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ABSTRACT

This thesisfocuseson two important aspectsof runtime support for parallel and distributed

applications. First, we presen the designand implementation of Clam, a runtime system
which provides one-sidedcommunication with the support for global name-spacepbject mi-
gration, and transparert routing of messages$o objects. Second,we perform a comparative
study of techniquesusedfor managinglocation information of mobile objects within Clam.
The performance evaluation of the runtime system justi es the design decisionswe have
made and shows the advantagesof the implementation over similar libraries. The study of
location managemen revealsthat for somedistributed applications an intelligent choice of
location managemen policy is a crucial cortributing factor to the application performance.

viii
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Chapter 1

Intro duction

In this thesis we focus on software runtime support systemfor asyndronous adaptive and
irregular applications, like Adaptive Mesh Generation and Re nement (AMR). Speci cally,
we describe an excient implementation of one-sided communication and global address
space,which is crucial for theseapplications. Existing runtime ervironments either do not
have these capabilities or have a number of caveats, like poor portabilit y, that complicate
their wide-spreadusage.

There are two major contributions of this thesis. First, we designand implement an
excient portable runtime system that addresseshe computation and communication re-
guirements of applications like parallel AMR. Our approad is basedon careful balance of
three important issues:correctness,performance,and ease-of-use.The preliminary results
shaw that the implementation is portable, easyto use, and introduceslow overheadsover
the underlying low-level communication substrate. Second,we presert an evaluation of the
location managemen medcanismsimplemented within the runtime system. To the best of
our knowledge, location managemen has not beenstudied previously in this context. Our
results indicate that location managemet is critical for certain applications and thus must

be carefully consideredduring the application design.
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The runtime system we presern here provides customized runtime support for asyn-
chronous adaptive and irregular applications. The computations in sud applications can
be tightly or partially coupled, or decoupled. The level of coupling is determined by the in-
tensity of the communication and by the level of dependencybetweencommunicating tasks.
Communication intensive applications generatelarge amounts of messagedn short time pe-
riods. For AMR applications this meansfrom tens to hundreds of thousands of messages
per second. Someapplications can postpone processingof the incoming messagesvithout
delaying the computation within a task. Others have to wait for incoming communication,
or suspend until the previously posted communication is acknowledgedby the partner task.
We call computations tightly coupled if they have strong dependencies(i.e., require syn-
chronous communication) and are communication intensive. If the communication is not
intensive, but weak dependenciesare presernt (i.e., communication can be asyndironous),
the computation is called partially (or loosely) coupled. Applications which do not have
any communication and/or dependenciesare called decoupled.

The Portable Runtime Environment for Mobile Applications (PREMA) is a framework
created to support the developmen of AMR-lik e applications. The Communication Layer
for Asynchronous Mobile Computations (Clam) we describe in this thesis servesas a com-
munication componert of the PREMA framework and is superior to the previously used
implementation, aswe show in our performanceevaluation.

The problem of location managemen within Clam emergesfrom the adaptivity of the
applications we aim to support. Becauseof this adaptivity, dynamic load-balancing is
critical. Mobile object abstraction is provided by Clam for the purposesof balancing work-

units amongthe processors.The data dependenciesoften presert in an application require
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medanismsto \communicate" with the non-local work-units (objects). A Location Man-
agemen Policy (LMP) implementation enablesthis communication in the context of object
migration, or mobility.

In this thesiswe survey existing approacesfor location managemen. We identify a set
of diverse LMPs, describe their strengths and weaknessesperform an experimental study
to evaluate their properties and their impact on the performanceof the selectedbenchmark
applications.

The rest of the thesis is structured as follows. In Chapter 2 we concerrate on the
details of designand implementation of Clam. Chapter 3 introducesthe problem of loca-
tion managemenm, surveys existing approacdesin related areas,and describesin detail the
LMPs we selectedfor the evaluation. Chapter 4 presers our performance data from the
evaluation of the runtime systemand the selectedLMPs. We concludewith the summary

of contributions and directions for future work in Chapter 5.



Chapter 2

Runtime System

In this chapter we describe the designand implementation of the light Communication Layer
for AsynchronousMobile Computations (Clam)?®. Our designand implemertation are based
on the balance of three important issues: correctness,performance, and ease-of-use.Our
preliminary experiencewith Clam as a componert of the Portable Runtime Environment
for Mobile Applications (PREMA) shows an improvemert in the overall quality of PREMA

software in terms of portabilit y, performance,and e®ectiveness.

2.1 Functionalit y

The computations assaiated with parallel adaptive and irregular applications, like mesh
generationand re nement, are either tightly coupledor partially coupled. Computation and
communication patterns for these applications are variable and unpredictable. One-sided
communication paradigm substartially simpli es code developmert and maintainabilit y for
such applications. Clam supports one-sidedcommunication in the context of data/ob ject

migration. Its functionality can be grouped as follows:

1The name, Clam, re’ects the desired features of the implementation: it should be small, strong and
viable.
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2 remote memory operations : put and get;

2 remote service request (RSR) : invocation of an application-de ned function on a

remote processor;

2 mobile object functionalit y: creation, migration, and messagingor mobile objects.

Each processoris assigneda unique identi er. A user-de ned set of functions, which
should correspond to the prede ned prototypes, is registered with the runtime system.
These functions are called handlers. A handler can be invoked on a remote processor
using the Clam API. There are four types of handlers: (1) memory operation, (2) RSR
( xed number of argumerts), (3) RSRN (takesbu®erasan argumert) and (4) mobile object
messagehandlers.

The targeted applications require excient asyndronous communication support. Com-
munication primitiv esprovided by Clam are non-blocking. Clam can communicate directly
using user bu®ersand calling user-speci ed callback function when the communication is
complete. If no callbadk function is provided, Clam will copy user data into a new bu®er,
sothat the bu®ercan be reusedupon the function return.

The mobile object functionality provides support for application adaptivity. Load-
balancing is crucial in AMR applications. The application workload cannot be statically
distributed becauseit is changing throughout the execution. Thus, work-units should mi-
grate among the processors.The workload local to a processorcan be represened by the
set of data objects in the memory of that processor(this is a particularly useful abstraction
for AMR applications). During load-balancing, local work-units (objects) can migrate to

the addressspaceof remote processors.Howewer, the computation is not decoupledin the
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generalcase:there may be dependenciesbetweenwork-units located on di®erert processors.
Hencethe requiremert for communication support in the context of mobile objects.

Applications which use Clam can assaiate a mobile pointer with any data object local
to the processor'smemory. This procedure makes that object mobile in the corntext of
Clam, and thus in the cortext of the application. Given a mobile pointer to an object,
the application can senda messageto that object. When the application sendsa message
to a mobile pointer, it speci es the target mobile pointer, the messagehandler, and the
argumerts to be passedto the handler. The runtime systemis responsible for delivery of
this messageto the object. A messagewill result in an invocation of the messagehandler
on the processor,wherethe recipient object is currently located. When an object hasto be
migrate from one processorto another, it should be uninstalled using Clam API and after
migration installed at the new processor.

Clam is using single-threaded execution model. A separate thread may be used for
communication purposes(although no additional threads are usedin the current implemen-
tation). The application should explicitly call poll function of Clam in order for pending
handlersto be executed;handlers are executedsyndironously.

In addition to the described functionality, Clam provides barrier syndironization and
guiescencedetection primitiv es. Quiescencedetection implements Safra's termination de-
tection algorithm described by Dijkstra in [24]. The systemis quiescen when no handlers
are awaiting execution and there is no pending communication. Suc functionality proved
to be essetial for application-level termination detection. Excient termination detection

is crucial for asyndironous application and for parallel meshgenerationin particular.
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2.2 Design Considerations

There are three important issuesto be consideredin the designof a runtime system: correct-
ness,performanceand ease-of-useThe designof Clam attempts to balancethese aspects.

