidity (the \ye note that our measurement of scalability deals only with
pa.lrametera)'whne keeplng the value oA = 1, for various ipe computational aspect of GRPHOSYS (namely, comput-
mixes of fluid and non-flwd_vyprkloads. Thege results shoyMg efficient colocation configuration). In actual deployrte
that only small levels of flexibility ¢ < 2) provided most of gcajapility will also depend on additional consideratiahse

the achlgvable improvements when only fluid transformation, system overheads that are dependent on the specificgsettin
are considered. For laasS settings like the one considered in the experinveats

Combined Benefit from Fluid and non-Fluid Transforma- Presented in this paper (colocation of streaming servers,
tions: Fixing the level of fluidity to a small values(= 1), Would not expect much reconfiguration overheads. However,
Figures 6 (a) and (b) show results from experiments in whid Other settings involving more significant overheaelg( the

all possible transformations are allowed in a No-Repackirfttndling of large memory VM images to allow VM migration
setting {.e, FF-NR and BF-NR) for different workload mixes.8cross hosts), the scalability of &&kpHSYS will depend on
The results (also shown in Figure 7 far= 1) show that the the efficient management of such aspects.

resulting performance is marginally better (by only a few-pe
centage points) than applyiragther non-fluid transformations
or fluid transformations.

101f migration of workloads is not enabled, WRS is able to handle

_ . ven larger clusters in an “online” fashion. Enabling migratintroduces
System Scalab'“ty' In our experiments, the WAS Componengignificam computational overheads when dealing with lashsters. This

of MORPHOSYS was able to handle large clusters of resourcesakes the use of migration in WAS more practical for “off-lindach) use.
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0.3 at no additional cost. Much work has gone into studying the
consolidation of workloads across various resources: CPU,
0.25 | memory, and network [7]-[9], [32]-[34]. Wooet al [33]
promote colocation as a way to minimize memory utilization
02} e by sharing portions of the physical memory between multiple
colocated VMs. Ishakian et al [34] presented a colocation
o 0.15 service which utilizes game theoretic aspects to achieye si
nificant cost savings for its (selfish) users. Network-aware
0.1 1 consolidations have been studied in [9]. Colocation has als
. been explored as a means of reducing the power consumption
0.05 | No-Fluid-Trans - :
Fluid-Trans in data centers, for example by Cardosa et al [8]. We note
0 ‘ ‘ ‘ ~ All-Trans — that in all these works, the specification of the resource
0 5 10 15 20 25 30 35 4o 'equirements for a VM is static and based on some fixed

average requested capacities. In our work, the specificatio
resource needs is much more expressive as it allows VMs to
control their resource allocation time-scale, as well gsosr

any flexibilities VMs may have regarding such timescale.

Fluid Requests (%)

Fig. 7.
A=1).

Effect of different types of transformations on the GEFF-NR

Real-Time Scheduling:Different scheduling algorithms were
Vi suggested to deal with scheduling of periodic/aperiodia ha

' real-time and soft-real time tasks [35] (and the references
Service Level Agreements (SLAs)There has been a sig-within). In addition, variants of proportional-share sdhéng
nificant amount of research on various topics related tgorithms — based on the concept of Generalized Processor
SLAs. The usage of resource management in grids have b&aring (GPS) have been suggested [15], [36] — which allow
considered in [26], [27]; issues related to specification @he integration of different classes of applications. Ehes
SLAs have been considered in [28]; and topics related &pproaches however do not take into consideration resenvat
the econimic aspects of SLAs usage for service provisionirg resources and fairness in allocating resources. The Wprk
through negotiation between consumers and providers @gttazzo et al [37] present an elastic task model based on a
considered in [29], [30]. A common characteristic (and/aasks defined using a tupl€, T, Trin, Tynaz, €), WhereT is
inherent assumption) in the above-referenced body of prigife period that the task requires,,;, andT,,., define the
work is that the customer's SLAs are immutable. We brealiaximum and minimum periods that a task can accept. Our
that assumption by recognizing the fact that there could 18 A model allows us to express classes of applications tieat a
multiple, yet functionally equivalent ways of expressingda more general than the elastic task model. Moreover, the SLA
honoring SLAs. Our MRPHCSYS framework utilizes this transformations that we utilize allow us to serve workloads

degree of freedom to achieve significantly better colocatio under completely differentC, T') server supplied resources.
VM Colocation: VM consolidation and colocation are very

active research topicse(y, the work by Jasoret al [31]) Hierarchical Scheduling: In [38], [39], hierarchical schedul-
that aim to minimize the operating cost of data centers ing was introduced in order to address the problem of accom-
terms of hardware, energy, and cooling, as well as providimgodating the colocation of real-time and non-real-time&ks$as
a potential benefit in terms of achieving higher performana the same host. Regehr and Stankovic [39] introduced a
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hierarchical scheduling framework providing various type Our on-going research work is pursued along three di-
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