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ABSTRACT
A virtualexecutionenvironmentconsistingof virtualmachines
(VMs) interconnectedwith virtual networksprovidesopportu-
nitiesto dynamicallyoptimize,atrun-time,theperformanceof
existing, unmodi�eddistributedapplicationswithout any user
or programmerintervention. Along with resourcemonitoring
andinferenceandapplication-independentadaptationmecha-
nisms,ef�cient adaptationalgorithmsarekey to the success
of suchan effort. In previous work we have describedour
measurementandinferenceframework, explainedouradapta-
tion mechanisms,andproposedsimpleheuristicsasadaptation
algorithms.Thoughwe weresuccessfulin improving perfor-
manceascomparedto thecasewith noadaptation,noneof our
algorithmswerecharacterizedby theoreticallyprovenbounds.
In this paper, we formalizetheadaptationproblem,show that
it is NP-hardandproposeresearchdirectionsfor comingup
with anef�cient solution.

1. INTRODUCTION
Virtualmachinesgreatlysimplify wide-areadistributedcom-

puting by lowering the abstractionto bene�t both resource
usersandproviders[1, 4]. We have beendevelopinga mid-
dlewaresystem,Virtuoso,for virtual machinegrid computing.
Virtuoso,for auser, verycloselyemulatestheexistingprocess
of buying, con�guring, andusinga computeror a collection
of computersfrom a website. Insteadof a physicalcomputer,
the userreceivesa referenceto the virtual machinewhich he
canthenuseto start,stop,reset,andclonethemachine.

Thenatureof thenetwork presencethatthevirtual machine
getsdependssolelyon thepoliciesof theremotesite. To deal
with this network problemwe developedVNET [8], a sim-
ple layer two virtual network tool. VNET is ideally placed
to monitor the resourcedemandsof the VMs. The VTTIF
(Virtual TopologyandTraf�c InferenceFramework) compo-
nentof Virtuosoachievesthis [2]. In addition,the execution
environmentcanusethenaturallyoccurringtraf�c of existing,
unmodi�edapplicationsrunninginsideof theVMs to measure
thecharacteristicsof theunderlyingphysicalnetwork.

2. DYNAMIC ADAPTATION PROBLEM
IN VIRTUAL EXECUTION ENVIRON­
MENTS

Any applicationrunningin a distributedenvironmentmust
adaptto the continuouslychangingnetwork and computing

resources.Despitemany efforts,adaptationhasremainedvery
applicationspeci�c.

A virtual executionenvironment,suchasVirtuoso 1, pro-
videsanopportunityto dynamicallyoptimize,at run-time,the
performanceof existing, unmodi�ed distributed applications
runningonexisting,unmodi�edoperatingsystemswithoutany
useror programmerintervention.However, a numberof chal-
lengesmust�rst bemet.Figure1 illustratesasimpli�ed adap-
tationscenariowhereinagreedyheuristicdrivesoverlaytopol-
ogyandroutingchanges,leveragingdatainferredby VTTIF.

Measurementand inference:This involves(a) measuring
thetraf�c loadandtopologyof applicationsrunninginsidethe
virtual machines,(b) monitoringthe underlyingnetwork and
inferring its topology, bandwidthandlatency characteristics,
and(c) measuringhostandVM characteristicssuchas their
size,computecapacitiesanddemands.In previouswork [2, 3]
wehaveshown how to successfullyaccomplishthesetasks.

Adaptation mechanisms:A widevarietyof adaptationmech-
anismsarepossiblein the context of virtual executionenvi-
ronments,suchas(a)VM migration,(b) overlaytopologyand
routing changes,and(c) network andCPU resourcereserva-
tion wherepossible.Thesehavebeendescribedpreviously [9,
6, 7].

Adaptation algorithm: Most importantly, we needan ef-
�cient algorithm to drive the adaptationmechanismswhile
guidedby themeasuredandinferreddata.Notethattheremay
beavarietyof reasonableadaptationgoalsin termsof latency,
throughput,congestion,workloadetc. For this paperwe for-
mulatethe problemwith the goal of maximizingapplication
throughput.

VNET monitorstheunderlyingnetwork andprovidesa di-
rectedVNET topologygraph,G= (H;E), whereH areVNET
nodes(hostsrunningVNET daemonsandcapableof support-
ing one or more VMs) and E are the possibleVNET links.
Notethatthismaynotbeacompletegraphasmany links may
notbepossibledueto particularnetwork managementandse-
curity policiesat differentnetwork sites.VNET alsoprovides
estimatesfor theavailablebandwidthandlatenciesover each
link in the VNET topology graph. Theseestimatesare de-
scribedby a bandwidthcapacityfunction,bw : E ! R, anda
latency function,lat : E ! R.