The importance of correctnessis speci cally emphasizedbecauseof the one-sidednature
of communication. In binary send/receive communication the application is responsible for
avoiding communication deadlocks. One-sided communication is usually implemented on
top of binary send/receive provided by the operating system. Thus, the burden of deadlock
preverntion is the responsibility of the runtime system. The one-sidedcommunication func-
tionalit y of Clam is similar to this of Active MessagegAM) [48]. Howewer, the limitations
imposedby AM are too strict for the AMR applications. Clam relaxestheserequiremerts:
the only limitation for user handlersis that polling cannot be performed within the han-
dler. The e®ectis twofold. The relaxing of the model gives application dewvelopers more
°exibilit y. At the sametime, it introducesthe possibility for deadlock: unrestricted com-
munication can eventually lead to memory exhaustion, which cannot be prevented by the
runtime system.

Performance of the runtime systemis determined by a number of componerts. First,
the overheadsintro duced by the runtime systemover the underlying communication should
be small. Second,the use of the runtime system should not diminish the scalability of the
application. Finally, the runtime system should not restrict the capability of application
to use otherwise available system functionality. Minimum number of intermediate layers
within the systemresults in fewer memory copiesand faster messagegprocessing.Although

it is appealing to implemernt mobile object messagingon top of the Remote ServiceRequest
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functionality, this would inevitably leadto additional overheads. The mobile object message
functionality is implemented on the samelevelasRSRin Clam. Our performanceevaluation
shaws the advantages of this designdecision.

The Clam design addresseshe ease-of-usaequiremert by de ning small, nonetheless
powerful, API. Discussionswith applications dewelopers made it possibleto identify the
core functionality required from the runtime system, de ne its clear semarnics and avoid
redundancy.

Portabilit y of the runtime systemis yet another designconcern. Clam as a componert
of PREMA is designedto be highly portable and interoperable with existing systems. The
primary interoperability problem we encourtered is concernedwith the MPI implementation
(here and throughout this thesis, the MPI implementation usedin Clam and discussedin
the examplesis LAM MPI [2]). There are two main reasonswhy MPI interoperability is

important:

2 the functionality provided by MPI cannot and should not be duplicated in Clam;

2 applications which already use MPI may require support from Clam too.

The rst implementation of Clam was based on MPI point-to-p oint communication,
becauseof wide popularity and portabilit y of MPI. The interoperability problemsarisefrom
the fact, that in LAM MPI there is only one TCP communication channel which handles
interprocessorpoint-to-p oint communication. The MPI standard [3] suggeststhat MPI
implementation may use multiple channels. Howewer, no excient publicly available stable
MPI implementation exist which would have this feature. Myrinet and out-of-band UDP

LAM MPI implementations do not have single channel limitation [1], but Myrinet is not
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procO procl

Cannot be received!

MPI _Send(...) ><

MPI _Reduce(...) bu®ersfull!

’  bu®ered

MPI _Send(...)

rer(...)/ ’  bu®ered
/ MPI _Send(...)

rsrN(...)

MPI _Reduce(...)

Figure 2.1: Potential deadlock induced by bu®ering.

widely available, and out-of-band UDP is very slow and designedprimarily for debugging
purposes. The lack for multi-channel TCP support within MPI can lead to problems with
bu®eringin a runtime library which usesMPI for communication.

Figure 2.1 depicts one of the possible deadlock scenariosin a runtime system which
usesMPI for communication. procO issuesa seriesof one-sidedcommunication operations,
which eventually result in MPI _Sends. procl, however, doesnot issuepoll operation, and
the posted sendsare bu®eredby MPI or by the operating system. The MPI collective
operation, MPI _Reduce, invoked later requires communication over the TCP connection
which was used previously by MPI _Sends. The bu®er spaceavailable in LAM MPI may
not sutce at that point to bu®erall pending sendsinitiated by the runtime systemand re-
ceive MP| _Reduce send. Hence,communication required by MPI _Reduce cannot complete.
The communication channels can be freed only after matching receives are posted for the
bu®eredsends. This can be done only during polling, since we consider single-threaded

implemertation.
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The Clam designaddresseshe issueof interoperability in two ways. First, the Clam API
includes functionalit y, which allows application to determine the completion of all pending
communication. Second,the designis taking into accourt the communication layer porta-
bility. We de ne the Abstract Communication Interface (ACl) as a componert of Clam.
ACI is the only part of Clam which interacts directly with OS-provided communication
primitiv es(MPI, TCP etc). The ACI API provides a small set of operations to enablepost-
ing of communication requests. It is sutcient to re-implemert ACI in order to port Clam on
a new communication substrate. Any implementation of the ACI which doesnot use MPI
performs all communication via non-MPI communication channels,and thus eliminates the

possibility of the previously described bu®ering problem.

2.3 Implemen tation

The architecture of Clam is presertied in gure 2.2. Clam is implemented asa setof modules.
Some of the architecture componerts are tightly incorporated within the system. Other
componerts are interfaced through a set of functions sothat they can be easily substituted.

Clam is implemented in C. This decision has been made for better portabilit y and to
achieve better performance. C++ lacks portabilit y becauseof di®erencesn implementation
of the languageand STL acrossdi®eren vendorsand platforms. It is alsoquite problematic
to usea runtime systemwritten in C++ with applications implemented in C. Clam data
structures (list and hashable) are basedon implementations from Linux kernel [18]. These
data structures are usedby ACI implementation and in the main module of Clam.

The memory manageris another shared componert of the system. It allows for strict
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Clam API

Location mgmt

\ MO operations
User handlers =

Msg processing

Handler operatior|s

v
Data structs mgmt

UDP
TCP

Figure 2.2: The architecture of Clam.

chedking of memory operations in the debug mode and enablescading of frequertly used
data structures (greatly simpli ed version of slab cacing [17]). Uncoordinated memory
managemen complicates debugging and does not improve performance. Clam memory
manager signi cantly simpli es the processof dewelopmert and gives slight performance
gains, which are to be evaluated later.

The communication-dependert part of Clam is hidden within the ACI implementation.
Again, this addresseshe issueof Clam portabilit y. The ACI APl canbe implemented with

virtually any subsystemwhich provides point-to-p oint communication primitiv es. All com-
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munication operations result in posting asyndironous communication requeststo the ACI.

The communication is initiated by passingprocessorD, communication bu®er,and request
status object to the ACI. When the requestedcommunication operation is complete, the

status object is updated to re°ect the completion. The two available tested implementations

of ACI are basedon MPI and TCP. In the current implementation, TCP ACI module is
still using MPI for startup, processorranking, and internal TCP channel setup. Thesepro-

cedurescan be implemented without MPI. This hasnot beendonein Clam mostly because
of the corveniert startup and termination functionality provided by LAM MPI.

There are additional bene ts from having clear separation of communication-speci ¢
part of Clam. Some of the applications from the targeted domain communicate large
amounts of small messages. Such applications can possibly achieve better network uti-
lization communicating through UDP instead of TCP. With the separation of ACI, sud
implemertation has becomepossible. However, the complexity of UDP ACI implementa-
tion is much more sophisticated than TCP ACI. Also, experienceof dewelopersin the area
shaws, that very slight performance improvemerts of communication over UDP are not
justi ed by the implementation complexity [6,7]. The implemertation of UDP ACI is left
as future work.

The functions of the main Clam module provide support for:

2 handler registration: medanismsfor address-indegnden cross-praessorhandler in-

vocation;

2 mobile object operations: functions for creation, migration and processingof messages

for mobile objects, FIF O ordering of messages;
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2 gynchmnization: guaranteesthat only onethread is inside Clam at a time, and pro-
vides mobile object lock during execution of a handler directed to that object (while

locked mobile object cannot migrate);

2 ACI requestmanagement maintains queuesof incomplete ACI requestsand processes

completed requests.

The mobile pointer functionality has beendiscussedearlier. Such functionality requires
support for transparent location-independert messagédiandler invocation. A speci ¢ module
of Clam, the Location Managemen Module, is performing this function. The location man-
agemen module implements a Location ManagementPolicy (LMP), an algorithm, which
provides location-independert messagerouting. Location managemet is the certral point
of researt for the secondpart of this thesis. It was very important to make this module
highly \pluggable". The location managememn module is interfacing Clam through the set
of functions and can be easily swapped (this idea is similar to the way speci ¢ lesystem
is implemented within the Linux kernel VFS [18], but in the current Clam implementation

the location managemen module cannot be changedat runtime).

