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Abstract= describes SAMBA, a framework for the development of
This ‘:'or';D applications with load balancing. SAMBA contains the
parallcl SPM on to different SPMD applications and a library of load-
Sm,cturt‘ com 3¢S This structure allows the developer to concen-
halancing algo cific problem at hand. The load-balancing library makes
(rate on the Spcﬁﬁcation of the most appropriate strategy for a given ap-
' 275 nts conducted with SAMBA on three different par-
. s are described, illustrating the ease of use of the pro-
: k and the relevance of load balancing.
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[. INTRODUCTION

Jllel algorithms arc classically designed using func-
o ztrgl) or data parallelism. Associated with MIMD

- !
"omlltli (fg [nstruction, Multiple Data) architectures, data par-
(MUt d the SPMD (Single Program, Multiple

allelism originate . |
Data) programming model [Qui94]: the same program is ex-

-cuted on different processors, over distinct fiata sets. In this
programming model, each tas.k 1s characterized by the data
r which the common code 1s 10 be executed.. |
The SPMD programming model has beep v\fndely used in
programmin g, due to the ease of dgsngmn g a program
that consists of @ single code running on different processors.
Moreover, data decomposition is a natural approach for the
design of parallel algorithms for many prc?blems [Mat96]..

In spite of this relative simplicity, codmg z.md debuggnqg
2 new SPMD application may not be a trivial tz?sk. [t 1S
particularly hard to determine the most appropriate load-
halancing technique for each application, partly because of
the large variety of load-balancing algorithms that have been
proposed [AM96], [FG96], [FTI90], [LPR97], [WL.R93],
(ZLP97]. The selection of a suitable strategy is essential for
an efficient control of dynamic imbalance factors, which may
~clude the lack of information about the processing require-
ments associated to each task, the dynamic creation of new
tasks, or the variation of processor load external to the appli-

oV

parallel

cation.

; Tze aim of the work we present in this paper 1s to support

e .cvelopmcnt of SPMD applications, with special em-
phasis on the identification of an appropriate load-balancing
strategy.  The central contribution is the SAMBA (Single

Application, Multiple Load Balancing) framework [P1a00],

:;{hlch captures the structure and characteristics common to
ifferent SPMD applications, offering a basis for their devel-

opment. The goal of the proposed framework is to facilitate
the following tasks:

o Cf)ding new SPMD applications with load balancing:
given the routines that create and execute tasks, an
SPMD application with load balancing is automatically
generated. This allows the programmer to concentrate
on the specific problem at hand, reducing the program-
ming effort.

o Identification of the most appropriate load-balancing
strategy for a specific application: the designer can
easily generate a different version of the application
for each of the load-balancing strategies offered in
SAMBA's library. This allows different strategies to be
tested and compared at no extra programming cost.

o Design and evaluation of new load-balancing algo-
rithms: SAMBA offers a set of functions that are used
in many load-balancing algorithms. Besides, the strate-
gies 1n the load-balancing library can be used as a basis
for the development of new algorithms.

A first version of the SAMBA framework has been imple-
mented [PRR99] in C using the MPI library [MPI193], and
has been tested on three different environments: an IBM SP2
system, a network of Sun workstations, and a cluster of IBM
PCs;

This paper also proposes classification criteria for load-
balancing algorithms designed for SPMD applications. The
proposed set of criteria provides a terminology for describ-
ing different algorithms and establishes a background for
their comparison and classification, helping the programmer
to understand the differences between them. The design of
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the app)lication, manages the tasks, and controls the execution

of the other parts). The frst of these components is specific
(o each application, but the other two usually are not. SPMD
applications can thus be modeled by a framework [GHJ +94],

(Pre95], (Pre96], [RBP+91]. A framework acts as a specifi-
catl h common structure and

ementation that can be

used as a basis for the development of these applications.

A framework differs from a program in that some of 1ts
parts are purposefully incomplete. These parts are called hot

spots. The developer must fill in these hot spots to obtain
2 complete program. This process is known as framework
instantiation. Thus, the typical user of a framework 1s an
application developer.

