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Abstract. Cluster and grid computing has made hierarchical and het-
erogeneouscomputing systems increasingly common as target environ-
ments for large-scalescienti¯c computation. A cluster may consist of a
network of multipro cessors.A grid computation may involve commu-
nication across slow interfaces. Modern supercomputers are often large
clusters with hierarchical network structures. For maximum e±ciency,
software must adapt to the computing environment. We focus on par-
titioning and dynamic load balancing, in particular on hierarchical pro-
cedures implemented within the Zoltan Toolkit, guided by DRUM, the
Dynamic Resource Utilization Model. Here, di®erent balancing proce-
dures are used in di®erent parts of the domain. Preliminary results show
that hierarchical partitionings are competitiv e with the best traditional
methods on a small hierarchical cluster.

Modern three-dimensionalscienti¯c computations must executein parallel to
achieve acceptableperformance.Target parallel environments range from clus-
ters of workstations to the largest tightly-coupled supercomputers.Hierarchical
and heterogeneoussystems are increasingly common as symmetric multipro-
cessing(SMP) nodesare combined to form the relatively small clusters found in
many institutions aswell asmany of today's most powerful supercomputers.Net-
work hierarchies arise as grid technologiesmake Internet execution more likely
and modern supercomputers are built using hierarchical interconnection net-
works. MPI implementations may exhibit very di®erent performancecharacter-
istics depending on the underlying network and messagepassingimplementation
(e.g., [32]). Software e±ciency may be improved using optimizations basedon
systemcharacteristics and domain knowledge.Somehave accounted for clusters
of SMPs by using a hybrid programming model, with messagepassingfor inter-
node communication and multithreading for intra-node communication (e.g., [1,
27]), with varying degressof success,but always with an increasedburden on
programmers to program both levels of parallelization.

Our focus has been on resource-aware partitioning and dynamic load bal-
ancing, achieved by adjusting target partition sizesor the choice of a dynamic
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load-balancing procedureor its parameters, or by using a combination of load-
balancing procedures.We retain the °at messagepassingprogramming model.
For hierarchical and heterogeneoussystems,di®erent choicesof load balancing
proceduresmay be appropriate in di®erent parts of the parallel environment.
There are tradeo®sin execution time and partition quality (e.g., surfaceindices,
interprocessconnectivity, strictness of load balance) [35] and somemay be more
important than others in somecircumstances.For example, consider a cluster
of SMP nodesconnectedby Ethernet. A more costly graph partitioning can be
done to partition among the nodes, to minimize communication acrossthe slow
network interface, possibly at the expenseof some computational imbalance.
Then, a fast geometric algorithm can be usedto partition independently within
each node.

1 Partitioning and Dynamic Load Balancing

An e®ective partitioning or dynamic load balancing procedure maximizes ef-
¯ciency by minimizing processoridle time and interprocessorcommunication.
While some applications can use a static partitioning throughout a computa-
tion, others, such as adaptive ¯nite element methods, have dynamic workloads
that necessitatedynamic load balancing during the computation. Partitioning
and dynamic load balancing can be performed using recursive bisection meth-
ods [2,29,31,38], space-¯lling curve (SFC) partitioning [7,23{25,37] and graph
partitioning (including spectral [26,29], multilev el [6,18,20,36], and di®usive
methods [8,19,22]). Each algorithm has characteristics and requirements that
make it appropriate for certain applications; see[4,35] for examplesand [33] for
an overview of available methods.
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Fig. 1. Interaction between Zoltan and applications.
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The Zoltan Parallel Data ServicesToolkit [9,11] provides dynamic load bal-
ancing and related capabilities to a wide rangeof dynamic, unstructured and/or
adaptive applications. Using Zoltan, application developers can switch parti-
tioners simply by changing a run-time parameter, facilitating comparisonsof
the partitioners' e®ecton the applications. Zoltan hasa simple interface, and its
designis \data-structure neutral." That is, Zoltan doesnot require applications
to construct or usespeci¯c data structures. It operateson generic\ob jects" that
are speci¯ed by calls to application-provided callback functions. Thesecallbacks
are simple functions that return to Zoltan information such asthe lists of objects
to be partitioned, coordinates of objects, and topological connectivity of objects.
Figure 1 illustrates the interaction betweenZoltan and an application.