2.4 Related Work

Clam has been designedand implemented to serwe as a new communication layer for the
PREMA framework. In this section, the previously usedimplementation of the communi-
cation substrate within PREMA is discussed.For the comprehensie survey of related work

in the context of other runtime systemsthe readeris referred to [13].
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Adaptive Application

Explicit Load Balancing|| Implicit Load Balancing
Application Code Library

Mobile Object Layer (MOL)

Data Movement and Control Substrate
(DMCS)

Low-Level Communication Substrate

Operating System
e.g. MPI or LAPI P 95y

Figure 2.3: The initial architecture of PREMA.

The PREMA programming model employs SPMD approad, similar to conventional
MPI-1 [3] applications. The initial architecture of PREMA is shown in gure 2.3. The
framework included three layers. The Data Movemen and Control Substrate (DMCS) was
interfacing the low-level communication primitiv es(MPI or LAPI) and provided one-sided
communication and RSR functionality. DMCS is described in detail in [15]. The Mobile
Object Layer (MOL) [22]wasimplemented on top of the DMCS APIl. MOL provided global
addressspacefor the mobile object abstraction (object mobility was previously implemented
in Smalltalk [16] and Emerald [31]). Mobile object functionality servesas the basisfor the
Implicit Load Balancing Library (ILB), which usesmobile object abstraction to implement
schalulable objects (SO). A SO is the smallest unit of granularity managedby the ILB.
Balancing workload among the processorsis done by assaiating SOs with the workload
units and migrating them among the processors.

It hasbeenshown, that the functionality provided by PREMA helpsin achieving good
application performance[12]. It is also the casethat application developmert is greatly

simpli ed when PREMA is used. Howewer, we discovered a number of problems in the
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initial design and implementation of PREMA. Most of the problems were identi ed from
our experiencewith applications, using the framework depicted in gure 2.3.
With Clam we addressedthe problems discovered within the DMCS/MOL implemen-

tation:

2 lack of true interoperability with MPI (Clam: communication quiescenceprocedure

added, TCP-based implementation available);

2 complicated and overloaded APl (Clam: API reducedabout two times, duplication

of DMCS functionality within MOL eliminated, simpli ed semartics of the API);

2 \separation of concerns"betweenDMCS and MOL (Clam: monolithic design);

2 uyseof C++ reducesportabilit y and interoperability with applications (Clam: imple-

merted in C);

2 poor portabilit y due to tight dependencyon MPI (Clam: clear separation of commu-

nication module; implementations basedboth on TCP and MPI are available).

Clam has becomea new communication layer of the PREMA framework. The ILB
module and existing applications, which useit, have beenported on Clam in three days.
This fact supports the for high ease-of-useand stability of Clam. Performance results
preseried in section4.2 show, that Clam hasa number of advantagesover the DMCS/MOL

implementation.
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2.5 Discussion and Future Work

Despite the obvious bene ts of the Clam designand implementation, it cannot be considered
the last step in the ewolution of the communication subsystemof PREMA. A number of
outstanding issuesstill have to be studied. First, experimental data show, that for some
application con gurations, Clam adds higher overhead comparedto DMCS/MOL (about
10% more). It is the case,that DMCS communication usesblocking MPI _Send calls for
communication. For small messageglessthan 64Kb) blocking communication achievesthe
best performance[1]. Howevwer, it is known that blocking on communication can lead to a
deadlock [48]. It remainsto be seenwhether this di®erencein communication mecanisms
is the causeof the obsened overhead. A thorough pro ling hasto be completed.

Current Clam implementation doesnot use additional threads for communication pur-
poses.Advantages of adding suc threads to the implementation have to be considered.

The experiencewith the ILB shawed, that it is absolutely necessaryfor load-balancerto
be able to receiw load-balancing utilit y messagesndependertly and concurrertly with the
application execution[12]. In DMCS/MOL, and currently within Clam, this is achieved by
syndhronizing the runtime systemand performing periodic poll in a separateload-balancer
thread. Load-balancing messagesare distinguished from the application messagesusing
tags. Howewer, this turned out to be an unsatisfactory solution for applications which
generatehigh network tratc. Congestionof the single processor-to-praessorcommunica-
tion channel leadsto late arrival of load-balancer messagesand thus poor load-balancing
decisions. In future, we plan to addressthis issueby providing an API for creation of addi-

tional communication networks (not possiblein MPI ACI, but feasiblein TCP). This will
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eliminate the channel congestionproblem and the existing requiremert for messageags.

Garbage collection of destroyed and unused mobile pointers has not beenaddressedin
the current implementation. The reasonfor this is that the implementation of distributed
garbagecollection would add a lot to the complexity of the code and to the runtime over-
heads(most of the distributed garbagecollection algorithms require additional communica-
tion [41]). For the existing AMR applications which use PREMA, there is no requiremert
for dynamic object destruction. Distributed garbagecollection in Clam is left as a future
work.

Finally, Clam is an open-sourceproject. We plan to prepare releaseof the sourcecode

and make this runtime systemavailable to the community in the near future.



Chapter 3

Location Managemen t Policies

The problem of location managemen (LM) is relevant in parallel and distributed systems,
where objects dynamically relocate. Tecniquesfor managinglocation, i.e., Location Man-
agemen Policies (LMP), describe the rules which are usedto nd objects and the actions
to be taken when objects migrate to the new locations in the network.

A LMP should provide etcient implemenrtations for move and nd operations on ob-
jects. Exciency in the context of LMP is de ned in terms of (1) communication, (2)
computation overheads,and (3) responsetime. Howewer, for the sameLMP, it is possible
that optimizations of one operation will deteriorate the performance of another and vise
versa. This is illustrated by the following two extreme strategies, described in [11]. The
\ful l-information" strategy requires up-to-date information about all objects for excient
‘nd operations, but then the cost for performing move is high (all nodes have to be up-
dated). On the other hand the \no-information " strategy doesnot require location updates.
Consequetly, the nd operation is very expensiwe, its costis almost equivalert to a global
seard.

In this thesiswe evaluate the impact of location managemen policies on performanceof

parallel and distributed applications that require object migration. Speci cally, we evaluate
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a number of diverselocation managemenm policies within Clam, the runtime system pre-
serted in Chapter 2. The LMPs we evaluate combine existing experienceof location man-
agemen in Parallel Distributed Computations (PDC), mobile communication networks,
and mobile agerts computing. This ewaluation is the rst (to the best of our knowledge)
comprehensie evaluation of LMPs in PDC. One of the objectivesof this study is to classify
existing location managemen approacesin terms of their impact on the overall perfor-
mance of parallel and distributed computation applications.

In this chapter we rst overview location managemen in parallel and distributed compu-
tations, mobile communication networks, and mobile agerts computing. We do not overview
location managemen in the areas,which have signi cant di®erencesn the model or prob-
lem statemert comparedto location managemetn in Clam (e.g., Distributed SharedMemory
concernswith replication and consistencymodels [33]; in Peer-to-Peer systemsassignmei
of objects is almost static and the seard procedure usesdi®erert assumptions[38]). Next
we describe location managemen in Clam, the design choicesfor LMP dewelopmert, and

the policies we have implemented and evaluated.

3.1 Overview

3.1.1 Parallel Distributed Computations

We study location managemem in the context of the runtime system described in the
previous chapter. The Clam mobile object model assumesthat mobile objects represen
user-de ned objects, which correspond to user data. These mobile objects are distributed

amongthe processorsuy the ILB library to balancethe processorsworkload. The task for
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Clam is to provide excient routing of messagesert to mobile objects.

Our survey of the related work on location managemen within those runtime systems
that provide support for object mobility showed, that most of such systemsuse the same
LM technique. The forwarding addressestechnique was rst usedin DEMOS/MP operating
systemsin the context of processmigration [42]. Later it was extended and evaluated by
Fowler in [27]. In forwarding technique ead time an object migrates, it leavesa pointer to
the newlocation. Messagesern to the object follow the trail of pointers to reac the object.
A number of modi cations described later in this chapter allow to keepthe forwarding chain
short.