Developing an application starting from a framework 1s
essentially different from programming with libraries. When
using a library, the programmer writes the main program and
invokes the library functions as necessary. When using a
iramework, the main program is reused and the developer
must code a number of functions that are activated by this
program. Frameworks capture design decisions common to
all applications of a given domain. In this way, they promote
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Class Mediator defines the basic SPMD applicyio;
ture. Its behavior is basically defined by two methodjn
method that initially generates the tasks and the method[
handles the results from the execution of these tasks, 3
diator object owns two other objects: a task repository ar
load balancer. :

Class Repository 1s responsible for managing a po
tasks. Its behavior is defined by two methods, one i
serting and the other one for retrieving tasks.

Class Task represents a task of the application. Its
method is the one for executing a task — the single code
jects in this class must have access to the repository, b
the execution of a task may generate a new task to be s
Into i1t.

Class LoadBalancer is responsible for balancing the!
among the processors. Its two main methods implement
cies for distribution and transfer of tasks. Objectsin 0
own a transfer channel that is used for sending and ¢t
tasks. LoadBalancer objects must also access the repos
in order to retrieve tasks that are to be executed.

Class TransferChannel provides tWo main m;CM
are used by the processsors for sending and receivitg
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s class must also access the repository 1o re-
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objects 1: -d:hat are to be sent and to insert tasks that are
e 1as S

ey

.d‘ Exe cuteTask() (the kernel of an SPMD applica-
ods Tasks() and HandleResults() are specific to each
73 & reatt’Th‘c <c three methods must be implemented when
applicm;)ol\l:[b application is created. Thus, these methods are
3 new S - the SAMBA framcwork.. ' o
hot spots ! 10 offfers load-balancing hibrary. This library
SAM-BAd?I; the framework by defining methods Distriby-
is dcsCf‘bc ]n d TransferPolicy() as hot spots. Class Load-
,,‘onl’(?”c-"() ::cntly has nine subclasses, each of them imple-
:C:iﬁcm"‘ load-balancing strategy.

: pecific applications may benefit from specific or-

f the task repository, SAMBA allows the pro-
£ (o redefine the organization of the repository. In the
grammer v methods InsertTask() and RetrieveTask() are also
fra{lyeW'Of i]Ol spots. The predefined repository organization
dchnt‘d' ass 1 subclass of class Repository.

(a stack)! del we have just described, there is no reference

In the T'Om In fact., each processor must instantiate this
o para":{“wc‘vcr different processors may follow different
model; h(; COntr'ol flow, selected through tests on variables
S xnctale the executing processor. This allows processors,

qce. to play different roles when executing LoadBal-
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B. Object [nteraction
The interaction diagram in Figure 2 illusl.rates the Peh?"'
" ior of objects as execution o‘f a SAMBA-dc.rlvcd application
proceeds. This diagram depicts the interactions between ob-
ects along ime [JCJ+92], [Bo0o94]. ) s .
JcCth:n gxecution begins, the Mediator object 1s instanti-
ated, with the subsequent instantiation of the Rf?p'osi'tory z.m.d
| padBalancer objects. The Mediator’s first z.ictm.ty 1S t.o ini-
iate task creation. In this process, thc? Repository is .typx'ca.]ly
sctivated several times for task insertion. A Task Ob_]f:Ct IS in-
«tantiated (a new task is created) at each of these actlvanor}S.
Next, object LoadBalancer is activated so as to execute its
distribution policy. In the process of distributing taslfs, the
[oadBalancer object invokes the TransferChannel object to
send and receive tasks. TransferChannel retrieves the tasks
1o be sent, and inserts the received ones, invoking the Repos-
iory.
According to its distribution policy, the LoadBalancer can
also request the execution of tasks. In this case, it invokes the

1
Repository to request a task and activates the retrieved Task

requesting its execution. The execution of a task may at any
point determine the insertion of new tasks in the Repository.
When execution of the distribution policy 1s completed,

- the Mediator activates LoadBalancer for the execution of the

19

.

transfer policy. In this phase, as before, tasks can be sent,
received, and retrieved for immediate execution.
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Fig. 2. Interaction diagram

Finally, the Mediator executes any necessary final actions,

such as processing the results generated by the execution of
the different tasks.