In addition,VNET alsocollectsinformationregardingthe
spacecapacity(in bytes)andcomputecapacitymadeavailable
by eachhost,describedby a hostcomputecapacityfunction,
compute: H ! R and a host spacecapacityfunction, size

1http://virtuoso.cs.northwestern.edu
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Figure 1: As the application progressesVNET adapts its
overlay topology to match that of the application commu-
nication as inferr ed by VTTIF leading to a signi�cant im-
provement in application performance, without any par-
ticipation fr om the user.

: H ! R. The set of virtual machinesparticipatingin the
applicationis denotedby the setVM. The sizeandcompute
capacitydemandsmadeby every VM arealsoestimatedand
denotedby a VM computedemandfunction, vm compute:
VM ! R andaVM spacedemandfunction,vm size: VM !
R, respectively.

VTTIF infers the applicationcommunicationtopology in
order to generatethe traf�c requirementsof the application,
A, which is a setof 4-tuples,Ai = (si ;di ;bi ; l i), i = 1;2: : :m,
wheresi is thesourceVM, di is thedestinationVM, bi is the
bandwidthdemandbetweenthesourcedestinationpair andl i
is thelatency demandbetweenthesourcedestinationpair.

The goal is to �nd an adaptationalgorithm that usesthe
measuredand inferreddataanddrives the adaptationmech-
anismsat handto improve applicationthroughput. In other
wordswewish to �nd

� a mappingfrom VMs to hosts,vmap: VM ! H, meet-
ing thesizeandcomputecapacitydemandsof theVMs
within the host constraints. Further, we may also be
given a setof constraintmappingsfrom VMs to hosts
thathave to bemaintainedat all times,representedby a
setof orderedpairsMi = (vmi ;hi), vmi 2 VM, hi 2 H.

� a routing, R : A ! P, whereP is the setof all paths
in the graphG = (H;E), i.e. for every 4-tuple, Ai =
(si ;di ;bi ; l i), allocateapath,p

�
vmap(si);vmap(di)

�
, over

theoverlaygraph,G, meetingtheapplicationdemands
while satisfyingthe bandwidthand latency constraints
of thenetwork.

Onceall the mappingsandpathshave beendecided,each
VNET edgewill have a residualcapacity, rce, which is the
bandwidthremainingunutilizedonthatedge,in thatdirection.

rce = bwe � å
e2R(Ai )

bi

For eachmappedpath,R(Ai), wede�ne its bottleneckband-
width, bb

�
R(Ai)

�
= mine2R(Ai )

�
rce

	
andits total latency,

tl
�
R(Ai)

�
= å e2R(Ai )

�
late

�

Theaimof theadaptationalgorithmis to maximizethesum
of residualbottleneckbandwidthsovereachmappedpath.The
intuition behindthis objective function is to leave the most
room for the applicationto increaseperformancewithin the
currentcon�guration therebyincreasingapplicationthrough-
put.

Problem1 (GenericAdaptationProblemIn Virtual Execution
Environments(GAPVEE))

INPUT:
� A directedgraphG = (H;E)
� A functionbw : E ! R
� A functionlat : E ! R
� A functioncompute: H ! R
� A functionsize: H ! R
� A set,VM = (vm1;vm2 : : :vmn), n 2 N
� A functionvm compute: VM ! R
� A functionvm size: VM ! R
� A setof ordered4-tuples

A = f (si ;di ;bi ; l i ) j si ;di 2 VM; bi ; l i 2 R; i = 1; : : : ;mg
� A setof orderedpairs

M = f (vmi ;hi ) j vmi 2 VM;hi 2 H; i = 1;2: : : r; r � ng

OUTPUT: vmap: VM ! H andR: A ! P suchthat
� å vmap(vm)= h

�
vm compute(vm)

�
� compute(h), 8 h 2 H

� å vmap(vm)= h
�
vm size(vm)

�
� size(h), 8 h 2 H

� hi = vmap(vmi ), 8Mi = (vmi ;hi ) 2 M
�

�
bwe � å e2R(Ai ) bi

�
� 0, 8e2 E

�
�

å e2R(Ai ) late
�

� l i , 8e2 E
� å m

i= 1

�
mine2R(Ai )

�
rceg

�
, whererce = (bwe � å e2R(Ai ) bi ), is

maximized

3. A SPECIAL CASE OF THE ADAPTA­
TION PROBLEM

The genericadaptationproblemseeksa mapping,vmap,
from VMs to hostsanda routing, R, of VM traf�c over the
overlaynetwork, G. To establishthehardnessof theproblem,
we considera specialcaseof theproblemwhereinall theVM
to hostmappingsareconstrainedby theorderedpairsM and
latency demandsaredropped,leaving usonly with therouting
problem.