Following are someof the systems,which employ forwarding technique for location man-
agemen: Emerald [31] (object-oriented systemwith ne-grained object mobility support);
Thor [37] (implements object-oriented database managemem system); Amber [20] (pro-
vides simpli ed model for multipro cessorapplications). SSP chains [44] (distributed tech-
nique for garbage-collection), MOL [22] (mobile object functionality for load-balancing),
Charm++ [36] (framework for dynamic load-balancing).

Another technique for mobile object location managemet is the certralized directory. It
is usedin ABC++ which extends object-oriented features of C++ and provides object mi-
gration support using certralized location database[10]. Few other systemsuseuncommon
methods for location managemem. These systemsare usually developed for speci ¢ appli-
cations and and henceare not universal. For example the arrow protocol implemented in
the Aleph toolkit [28] supports exclusive accesgo objects using directory basedon spanning
tree.

Following are our assumptionsabout the PDC model relevant to the developmert and
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evaluation of the LMPs within this thesis:

2 number of nodesinvolved in the computation is in the order of hundred;

2 overdecomposition of the problem: number of objects is in the order of thousand,;

2 "xed resourceallocation; resourcesare non-faulty;

2 all-to-all overlay network;

2 possiblegeographicaldistribution of the computational resources(network partition-
ing);

2 object migration and communication patterns are unpredictable in the generalcase.

3.1.2 Mobile Comm unication Networks

During the last yearswe have beenobserving constart developmert of wirelessand cellular
communication technologies. Di®eren kinds of Public Land Mobile Networks are becoming
more and more ubiquitous. Cellular phones, palm-top computers, laptops with wireless
network cards, i.e., mobile terminals (MT), are not attached to a single stable physical
location, but roam around. This createsthe need for special techniques to handle such
movemert in order to guarantee communication betweenMTs. In this section we describe
standard location managemen proceduresin cellular communication networks and survey
someof the proposedmodi cations.

Typical structure of a network infrastructure supporting cellular wirelesscommunication
is depicted on gure 3.1. The geographicalarea is divided into location areas (LA) [8].

Each LA can corntain one or more cells. A mobile support station (MSS) is assignedto
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Figure 3.1: Example architecture of a mobile communication network.

every cell to handle all network tratc directed from a MT located within the cell. Up in
the hierarchy a mobile switching center (MSC) governs one or more LAs and maintains a
databasewith MTs locations. Multiple MSCs are connectedtogether by a xed badbone
and/or intelligent network through a number of signal transfer points (STPs).

In cellular networks mobile usersare tracked using two-tier scheme[8,40] (as de ned
in 1S-41[25] and GSM [26] standards). A location database,called Home Location Register
(HLR), is prede ned for eadh MT. Another database, a visitor location register (VLR),
is assaiated with one or more LAs (see gure 3.1). Two procedures, governed by the
standard, de ne what happenswhen MT movesfrom one LA to a di®erert one, and how
a call recipient can be found. Following is the brief description of location proceduresas
implemented in the current mobile networks.

There are two possiblescenarioswhen a MT movesfrom one coverageareato another.
If the new area sharesthe local database(VLR) with the original one,that VLR is simply

updated with the new location of a user. If VLRs are di®eren, home registry hasto be
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updated with the user's new location. The MT requeststo remove its record from the old
VLR and registerswith the new one.

If there is a needto locate a particular MT when another MT makesa call from some
cell, the requestis rst sert to the local VLR of the caller. No further actions are required
if that VLR possesseinformation about the recipient's location. Otherwise, a query is
propagated to the callee'sHLR. The up-to-date location information (which HLR always
has) is sert bac to the caller's support station. The support station covers the whole
location area consisting of multiple cells. The actual cell where the recipiert is located is
determined by polling, or paging, within the LA. The seart requestis broadcastto all cells
of the LA, and the recipiert reports its location cell upon receiving this request. At that
point connection betweenthe two MTs is nally established.

Most of the researd about location managemen in Mobile Communication Networks
has been concernedwith the costs of updating the HLR. Some studies were trying to
keep and improve the certralized nature of the stcheme, while others were attempting to
distribute the processof location. Interestingly enough,all of the described techniquesare
just proposals. They have beenevaluated using theoretical analysis, simulations and traces,
but noneis a part of the existing standards.

The nature of mobile network communication is usually unpredictable, but the infras-
tructure should support any particular pattern [49]. Schemesthat can adapt to the com-
munication and migration characteristics of MTs are advantageous. In [30] Jain proposes
to keep a cade at eah VLR. When a home databaseis queried for a speci ¢ MT, the
responseis stored locally, so that the subsequen call to the same MT may not require

communication with the HLR. It has beenshown, that if CMR is high, cacing performs
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very well.

Another proposedimprovemert is basedon userpro le replication. A pro le represens
the set of mobile users, whoselocation information is always kept up-to-date at the local
VLR. This enablesquick location of the most \p opular" users. Di®erernt approades to
pro le replication are discussedin [43,46].

Forwarding technique eliminates the update operation by keepinga pointer to the new
location of a migrated MT at the sourceLA VLR [29]. When a requestto locate that MT
arrives, it will be forwarded to that new location. Forwarding techniques decreasethe load
on HLR, but have high overheadsif forwarding chains becomelong. The study described
in [29] shows, that if Call-to-Mobilit y Ratio (CMR, the number of calls issuedto the user
over the number of times it changeslocation) is lower than 0.5 and forwarding chains are
at most 5 hopslong, forwarding reducesuser location costs network overheadsby 20-60%.

A conceptually di®erert approac usesdistributed datalase architecture [8] instead of
a centralized HLR. This technique takes advantage of the fact, that in most casesbac-
bone/intelligent network architecture has hierarchical tree structure. This allows to dis-
tribute the load of location managemen among the non-leaf nodes of the tree. Di®erent
hierarchical approacesare described in [34,40].

Partitioning of the coverage area into zones, among which MT moves infrequently,
is yet another modi cation which reducesthe number of LSs and query time for certain
call/migration patterns. A partition consistsof location areas,which are represerted by the
dedicated location serer. That representative LS is not aware of the exact MT location,
but knows its current partition. This technique reducesupdate-induced communication.

Summarizing, hierarchical location schemeseliminate the needfor certralized HLR at
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the cost of increased general complexity of location managemen and increased storage
requiremerts at the intermediate LSs. Hierarchical techniques support locality of commu-
nication and migration of MTs.

Comparedwith LM in PDC, mobile network systemshave a number of distinct proper-
ties. In PDC a local location directory is assaiated with ead processor.This directory is
analogousto VLR in combination with supporting stations, which communicate with MTs
local to a location area. Howewer, in PDC location directory is always aware of all the
objects local to the processaddressspace. This eliminates requiremert for paging. In PDC
applications, similarly to MNC, communication and migration patterns are not predictable
in generalcase. At the sametime, in MNC the migration options for a MT are limited by
neighboring areas,while in PDC object can migrate to any of the processorsregardlessof
their geographicallocation. Of course,PDC application do not include unpredictabilit y of
human character, presert in cellular phone networks. Another di®erenceof PDC is the time
required for a mobile object to changeits location. In MNC there are strict limitations on
maximum travel speed for cellular phone users;the sizesof communication cells are also
prede ned [39]. PDC applications can possibly move hundreds of objects in few seconds
betweengeographically distant locations.

There are also di®erencesin the system architecture. Mobile networks in most cases
have hierarchical structure. There can be dedicated location servers on non-leaf nodes of
the hierarchy. In PDC applications computation is done either on a COW, or a collection
of clusters. All nodes have equal functions, and the application can rarely take advantage
of the underlying network routing, asit is handled by the low-level protocols.

The PDC model assumes ne-grained object mobility. The number of objects may be
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large. We argue though, that the number of objects in mobile communication networks,
e.g.,in cellular networks, is generally much higher (hundreds of millions). This puts certain

sizeand memory limitations on MNC LM algorithms.