C. Framework Instantiation

To derive a complete application from a framework, the
developer must code a method for each hot spot in the frame-
work.

Figure 3 illustrates SAMBA's instantiation for parallel ma-
trix multiplication. Subclasses that provide the code for the
hot spots appear as shadowed objects in the figure. LoadBal-
ancer 1s substituted for strategy LB2. Only one implemen-
tation 1s currently available for the Repository class, the one
implementing a stack of tasks. Subclasses specific for the
application at hand must be developed for classes Mediator
and Task. The pseudo-code for the methods implementing
hot spots in these classes is shown in the figure. Method
CreateTasks() reads matrixes MA and MB, replicates matrix
MB across all processors, and defines a task for each row in
matrix MA. In method HandleResults(), a central processor
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model. the control flow, selected through tests on variables
&a;?:n'd"ic ate the executing processor. This allows processors,
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lay different roles when executing LoadBal-

B. Object [nteraction

The interaction diagram in Figure 2 illust.rates the .beh.av-
"o of objects as execution of a SAMBA-dgnved application
proceeds. This diagram depicts the interactions between ob-
jects along time [JCJ+92], [Boo94]. | R .
When execution begins, the Mediator object 1s instanti-
ated. with the subsequent instantiation of the Repository and
10adBalancer objects. The Mediator’s first activity 1s to ini-
tiate task creation. In this process, the Repository 1s typically
sctivated several times for task insertion. A Task object s in-
sintiated (a new task is created) at each of these activations.
Next, object LoadBalancer is activated so as to execute its
distribution policy. In the process of distributing tasks, the
LoadBalancer object invokes the TransferChannel object to
- send and receive tasks. TransferChannel retrieves the tasks
~ {obesent, and inserts the received ones, invoking the Repos-
X 1101)'. |

I
N

- According to its distribution policy, the LoadBalancer can
¢ dlsorequest the execution of tasks. In this case, it invokes the

chos:tory to request a task and activates the retrieved Task
- requesting its execution. The execution of a task may at any
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Finally, the Mediator executes any necessary final actions,

such as processing the results generated by the execution of
the different tasks.

C. Framework Instantiation

To derive a complete application from a framework, the
developer must code a method for each hot spot in the frame-
work.

Figure 3 illustrates SAMBA's instantiation for parallel ma-
trix multiplication. Subclasses that provide the code for the
hot spots appear as shadowed objects in the figure. LoadBal-
ancer is substituted for strategy LB2. Only one implemen-
tation is currently available for the Repository class, the one
implementing a stack of tasks. Subclasses specific for the
application at hand must be developed for classes Media’tur
and Task. The pseudo-code for the methods implementing
hot spots in these classes is shown in the figure. Mcthgd
CreateTasks() reads matrixes MA and MB, replicates matrix
MR across all processors, and defines a task for each row In
matrix MA. In method HandleResults(), a central processor
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[11. CLASSIFICATION CRITERIA

y describes classification criteria for

load-balancing algorithms for SPMD app?icathns. [PRR9182;
[Pla00] discusses these criteria In detail, using examp h
from the SPMD load-balancing literature t0 illustrate eac
class.

The first classification criterion Is based on the way an.d
moment tasks are distributed among the: Processors. Stat.zc
strategies distribute tasks before execution. In.co.ntrast, In
the case of dynamic strategies, tasks can be dlstnl?uted or
transferred among the processors along the application exe-
cution. so as to compensate dynamic factors which lead to

load 1mbalance.

In the case of demand-driven dynamic strategies, distri-
bution is performed along the execution of the application,
according to the behavior of the processors. Initially, a mas-
ter processor distributes a block of tasks to each processor.
Whenever a processor finishes the execution of the current
block, it asks for and receives a new block of tasks. This pro-
cedure goes on until the master terminates the distribution of
all tasks. In transfer-based dynamic strategies, all tasks are
distributed among the processors before execution. Tasks are

This section briefl

edistributed during exccution, being try,
loaded processors (0 underloaded ones.