We focushereon the hierarchical balancing procedureswe have implemented
within Zoltan, where di®erent proceduresare usedin di®erent parts of the com-
puting environment.

2 Hierarc hical Balancing
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Fig. 2. Examples of parallel computing environments with 16 processors:(a) a 16-way
SMP workstation; (b) a 16-node computer with all unipro cessornodes,connected by a
network; (c) two 8-way SMP workstations connected by a network; and (d) four 4-way
SMP workstations connected by a network.

Considerfour di®erent 16-way partitionings of a 1,103,018-element meshused
in a simulation of blood °ow in a human aorta [30]. Here, the geometricmethod
recursive inertial bisection (RIB) [28] and/or the multilev el graph partitioner in
ParMetis [20] are used for partitioning. Only two partition quality factors are
considered:computational balance, and two surface index measures,although
other factors [5] should be considered.The global surface index (GSI ) measures
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the overall percentage of mesh faces inter-partition boundaries, and the max-
imum local surface index (M LSI ) measuresthe maximum percentage of any
one partition's facesthat are on a partition boundary. The surface indices are
essentially normalized edgecuts when considering mesh connectivity in terms
of a graph. Partitioning using RIB achievesan excellent computational balance,
with partitions di®ering by no more than oneelement, and medium-quality sur-
face indices with M LSI = 1:77 and GSI = 0:61. This would be useful when
the primary concern is a good computational balance, as in a shared-memory
environment (Figure 2b). Using only ParMetis achieves excellent surface index
values, M LSI = 0:40 and GSI = 0:20, but at the expenseof a large compu-
tational imbalance, where partition sizesrange from 49,389 to 89,302regions.
For a computation running on a network of workstations (NOW) (Figure 2b),
it may be worth accepting the signi¯cant load imbalanceto achieve the smaller
communication volume.

For hierarchical systems,a hybrid partitioning may bedesirable.Considerthe
two SMP con¯gurations connectedby a slow network as shown in Figure 2c,d.
In the two 8-way node con¯guration (Figure 2c), ParMetis is used to divide
the computation betweenthe two SMP nodes,resulting in partitions of 532,063
and 570,955regions,with M LSI = 0:06 and GSI = 0:03. Within each SMP, the
meshis partitioned eight ways using RIB, producing partitions within each SMP
balancedto within oneelement, and with overall M LSI = 1:88 and GSI = 0:56.
Sincecommunication acrossthe slow network is minimized, this is an appropriate
partitioning for this environment. A similar strategy for the four 4-way SMP
con¯guration (Figure 2d) results in a ParMetis partitioning acrossthe four SMP
nodes with 265,897,272,976,291,207and 272,938elements and M LSI = 0:23
and GSI = 0:07. Within each SMP, partitions are again balanced to within
one element, with overall M LSI = 1:32 and GSI = 0:32. We ¯rst presented an
exampleof this type of hybrid partition in [32], although the partitions presented
therein were not generatedby a fully automatic procedure.

Zoltan's hierarchical balancing automates the creation of such partitions. It
can be used directly by an application or be guided by the tree representation
of the computational environment created and maintained by the Dynamic Re-
sourceUtilization Model (DRUM) [10,13,34]. DRUM is a software system that
supports automatic resource-aware partitioning and dynamic load balancing for
heterogeneous,non-dedicated,and hierarchical computing environments. DRUM
dynamically models the computing environment using a tree structure that en-
capsulatesthe capabilities and performance of communication and processing
resources.The tree is populated with performancedata obtained from a priori
benchmarks and dynamic monitoring agents that run concurrently with the ap-
plication. It is then usedto guidepartition-w eighted and hierarchical partitioning
and dynamic load balancing. Partition-w eighted balancing is discussedfurther
in [13]. DRUM's graphical con¯guration program (Figure 3) may be used to
facilitate the speci¯cation of hierarchical balancing parametersat each network
and multipro cessingnode.
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Fig. 3. DRUM's graphical con¯guration program being used to edit a description of
the \Bullp en Cluster" at Williams College. This program may be used to specify hier-
archical balancing parameters for Zoltan.