3.1.3 Mobile Agents Computing

Mobile agert computing is a relatively new area of distributed computing, which is gaining
more popularity with the dewelopmen and growth of the Internet. Mobile agert (MA) is
an independert pieceof code and data. It can be taken from the execution cortext on one
host, migrated to a di®eren macine, and cortinue execution there after migration com-
pletes. Receri progressin developing platform-independert ervironments (e.g., Java Virtual
Machine) addressedmany technical ditculties, inherent to the implementation of mobile
agerts, which also contributed to the growing popularity of the model. The spectrum of
applications, which can take advantage of mobile agerts, includes e-commerce distributed
collaboration ervironments, information seard and dissemination, network managemen
and monitoring [35]. Someof the MA applications require support for communication be-
tweenthe agerts [19]. In such caseslocation managemenm techniques play very important
role [49]. Nevertheless,beingimportant, location managemern is not the major researa is-
suein mobile agent computing: the main challengesin MA systemsare support for mobility,
security, naming servicesand fault-tolerance [32].

Home server location algorithm assaiatesa speci ¢ host with ead mobile agert. Every
time a mobile agert changesits location, home sener is updated with the new location.
A messageaddressedto the mobile agen is sert to its home sener, which forwards that

messageto the agert. Ajanta [47] implements two-tier home-basedlocation managemen
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scheme, similar to the one usedin cellular communication. A number of modi cations of
the certralized sdheme exist [49]. For example, the sener can be queried for the current
location of the destination agert. The answer to the query can then be usedto sendthe
messagedirectly. This scheme is called query server. It is also possibleto have a single
dedicated host, central forwarding server, to keeplocation information about all agens.

The disadvantagesof the certralized schemeare high load on the databasehost and its
network links, possibly high storage requiremerts, single point of failure, poor scalability.
Nevertheless,it givesgood averagefor the number of hops a messagéhasto travel to reach
the object. In applications with the small number of agerts or low communication rate this
approach can be bene cial.

The forwarding technique can also be used for locating mobile agerts. Voyager plat-
form [5] usesforwarding pointers in combination with home serwer for agert location. Prob-
lemswith forwarding pointers include possibly long chains of forwarders and low resistance
to failure.

Home-sener and forwarding are the most popular location managemen methods in
mobile agert computing. Alouf et al [9] comparedthesetwo schemes. Markovian analysis
and experimental results show that certralized server performs better than forwarderson a
LAN, but not on a wide-areanetwork. Other approacesto locating agens in MA systems
include broadaast and hierarchy of the location seners.

Cao et al summarizeexperiencewith mobile agerts location managemen by intro ducing
the conceptof mailbox in [19]. The authors generalizemost of the existing approachesand
intro duce new classeof location protocols. A mailbox which bu®ersincoming messagess

assciated with eadr mobile agert. The mailbox seres as a mediator in communication
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y, Migration frequency

PS (Push)
PL (Pull)
JM (Jump) X, Delivery
NS (No) NM (No) - FM (Full)
SHM (SMA)

FS (Full)

z, Syndhronization

Figure 3.2: Designspacefor MA communication protocols (Cao et al, [19]).

with the mobile agert. Logically, the mailbox is a part of the mobile agen, but it can be
detached from the agen. Therefore, it is not required that the agert and its mailbox are
located on the samehost. Using this idea, classi cation of the inter-agert communication
algorithms is done along the three dimensions,as showvn in gure 3.2.

Dimension x de nes the frequency of mailbox migration. Decisions about migrating
the mailbox are made dynamically with Jump Migration, and with Full Migration mailbox
always migrates together with the agent. Axis y determinesthe agert{mailb ox interaction.
Either mailbox is responsible for forwarding incoming messagedo the agert (push), or
the agert periodically queriesits mailbox for available \mail" (pull). Finally, dimension z
identi es options in synchronization in order to achieve better communication reliabilit y.
If synchronization takes place, the moving object (mobile agert or mailbox) syncronizes
with the stationary object (mailb ox or host) to prevent messagdossduring the processof
migration. Syncdhronization canbe partial (host with migrating mailbox (SHM) or migrating
agert with its mailbox (SMA)) or full (combination of SHM and SMA).

Combinations of the classi cation parameters createsa variety of protocols. In suc a
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taxonomy ead protocol is de ned by the string of format XX{YY{ZZ with its componerts
chosenfrom ead of the axes. A particular algorithm should be chosenaccording to the
requiremerts of an application. NM{PS{* classof protocolscorrespndsto the home-based
technique. Essettially, stationary mailbox represers forwarding sener. IM{*{* and FIM{
*{* generalizeforwarding pointer protocolswith and without forwarding chain shortcutting
respectively.

Mobile ageris application model has certain properties, which make it quite di®erert
from mobile network communication model and from PDC. For certain applications, mi-
gration and communication patterns of a mobile agert can be known in advance[49]. This
almost never holds for mobile networks. Mobile agerts are usually designedto operate on
a wide area network, most likely, on the Internet. Such environments consist of millions
of possible locations for an agert. Moreover, mobile agerts applications are much more
dynamic than, for example, cellular phone networks. The number of mobile agerts for an
application may vary and change during its runtime. Hundreds of agerts can possibly be
created and destroyed in seconds.Mobile agerts do not operate on a xed prede ned set of
hosts. The number of locations mobile agerts operating on the Internet canvisit is bounded
only by the number of on-line hosts supporting the platform of the mobile agert.

One more important di®erenceof PDC model is in the assumptionsabout communi-
cation. The reliability of communication provided to an application in PDC is usually
implemented by the lower levels of the system. One-sidedcommunication abstraction pro-
vided by Clam is reliable. Messagessert to mobile objects are also guaranteed to arrive in
FIF O order. The MA communication may not be reliable. This is why syndironization is

consideredas a part of MA location managemen
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3.2 Location Management in Clam

A Location Managemen Policy (LMP) in Clam de nes rules for performing three opera-
tions: update, search, and search-update. The update operation takes place when an object
migrates from one processorto another. The search operation speci es how a messageo
a non-local mobile object can be delivered. The search-update de nes the procedure of
updating location information of selectedprocessorsafter the messagewas deliveredto an
object.

The location directory is a distributed data structure managedby a LMP. It maps an
object onto the possible or exact location of that object. Sometechniques may use a set
of possiblelocations [40], but they are outside the scope of this thesis. Such approaces
can be bene cial in applications where object migration is localized within group of nodes.
This is not the casein generalfor load-balancing. The developmern of customized LMPs
for a speci ¢ load-balancing algorithm has not beenaddressedin this work.

The location managemen design spaceis shawvn in ‘gure 3.3. Each axis represerts a
LMP operation and the corresponding options arrangedin the order of increasingcomplex-
ity. Migration of an object to a new location may result in one of the four possibleupdate

scenarios:
2 no update (no communication);
2 update of the local directory (no communication);
2 update of location directories at selectedsites;

2 update of directories at all processorgbroadcast).
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Figure 3.3: Designspacefor location managemen policies developmert.

It is not feasibleto maintain exact location of an object at all processordirectories.
This would require global synchronization of the system before ead object migration. We
do not consider this as a possible solution becauseof high overheads. That is why the
location information stored at a local directory can often be outdated, regardlessof the
update technique used. Therefore, the local directory information is nothing more than a
location guesswhich was correct at somepoint in the past. A messagalirected to an object
resultsin a point-to-p oint messagesert to a processorwherethat object can possiblyreside.
If the guesswas wrong, that messagewill trigger another point-to-p oint messagej.e., the
messagewill be forwarded. Thus, the search operation is essetially a processof routing

the messagdoward the processorwhere the seardied object is located. We distinguish four
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general options for implementing the search operation. They di®er by the choice of the

recipient(s) for the initial search message:

2 the recipient is chosenrandomly;

2 the recipiert is chosenusing the guessfrom the local directory;

2 the messagéds ser to a prede ned processor;

2 the messagds ser to all of the processorgbroadcast).

All of the search methods can also send queriesto the corresponding locations instead
of sending actual messages.This could decreaseforwarding tratc in some applications,
but the pending outgoing messagesvould have to be queuedon the sourceprocessoruntil
the reply arrives. Howewer, when the reply doesarrive, it may already be outdated, i.e.,
guerying decreasedorwarding overheadsat the cost of increasingthe likelihood of location
information being invalid. Query-basedseard strategies are not evaluated in this study.
Querying is likely to perform badly for applications with intensive communication and
object migration while intro ducing signi cant complications into the implementation of the
LMP.