Variation and hcterogcn?ity of externg] .

ent Processors represent an important IOad-imb;lld In dif,

Strategies are also classified as either 7, or ance fa%’

according to whether or not they use informgg OF i, at (;

load external to the application for balan; 10n oug
In some transfer-based strategies, 1o, d s Ot ¢

cur between any two processors, while in o IS 1y

sfe
red f’ﬂm :
Ve
CT.

. . ch thc ay ()C.
stricted to processors within pre-defined grou I e gy

gics are referenced as global and locql rCSpeSts{v SIUCh Strate.

In local partitioned algorithms, each Process,
r

exactly one group. In neighborhood-bageq locy
groups are defined by processor "eighborho()d
with the physical topology of the interconnecrS 550Ciage,
or with the logical topology of the aplicajqy, lon elwoy
In transfer-based centralized algorithmg, Only 3 ;
cessor performs load balancing. This Processor ¢ Sing]e Do,
necessary reassignments and informs the oo, 22 Putes gp,
volved of the necessary task transfers, A {5
tributed algorithm runs locally within each
its code replicated in all processors. Each D
and performs by itself the transfers in which
The execution of distributed synchropo,,
characterized by the fact that all processors perfo
ancing procedures at the same time. I he 25 gp t
chronous algorithm, each processor runs (e s N agyp,
gorithm independently, without any interprg CeSsorﬂcmg al-
nism. SYnchrg.
Transfer-based algorithms can also be classified e i
to their pattern of activation. In the case of D Cording
gies, load balancing is activated from time to i aftce Slrate.
vals which may be defined by elapsed times or b’y : nl' Inter.
of executed operations. In the case of event-orienteg Umber
gies, a load-balancing algorithm is activated by the Strate.
rence of some pre-defined action or condition, gych oceyr.
reduction of its load to a level below a certain thresholgs the
The goal of transfer-based collective algorithms cox; ,
in balancing the load of several processors, while transS;:s

based individual algorithms aim to resolve underloadipo
overloading at a single processor, o

Individual receiving strategies try to eliminate an ypge
load condition by identifying overloaded processors fror;
which the underloaded processor can receive tasks. On the
other hand, sending strategies focus on an overloaded pro-
cessor and try to identify underloaded processors (o which
tasks can be sent from the overloaded processor.

Non-blind individual algorithms use load Information
from recipient or sender candidate processors. Blind aleo-
rithms, on the contrary, do not take this kind of informat?on
Into account. In some cases, the processors involved in each

load transfer are selected randomly or through some round-
robin scheme.

b(;IOn
alg Sto

nsfer.based dis.

ith
ocessor efine

s algoriﬁms'iS

A
(S e
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h¢ G serrihe et T
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b or P o ol load-balancing algorithms with 3

o e ', haracteristics. [n this section, we describe
)| Cildie

alegorithms Two other variants will be

al processor distributes the inital sel
among all processors, including 1t-
ply exccutes the tasks ithas received,

. the cenlr
. equal parts
LossOr SIM
load balancing.

en: a central processor allocates an

. ]l .’.ln_ v )
withot : \t\'l)'”m\

7L M ¢ tasks 10 cach other processor. Each ume a pro-
tial oL ¢ execution of a block ol tasks, 1t requests

 finishes th

artitioned into disjoint groups. All load
a‘kcs place inside cach of these groups.
Fzlionl lm‘gd b?' the user, through a configuration
i Amc 1s passed as a parameter to the application
Dlv»“)Ulf‘:lT"R::::iT:l?. L()(.'AL.. Nl_ilGHH()RH(.)()I_)-B.f\SIil). IN-
- M strategy 1s similar to the fifth aleorithm., ex-
cept that load information and load exchanges ncvc:ur only be-

l\v 2T ‘e o

| CCh processors i the same group. Groups are defined by a
A [&F - )

ogical neighborhood (which coul

balancing activity
Ihese groups are de

d reflect physical connece-

tons) ; CSSOrS M
hs) and processors may belong to more than one group.
Again ¥

( + &roups are defined through a configuration file. This
Strateo ‘O B QL " ¢ > . 7 |

.mlug,y requires the use of a termination detection aleorithm.
since there may still be global load (o execute even when