Sincethe mappingsarepre-de�ned,we canformulatethe
problemin termsof only thehostsandexcludeall VMs. Also,
asthelatency demandshave beendropped,theapplication4-
tuple reducesto 3-tuple, Ai = (si ;di ;bi), si ;di 2 H, bi 2 R,
i = 1;2: : :m. Notice that now si ;di 2 H asVM to hostmap-
pingsare�x ed andVMs aresynonymouswith the hoststhat
they aremappedto.

Problem 2 (RoutingProblemIn Virtual ExecutionEnviron-
ments(RPVEE))

INPUT:
� A directedgraphG = (H;E)
� A functionbw : E ! R
� A setof ordered3-tuples

A = f (si ;di ;bi ) j si ;di 2 H; bi 2 R; i = 1; : : : ;mg

OUTPUT: R: A ! P suchthat
�

�
bwe

�
�

�
å e2R(Ai ) bi

�
� 0, 8e2 E,

� å m
i= 1

�
mine2R(Ai )

�
rceg

�
, whererce = (bwe � å e2R(Ai ) bi ), is

maximized
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Figure 2: ReducingEDPP to RPVEED. The edgeweights
arebandwidths asspeci�ed by the function bw.

4. ANALYSIS

Theorem 1. RPVEEis NP-hard.

The NP-hardnessfor the problemis establishedby reduc-
tion from the EdgeDisjoint Path Problem(EDPP)which is
shown to be NP-completein [5]. In the interestof spacewe
provideonly abrief sketchof thereductionhere.2

Problem3 (EdgeDisjoint PathProblem(EDPP))

INPUT:
� A graphG = (H;E), jHj = p, jEj = q
� A setof ordered2-tuplesS= f (si ;di ) j si ;di 2 H; i = 1; : : : ;kg

OUTPUT:
� Yes,if andonly if 8(si ;di ) 2 S their exist edgedisjointpaths

from si to di in G = (H;E)
� No, otherwise

For reducingEDPPto aninstanceof thedecisionversionof
RPVEE(RPVEED),constructa completegraphG0= (V;E0)
wherebw((u;v)) = 1+ e if (u;v) 2 E andbw((u;v)) = 1 if
(u;v) =2 E. Furtherfor all (si ;di) 2 S, let (si ;di ;1) 2 A. Fig-
ure2 illustratesthis reduction.Notethatthereexistsedgedis-
joint pathsfor theEDPPif andonly if thesumof bottleneck
bandwidthsin theinstanceof RPVEEDis k�e.

SinceGAPVEEis a specialcaseof RPVEE,the following
theoremimmediatelyfollows.

Theorem 2. GAPVEEis NP-hard.

5. STATUS
Wehavepreviouslydevelopedavarietyof heuristicstodrive

theadaptationmechanisms[9]. Thoughthey weresuccessful
in improving performancerelative to thenaiveapproach(with
no adaptation),we believe thereis signi�cant scopefor im-
provement.Therefore,asa �rst step,we have formalizedthe
adaptationproblemandgiven preliminaryresultsof its hard-
ness.

Eventhoughtheproblemin thismostgenericincarnationis
computationallyhard,specialcasesof theproblemamenable

2Completeproofsat: http://virtuoso.cs.northwestern.edu/

to ef�cient solutionswill beof signi�cant interestaswe have
a working systemwhereinvariousadaptationalgorithmscan
bedeployedandstudiedconveniently.

Therearea numberof well studiedvariantsof our problem
suchasrouting un-splittable�o ws. We believe that the rich
collectionof approximationalgorithmsalreadyavailable for
themcanbeadaptedto ourspeci�c problem.Accordingly, we
havebegunwork in thatdirection.

6. CONCLUSION
We formalizethe adaptationproblemthat arisesin virtual

executionenvironmentsconsistingof virtual machinesinter-
connectedby virtual networks. Sucha platformprovidesop-
portunitiesto dynamicallyoptimize,at run-time, the perfor-
manceof existing,unmodi�eddistributedapplicationsrunning
onexisting,unmodi�ed operatingsystemswithoutany useror
programmerintervention. We show that theadaptationprob-
lem is NP-hardandproposepotentialresearchdirectionsfor
comingup with ef�cient solutionsto certaininterestingspe-
cial cases.
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