Sarch-update is an optional procedurein a LMP. Its purposeis to reduce the length
of the forwarding pointers chain. If search-update procedureis presen in a LMP, it can
update either someof the processordn the systemor update all of the processors.The idea
behind the search-update operation is similar to cading in cellular networks. It is basedon
the assumption, that if a messageavassert to an object, it is likely another messagewill be

sen to it again. Search-update attempts to reducethe cost of subsequeh object searches
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In PDC the cost of subsequeh messageso an object would be reducedif those message
travel shorter path than the previously sert messagedo the same object from the same
processor. This improvemert is achieved by updating the location directory of the initia-
tor processorwith the newer object location guess. The update procedure will result in
shortening of the forwarding pointers chain. The di®erencefrom cellular networks is that in
distributed computing it is possibleto have a directory entry for ead object in the system
(unlimited cace). In MNC model this may not be feasible becauseof the large number
of MTs. Di®eren search-update strategies have been preseried and evaluated in [27] by
Fowler.

A location managemen policy implemented within Clam should:

2 minimize the length of the path for forwarded messages;

2 minimize additional communication;

2 palancelocation managemen \duties" amongthe processors;

2 minimize computation overheadsof the LMP operations.

Di®erert LMPs pursue di®eren trade-o®sof the listed requiremerts. As it is showvn
later in this thesis, the application performancemay heavily depend on the choice of LMP
basedon the application properties (intensity of the object communication and migration,
in particular).

Sewen location managemem policies have beenimplemented within Clam for the pur-
posesof this evaluation. The selectionof policieswas a®ectedby a number of factors. First,

the policies which are commonly usedin PDC had to be evaluated. Second,the selected
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LMP | Update | Search | Search-update
Lazy Forwarding (LF) no local guess no
Jump Update (JU) no local guess yes, selective
Path Compression(PC) | no local guess yes, selective
Broadcast Update (BU) | yes,all local guess no
Partition Update (PU) | yes,selectiwe local guess no
Eager Update (EU) yes, selective local guess no
Home-Based(HB) yes, selective home processorof | no
the object

Figure 3.4: Summary of the implemented location managemen policies.

policies should be appropriate within the PDC model. Third, we attempted to use some
of the ideas collected from surveying location managemen methods in the relevant areas.
Following is the description of the implemented LMPs, which is alsosummarizedin table 3.4
with respect to previously discussedLMP operations.

It isimportant to note, that ead mobile pointer in Clam contains a processorlD where
that pointer was originally created. In the absenceof any information about the mobile
pointer in the directory of a processor,the origin processorof a mobile pointer is used as
the best location guess.

Lazy Forwarding (LF) is the simplest forwarding protocol. Messagedo objects are
routed following forwarding pointer addressesstored in the local directory. When an object
moves, only the local directory is updated. Forwarding has low migration cost. The main
disadvantage of LF LMP is that the length of forwarding chain is bounded by the number
of processorsonly.

Jump Update (JU) is similar to LF, but when a messagereades the object, an
update messageis sert bad to the processorfrom where the messages originated. This

is similar to cading in mobile networks. The cost of subsequeh messageo the object is
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reducedby at least one hop.

Path Compression (PC) di®ersfrom JU that the update messagds propagated to
all processorin the forwarding pointers trail.

Broadcast Up date (BU): the new location of an object is broadcast ead time the
object migrates. Search proceedsthe sameway asin LF, by forwarding.

Partitioned Up date (PU): di®ersfrom BU by updating only selectedlocations when
an object moves. The idea of partition-based location managemen originates from MNC,
although we implemented a di®eren algorithm not basedon tree hierarchy. The motivation
behind this protocol is to addressthe issueof slow network links. We assumethe partitioning
of nodes in sub-clusters. Nodes within a sub-cluster are connected with high capacity
links, while inter-subcluster connectionsare slow. When an object moves, a hew location
is broadcast to all the nodes within the sub-cluster. If the new location node is in a
di®erent sub-cluster, the object location is broadcast within that sub-cluster upon object
arrival. Seard procedureis done using forwarding. PU LMP attempts to minimize update
traxc over the slow connection. Search-update updates the sourceprocessorwith the new
location, if the messagewas forwarded. The update is broadcast within the partition of
that processor.’

Eager Update (EU) usesthe idea of prole replication, brie°’y described in Sec-
tion 3.1.2. Each time a messagearrivesto the object, the senderprocessoris addedto the
pro le of that object. This pro le accurrulates information about processors\in terested"
in communication with the object. When an object migrates, all of the processordrom the
list are updated with the new location, and the list is reset. Updatesin EU LMP are more

\in telligent” than in BU LMP.
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Home-Based (HB): ead mobile pointer in Clam contains an ID of the processor
wherethat pointer was created. We call this processonhome™ of the mobile object. When
a messagsds issuedto an object and the object is not local, the messagewill be sert to the
\home" node. The directory of the \home" node is updated with the new object location
after every migration, sothat it can route incoming messageso the object.

Figures 3.5-3.10illustrate how the selectedLMPs managethe distributed location di-
rectory. We consider the system consisting of v e processorsand one mobile object. We
assumethat the object has been created on processor0. Solid arrows shaw the location
information on ead of the processorsfor that object. The gures depict snapshotsof di-
rectories after ead of the actions in the sequence:(1) object movesfrom 0 to 1; (2) object
moves from 1 to 2; (3) processord sendsa messageto the object; (4) object moves from
2 to 3. In theseexampleswe do not take into accourt concurrency: all messagingactivity
from the previous step is completed before proceedingto the next step.

JU LMP is the most common technique for location managemen in PDC run-time
systems listed in Section 3.1.1. HB LMP is also used in some of the implementations.
Complexity of LF, JU and PC LMPs was studied in [27]. To the best of our knowledge,
there is no mobile object run-time environment which would provide a choice of LMP to the
application. We are also not aware of any work which would evaluate and compare these

LMPs.
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Chapter 4

Evaluation

This chapter is structured as follows. First we evaluate the performanceof Clam in terms
of absolute overheadsit introducesand how it compareswith the previousimplementation
of PREMA communication layer. The secondpart of the evaluation describesthe seriesof
tests which comparethe performanceof the selectedLMPs with respect to their impact on
the performanceof the two bendimarks we describe in this chapter. We concludewith the

analysis of the collected performancedata.

4.1 Experimental Environmen t

4.1.1 Hardw are Platforms

The primary testing ervironment we usedin our experiments was SciClone Cluster of The
College of William and Mary [4]'. The architecture of SciCloneis heterogeneous.It fea-
tures di®erer types of processorcon gurations and various networks (Fast Ethernet, Gi-

gabit Ethernet, Myrinet). The detailed description of SciClone can be found in [4]. Most

IComputational facilities of SciClone Cluster were enabledby grants from Sun Microsystems, the National
ScienceFoundation, and Virginia's Commonwealth Technology Researd Fund.

39
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Figure 4.1: Simplied con guration of the CS Network Testbed.

of the SciClone nodes support more than one network interface. In our experiments all
communication was done via Fast Ethernet interconnect.

The Computer ScienceNetwork Testbed? is a subsystem of switches connecting 32
lower nodes of SciClone Typhoon subcluster through a separate network interface. The
testbed has beendesignedfor experiments with various network parameters. WAN can be
simulated by adjusting hardware settings on the network switchesand changing parameters
of the routing software. The simpli ed architecture of the testbed is depicted in "gure 4.1.
We simulated wide-areanetwork ervironment by locking bandwidth of the s1{lrl and s2{
Irl (see gure 4.1) links to 10 Mbps on the s1 and s2 switches and keeping 100 Mbps
bandwidth for the communication betweennodesconnectedto the sameswitch (hereonwe

call this con guration 10/100 con guration).

2The Network Testbed is designedand maintained by the group of Dr. Bruce Lowekamp at the College
of William and Mary.
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Figure 4.2: Sorting network for eight inputs.