2sSOL T - hew onc. The number of tasks mn a block is neighboring processors have no remaining load. Because
2 CCIVES *’ cterin the activation of the application. load can eventually reach any processor, ;ucccsswcly hop-
oven a3 e pﬂ“‘mED GLOBAL. COLLECTIVE: a central pro- ping between neighbors, a processor should consider his par-
-9 DISTRIH "\. “L:, nitial set of tasks in equal parts among ticipation as finished only when no processors have any tasks
L,csgordlslrlhul“,‘ ~uding itself. Whenever a processor con- left. Dijkstra’s termination detection algorithm [DSGR3| wa;
all pmccss(’“: l:ns‘ (S lleClld.\' a message to all others, asking used in our implementation, ; o
mes all (\.)f:::tc"l l(;mi-lmlancing step. At this point, cach
0 CXC ‘

11 others 118 mnternal load index, 1.c.. the

.sor sends 103 V. EXPERIMENTAL RESULTS

rocess ‘ber of tasks to be exccuted. Next, each pro- .

emaining nuAn = ek oa balancing is to take place or not. The computational experiments described in this section
ccssorchcck:\ W ]-Lk‘s‘ ace only if the load index of at least have been carried out on a cluster of 32 IBM Pentium 111-
| oad balancmt_: 'l‘fcgas'pa certain threshold, which is given as 400 machines running Linux. As an evaluation of the tool.
one processor L'\L“ ‘iiv'uion of the application. In this case, we have used it to develop well known and understood
an areument in the d;u[c‘s‘ b necessary. task.exchanges and SPMD applications and to analyse load-balancing strategics

» yeessor com sar
caLh pr( » o ‘l N 4 l J
(Cl¢ y 1N which 1t 1S 1Invo ved.
s the C.\Chdnng 1
Cffom'lb l

4 CENTRALIZED. GLOBAL, COLLECTIVE: this .alg()-
e :imilﬂr (o the previous one, excepl that all decisions
o TS Sh q central processor. Whenever a processor con-
ar:n':‘:‘ ci:;l (?f s tasks, it sends a message to all vothcr pPro-
\u .sking them to send their internal load index to a
msorls ‘r.occ:sor. After receiving this information from all
;S)t?sssrs. this central processor icoks the ngcd for load
balancing. in the same way as before. If load is to be bal-
anced. the central processor dcﬁ nes the necessary .cxchap acs,
.nd informs each processor of the task transfers m'wl?lch It
ved. Finally, each processor cxecules the indicated

for them. In this section we report the results obtained with
three applications: computation of j;,lsef(l;z: by adaptive
quadrature with a tolerance of 1071° (application #1), com-
putation of the product of two integer valued square matrices
of dimension 2000 (application #2), and a parallel genetic
algorithm (application #3).

The choice of these applications was due to the different
imbalance factors they present and to their different task cre-
ation mechanisms. In application #1, tasks are dynamically
gencrated, as the outcome of the execution of other previ-
ously created tasks. The total number of tasks is tally

; unknown. Differently, in application #2 the number of tasks
s mvol\ is known beforehand and all tasks have the same complexity.
UaSI],Sflc)r:éTRlBU1'ED. GLOBAL. INDIVIDUAL: once again,  Finally, in application #3, tasks may present quite different
load balancing is triggered by the end of the tasks to be ex- computational loads.
ecuted at a processor. However, here the goal 1s to correct
an underload condition at this single (individual) processor.
Whenever a processor consumes all of its tasks, it sends a
message to all others and they send back their internal load
indices. After receiving load information from all processors,
the underloaded processor checks whether load balancing 1S
to take place or not, in the same way as In the third algorithm.
If load balancing is necessary, a request for load transfer 1s