4.1.2 Benchmarks
4.1.2.1 Synthetic Microb enchmark

Parallel network sort benchmark, which we call netsort4 for historical reasons,implements
a sorting network®. Sorting network is a comparison network which speci es a sequenceof
comparisonsfor its inputs to producea sorted sequence.The details behind sorting networks
are discussedin detail in [23]. The processof sorting a sequenceof eight numbers using
sorting network is illustrated in "gure 4.2. Through a seriesof comparisonsand exchanges,
the input sequence transforms into the sorted sequences. For input line i0 this results
in comparisonwith lines 1, 3, 1, 7, 2 and 1. Each of the shadedregions correspondsto a
stage. All comparisonswithin the stage can be done concurrertly. A sorting network of
such structure can sort an input sequenceof n numbersin O(Ig?n) time [23]. In the rest
of this sectionwe concerirate on the details of the netsort implemenrtation.

It is important to note, that netsort4 bencmark has beendeweloped with the purpose

3The netsort4 benchmark was originally implemented by Chris Hawblitzel.
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typedef struct sortnode t {

int id;

int stage;

int value[DEPTH+1];
mobile_ptr t partner[DEPTH];

int partner_value[DEPTH+1];
int partner_ready[DEPTH+1];
int partner_id[DEPTH];

} sortnode _t;

Figure 4.3: netsort sortnode structure.

of simulating communication intensive tightly-coupled application. The bendhmark was not
designedto achieve high performanceand speedupsof sorting.

Description of the netsort4 bendmark follows. A sortnode is created for ead elemert
of the input sequenceof sizen. Sortnode is described by struct presered in gure 4.3.
A Clam mobile pointer is created for ead sortnode. During the setup procedure, sortn-
odes are created and initialized. Sortnodes are assignedid s from 0 to n, which do not
change throughout the execution. The stage eld is initialized to 0, and corresponds to
the current stage of the algorithm for that sorthode. DEPTHs de ned as the maximum
stage for a problem instance. The value array contains values assignedto a sortnode on
ead of the stages. Initially the value[0] "eld is assignedan input sequenceslemen. The
array of Clam mobile pointers partner describescomparisonsortnodesat ead stage. The
partner_value contains values of partner sortnodes, and the non-zerovalue of the ith el-
emert in partner_ready tells that the ith partner sortnode has readhed the stagei. The
partner_id keepsthe id of the ith partner sortnode.

The bendmark is initiated by sending a start messageto ead of the sortnodes from

processor0. All other processorsexcept O are polling for incoming messageauntil the
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“nish _handler signals completion. Upon the arrival of start messagea sortnode sends
receive value messageo its partner sortnode on the rst stage. That messagedncludesthe
stageof the sortnode and its value at that stage. The receive_value handler chedks whether
the recipient sortnode reached the same stage as the stage speci ed in the message.f it
did, the current sortnode value is comparedwith the value included in the messageand is
modi ed if necessaryto min or max of the two depending on the id of the current partner,
i.e., if it is numerically greater or smaller than its own id . The stage value is incremerted,
and the sortnode sendsreceive value messageo the next partner as described above.

The receive value messagesan reach a sortnode out-of-order. If the receive.value mes-
sagefrom the ith partner arrives before the messagefrom the (i-1) th partner, the stage
value included in the messageis greater than the stage of the recipiernt sortnode. In this
casecorresponding partner_val is assignedthe sernt value, and partner_ready is setto 1.
The receive value handler will make comparisonsfor stagesi and (i-1) when receive value
messagefrom partner (i-1) arrives. The algorithm "nishes when all sortnodes reach the
stagevalue of DEPTH

A slightly modi ed version of the netsort4 bendimark, netsort5, works the sameway
as netsort4, but the creation of sortnodes, and thus mobile pointers, is evenly distributed
among the processors. It has been described in the previous chapter, that in Clam the
processorwhere a mobile pointer was created is designatedas home of the mobile pointer.

In order to study the e®ectsof LMPs, after the completion of ead stage a sortnode is
migrated to a randomly assignedprocessor. The bendimark allows to increaseaccess-to-
mobility ratio by changing the frequency of object migrations. Another parameter of the

benchmark is the messagepayload size.
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Figure 4.4: Example of inserting a boundary point in PCDT.

netsort is a tightly coupled and communication intensive benchmark. We believe, that

someof the applications from AMR domain have similar communication properties.

4.1.2.2 PCDT End-to-End Application

Parallel Constrained Delaunay Triangulation (PCDT) is a parallel mesh geneation algo-
rithm basedon Delaunay triangulation [45]. The readeris referred to [21] for the detailed
description of the algorithm and for the de nition of related terms.

The main di®erenceof the PCDT algorithm from Delaunay triangulation is that the
point cavity cannot expand acrossthe prede ned boundary. At the preprocessingstage of
PCDT, the problem is divided into a number of subdomains satisfying certain boundary
properties. Each subdomain can then be triangulated almost independertly on separate
processors. The processof subdomain triangulation consists of selecting and changing
\bad" triangles (i.e., those, which do not satisfy certain geometric requiremerts) from the

initial triangulation. The recalculation of the subdomain meshcan lead to modi cations of
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the edgeslocated on the subdomain boundary. When a new point hasto be inserted on the
boundary, a \split" messagés sert to the neighboring subdomain located on someremote
processor. The described processis depicted in gure 4.4%.

An implementation of PCDT decomposesthe initial domain and distributes resulting
subdomains among the processorswhich meshthe subdomains concurrertly. We consider
PCDT asa part of the end-to-end iterativ e application, where the requiremerts for a par-
ticular subdomain (and thus complexity of its processing)can dynamically change. In sud
application, meshingis just one of the stepsin the computation. The resulting mesh s
usedby parallel Finite Elemert Methods (FEM) solvers. The subsequeh meshre nement
or coarseningdependson the error estimators in the caseof parallel FEM solvers. Static
assignmen of subdomains to processorswould lead to unequal load, thus dynamic load-
balancing is required.

The end-to-end PCDT bendimark simulates a real end-to-end application. It approxi-
mates the mesh generation phaseof an adaptive FEM solver. The data collected from the
single-iteration PCDT application® was usedto estimate times for subdomain re nement,
number and size of \split"-initiated messagesand sizesof the subdomains beforeand after
re nement. The input parametersfor the benchmark are number of iterations | , percertage
of subdomainsto be re ned or dere ned on ead iteration R, and the level of aggregation
of \split" messagesA (aggregating multiple \split" points into a single messagemproves
network utilization). The number of subdomainsis xed to 512.

The ILB layer of PREMA provides dynamic load-balancing within the PCDT bend-

“Figure 4.4 is a courtesy of Brian Holinka.
SWe used single-iteration PCDT application developed by Andrey Chernikov.



CHAPTER 4. EVALUATION 46

mark. The complete coverageof the algorithms usedin ILB and its implementation can be
found in [12{14]. We usedwork-stealing load-balancerfor all the experiments.

R £ 512 subdomains are chosenat ead iteration of the benchmark. These subdomains
arere ned or dere ned (theseoperations are assumedo have similar complexity). The load-
balancer has to redistribute subdomains according to dynamically changing load. Other
subdomains are not involved in the re nement. The processedsubdomains may however
result in \split" messagessert to neighboring subdomains. These are the mobile object

messagesandled and routed by the Clam location managemen module.

4.2 Performance Evaluation of the Runtime System

We conducted a seriesof tests both to compare Clam with the DMCS/MOL implementa-
tion and to measurethe absolute overheads. The rst test measuresmaximum achieved
bandwidth over the 100 Mbps Fast Ethernet link using ping-pong method. In this test
Clam remote servicerequestfunctionality is usedto invoke remote function with the bu®er
of variable size as an argumert. The Clam-achieved bandwidth is measuredfor TCP and
MPI implemenrtations of ACI. Similar test is done for DMCS, MOL and pure MPI. The
results for small and large messagesizesare plotted in gure 4.5.

The results of the ping-pong test shaw, that in almost all casesClam acdhieves better
bandwidth than DMCS and MOL. For small messagesizes,LAM MPI performsbest. In the
caseof large messagesClam implemented on top of TCP ACI givesthe best performance.
This is happening mostly becausdor large messaget AM MPI is usingthree-way handshale

protocol. The performancegain of Clam over the similar MOL functionality is over 20%.
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Figure 4.5: Maximum achieved bandwidth for small and large messagesizes.