Seven load-balancing strategies available with SAMBA
have been tested and compared: static (S1), demand-driven
(S2), distributed (S3), centralized (S4), individual (85), parti-
tioned (S6), and neighborhood-based (S7). For the last strat-
egy, two logical topologics have been evaluated: ring (S7r)
and hypercube (S7h). Each group of the locally partitioned
strategy (S6) was, in this analysis, formed by exactly four
Processors.
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Application #2 computes the product of two integer valued
square matrices of dimension 2000. The basic parallel mul-
iplication algorithm is used. The second (right) matrix in the
multiplication is replicated across all processors. Each task is
described by a row of the first (left) matrix and corresponds
o the computation of one of the 2000 rows of the resulting
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f:ated, L.e., several concurrent applications compete for exist-
Ing computational resources. We modified algorithms S3 and
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Each SPMD task in application #3 corresponds to the com-

putation of the fitness value for some individuz.il. ‘ Thc? only
imbalance factor in this application is the variation 1n the
ume needed for the evaluation of each individual. The num-
ber of tasks 1s equal to the number of individuals in the pop-
ulation, which was set at 1 000. Table IV presents results for
seven load-balancing algorithms, depicting elapsed times in
seconds observed for one single iteration of the GA using 4,
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3,16, .'-md 32 processors, with the times needed for fitness
cvaluation ranging from 1 to S seconds for each individual.

TABLE 1V
APPLICATION #3 USING 4, 8, 16, AND 32 PROCESSORS

“1S1# |2 Sl 82183 1584 I 8¢ 56 | S7r T S7h

4 [ 733 [ 708 | 955 | 721 | 721 [ 7551 731

8 [ 387 | 345 | 410 | 366 | 370 | 376 368 | 370 3;(;
16 | 202 | 170 | 194 | 196 | 189 | 204 188 | 195 | 195
32 1107 | 74| 96 [ 106 | 109 | 107 98 | 106 | 107

The first two columns in Table IV give the elapsed times
of the slowest (S1+) and fastest (S1-) processors using the
static balancing algorithm, which illustrate the maximum
possible gains which could be achieved by more effective
load-balancing strategies. With only four processors, the de-
mand driven strategy (S2) showed the worst performance,
since one processor does not take part in the computations.
The strategies based on task transfers (S3-7) achieve simi-
lar performances. The reduction in elapsed time observed
for the best dynamic strategies is small, since the imbalance
observed for the static strategy S1 itself was already small.
However, this changes when the number of processors 1n-
creases up to 32. In this case, load imbalance incurred by
the static algorithm increases and the demand driven Strategy
(S2) presents the best results, leading to a gain of 10% in the
clapsed time with respect to the static algorithm.

The first part of Table V illustrates the load imbalance ob-
served for the static algorithm using 4, 8, 16, and 32 proces-
sors. Intervals in this table represent the variation in the time
needed for the evaluation of each individual (in seconds). We
note that load imbalance increases with both the upper limit
of these intervals and the number of processors. The sec-
ond part of this same table gives the gains (percentual re-
ductions in elapsed times) observed for the best algorithm in
each case. We note that the largest gains in elapsed times
are observed exactly for the situations with the largest load-
imbalance indices, illustrating the importance of choosing an
adequate load-balancing strategy.

TABLE V
LOAD IMBALANCING AND GAINS

Imbalancing Gains
1 159171:11,10) 1 [1,20) :1:1135) 1. 11,101 -1 [1.20]
41 3% 3% 3% | 2% 2% 2%
81 11% 17 12% 1" 14% | "$% 6% 6%
16| 16% | 18% | 20% | 7% 6% 7%
32:1°31%7 1 33% | =37%. |°10% | 13% | 14%
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VII. FINAL REMARKS

n licht of the discussion of related work in the previ-

ous section. SAMBA’s main contribglions to the suppo/;l o:
SPMD applications can be summarized as follows. - S
+amework, SAMBA supports the develop.mcnt of .SPM ap-
Jications by allowing reuse both of routines typl.cally us?d
in such applications and of the application archltect.ure It-
self. Also, using SAMBA, the programmer can easily ex-
periment with different load-balancing stralcgies.whe.n de-
veloping new applications. SAMBA's load-balancing library
contains a significant number of load-balancing algorithms,
covering a wide range of strategies. The computational ex-
periments have shown the importance of using an appropriate
load-balancing algorithm and the associated reductions that
can be achieved in elapsed imes. They also tllustrate that the
most suitable load-balancing strategy may vary with the type
of application and with the number of available processors.
From this point of view, the facilities offered by SAMBA in
terms of load-balancing play also an important role in the
development of efficient parallel applications.
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