The poor performanceof the MOL in this test is explained by the DMCS/MOL separation,
which requires an additional memory copy. Both MPI and TCP implementations of Clam
give better performanceresults than DMCS.

The secondtest was designedto comparethe performanceof the mobile messageunc-
tionalit y of Clam vs MOL. In this test a single object is created on processor0. This object
is rst migrated to processorl, and a mobile messages sert to that object from processor
0. When the messagés received, a reply RSR is invoked on processor0 from the processor
where the object is located. The latency measuredin this test is de ned as the time from
sendinga messageo receiving the reply. Next the object migrates to processor2, and the
procedureis repeated. Lazy Forwarding location managemem policy is used, so when the
object is located on processor2, ead messagesen to it from 0 traversesthrough processor
1to 2. The results of the test are preseried in gure 4.6.

The mobile object messagdatency test demonstratesthat (1) Clam has better overall
performance,and (2) the per-hop overheadis about constart when Clam is usedwhile it is
increasingfor MOL.

The last two performance tests evaluate the overall e®ectivenessof Clam. Figure 4.7
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Figure 4.6: Mobile object messagdatency test.

plots run times of the netsort bendimark for Clam and MOL implementations. For small
processorcon gurations MOL-based implemertation performs better. However, Clam out-
performs MOL when more than 8 processorsare used,and the di®erenceis increasingwhen
we scalethe sizefurther. Clam is more scalablebecauseof the non-blocking communication
algorithms used.

Finally, gure 4.8 plots runtime breakdown for the Parallel Constrained Delaunay Tri-
angulation (PCDT) application which is using PREMA load-balancingfunctionality imple-
mented with Clam (in this test we had 512 subdomainsof the 2-D pipe model, the algorithm
generatedabout 35 million triangles, the subdomains were assignedarea bounds between
1.92e-2and 0.26e-2;the test ran on 32 nodes of the Whirlwind subcluster of SciClone).
The plot shows, that the overheadintroduced by Clam is within 5% of the total execution
time. The communication componert of the execution time for no-balancing test is caused

by corntinuous polling in absenceof work.
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Figure 4.7: netsort4 benchmark performance.

4.3 Evaluation of the Location Management Policies

In order to evaluate the LMPs described in section 3.2, we rst ran netsort4 and netsort5
bencdhmarks on a di®erenn number of nodes within the SciClone cluster using di®eren
location policies. For con gurations of up to 64 processorsve usedthe Typhoon subcluster
with one processrunning on ead node. 128-processorexperiment was ran using all the
nodes of the Whirlwind, Typhoon and Tornado subclusters. We ran the benchmark with
4096 random numbers to sort (78 stages). All messageand sortnodes were appended with
the payload of 10 Kbytes. We used MPI ACI for all of the experiments since MPI ACI
showed better performancefor small messages.The directory updates use small messages
and overall most of the messagesn our bendimarks are lessthan 64 Kbytes.

The total executiontimes of the netsort4 and netsort5 bencdimarks using di®erernt LMPs
are plotted in gures 4.9and 4.10respectively. PU LMP is not presert on the plots, because

it was designedspeci cally for the partitioned testbed con guration of 32 processorsonly.
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Figure 4.8: PCDT runtime breakdowvn without load-balancing and with PREMA di®usion load-
balancing.

This experiment evaluates the impact of LMP on the application performance. Results
shaw, that the total runtime grows when we increasethe con guration for all of the policies.
JU and EU LMPs give the best results, while HB and BU LMPs are the worst.

There is a number of LMP properties which a®ectthe overall performance of a com-
munication intensive mobile object application. The requiremerts for an excient LMP are
listed in section 3.2. Figures 4.11,4.12 and 4.13 help explaining the performanceresults.

Figures 4.11and 4.12 show the distribution of the number of hops application messages
had to travel for the netsort4 test. BU LMP for this application guaranteesthe shortest
path. Apparently, most of the directory updates arrive in time so that the subsequenh
messagesre deliveredin one hop. HB LMP also givesvery good distribution: most of the
messageseacd destination in two hops, and almost no messagesake more than four hops.
Messagedravel longer paths as intensity of updates decreasedfrom PC to JU and to no
updatesin LF LMP. While for LF the maximum number of hopsis 26, for PC it is 13.

Howewer, the data from the messagehop distribution (i.e., gures 4.11and 4.12) are not

suzcient to explain the relative performanceof the LMPs. For example,although HB LMP
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Figure 4.9: Execution times of netsort4.

provides the shortest travel distance, it hasvery bad performanceoverall. Figure 4.13gives
the breakdown of internal Clam messagednto three types. Application messagesare initial
messagesen to an object asa result of mobile object messagdunction invocation. These
messagednay result in a sequenceof forwardings, until they nally readc the processor
where the targeted object is located (forwarding messages After that an LMP may send
one or more update messageswhich are also included into the breakdown.

It can be seenfrom gure 4.13that processor0O performs more communication than
any other processorregardlessof the LMP used. Application can always send a message
to an object using its mobile pointer. At the time a processorposts a message|ts local
directory may not have any information about the target object. In this case,any LMP
within Clam will usethe internal mobile pointer information to determine the target of the
initial message.Each mobile pointer in Clam includes the ID of the processor,where the

mobile pointer/ob ject was created. This is the \home" processorof the mobile pointer,
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Figure 4.10: Execution times of netsort5.

and it will be usedas the \b est location guess”. In netsort4 we have 4096 objects evenly
distributed amongthe processorsduring the initialization stage. All objects have the same
\home" { processorQ, where they were created. Obviously, when a messages sert to an
object for the rst time from a speci ¢ processor,it will be sert to processor0Q. If the
total number of processorsis n, 4?1&’ objects are local to ead of the processors.The rest
(4096 | %96) objects are non-local, and the best guessfor those objects is the \home"

processor0. Hence,the probability of a messageo be sert to processorO during the rst

stage P; can be de ned as

o - 4096 TR 1
1T 7006 ' one

During ead of the subsequeh stagesead of the sortnodeswill be assignedrandomly

to some new processor. Thus, the total number of the objects, which are known to the

directory of a speci ¢ processorcan increaseat most by %96 (if all of the newly arrived
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Figure 4.11: Number of hopsfor a messageo reac the object; netsort4, 32 processors.

objects were not known at the previous stage). Given an algorithm stagei, the probability

P; of a messagebeing sert to \home" processor0 can be de ned as
& 0 ifi, n
1i - ifi<n
Apparently, for xed problem size, the probability of sendinga messageto processor0 is
growing as we increasethe number of processors.

Figure 4.13 supports the obsenation that communication on processor0 is the limiting
factor of the benchmark performance. The forwarding messagesare signi cantly more
expensive than the update messageg10 Kbytes vs about 100 bytes). That is why HB and
LF with the high amount of forwarded messagesio not perform well. We also seethat
although JU and PC decreasethe amount of forwarded messagesthey fail to improve the
application performancemuch becauseof the existing bottleneck.

A sortnode is migrated to a di®erert processorafter eat comparisonin netsort4. Also,

ead comparisonis a result of receive.val messagearriving to the object. Most of the time
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Figure 4.12: Number of hopsfor a messageo reac the object; netsort4, 64 processors.

an object migrates after it receives a message. Becauseof this, JU and EU LMPs have
roughly the sameperformance,and their e®ectof update is the same.

The performance of HB LMP does not change very much with the increasein the
number of processors.Messagedo non-local objects are always routed through the \home"
processorQ. The rate of arrival for those messagesncreaseshowever, that explains the
slight increasein the runtime for HB LMP.

The execution time of the bendhmark is increasing almost linearly as we increasethe
number of processorsfor BU LMP. The reasonfor this is that the time spent during the
initialization stage dominates the execution time. During the initialization all objects are
distributed among the processors,and for ead object processor0 hasto sendn updates.
The performance of BU LMP for netsort is determined by the update tratc. In netsort4
the initialization stageis becoming more expensivwe as we add more processors,while the

runtime update costsper processordecrease.
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