The hierarchical balancing implementation utilizes a lightweight \in terme-
diate hierarchical balancing structure" (IHBS) and a set of callback functions.
This permits an automated and e±cient hierarchical balancing which can use
any of the proceduresavailable within Zoltan without modi¯cation and in any
combination. Hierarchical balancing is invoked by an application in the same
way as other Zoltan procedures.A hierarchical balancing step beginsby build-
ing an IHBS using these callbacks. The IHBS is an augmented version of the
distributed graph structure that Zoltan builds to make useof the ParMetis [21]
and Jostle [36] libraries. The hierarchical balancing procedurethen provides its
own callback functions to allow existing Zoltan proceduresto be used to query
and update the IHBS at each level of a hierarchical balancing. After all levels of
the hierarchical balancing have beencompleted,Zoltan's usual migration arrays
are constructed and returned to the application. Thus, only lightweight objects
are migrated internally between levels, not the (larger and more costly) appli-
cation data. Figure 4 shows the interaction between Zoltan and an application
when hierarchical balancing is used.



6 J .D. Teresco,J. Faik, and J. E. Flaherty

split MPI_Comm

Zoltan_Create()
Zoltan_Set_Param()
Zoltan_LB_Partition()

Zoltan balancer

Zoltan

call HIER callbacks
partition
return mig. arrays

Create Zoltan object

Application Zoltan

Zoltan_Create()

Zoltan_Set_Param()

Zoltan_LB_Partition()

Zoltan HIER balancer

Set parameters

Invoke balancing

callbacks invoked by Zoltan

continue computation
migrate application data

callbacks on IHBS

set parameters
create Zoltan objects

call application callbacks

at
 e

ac
h 

le
ve

l

invoke balancing

(build initial IHBS)

return migration arrays

update IHBS

Fig. 4. Interaction between Zoltan and applications when hierarchical balancing is
used.

3 Examples

We have tested our proceduresusing a software packagecalled LOCO [16], which
implements a parallel adaptive discontinuous Galerkin [3] solution of the com-
pressible Euler equations. We consider the \p erforated shock tube" problem,
which models the three-dimensional unsteady compressible°ow in a cylinder
containing a cylindrical vent [14]. This problem was motivated by °ow studies
in perforated muzzlebrakesfor large calibre guns [12]. The initial meshcontains
69,572 tetrahedral elements. For these experiments, we stop the computation
after 4 adaptive steps,when the meshcontains 254,510elements.

CPU0 CPU2CPU1 CPU3CPU0

Network

CPU2CPU1 CPU3

Node 0 Node 3

Each SMP independently
computes 4-way RIB partitioning

MemoryMemory

8 processes compute one
2-way ParMetis partitioning

Fig. 5. Hierarchical balancing algorithm selection for two 4-way SMP nodesconnected
by a network.

Preliminary results are show that hierarchical partitioning can be compet-
itiv e with the best results from a graph partitioner alone. We use two eight-
processorcomputing environments: one with four Sun Enterprise 220R servers,
each with two 450MHz Sparc UltraI I processors,the other with two Sun Enter-
prise 420R servers, each with four 450MHz Sparc UltraI I processors.The nodes
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are dedicated to computation and do not perform ¯le service. In both cases,
inter-node communication is acrossfast (100 Mbit) Ethernet. A comparison of
running times for the perforated shock tube in these computing environments
for all combinations of traditional and hierarchical proceduresshows that while
ParMetis multilev el graph partitioning alone often achieves the fastest compu-
tation times, there is some bene¯t to using hierarchical load balancing where
ParMetis is used for inter-node partitioning and inertial recursive bisection is
used within each node. For example, in the four-node environment (Figure 5),
the computation time following the fourth adaptive step is 571.7secondsfor the
hierarchical procedurewith ParMetis and RIB, comparedwith 574.9secondsfor
ParMetis alone,702.7secondsfor Hilb ert SFC partitioning alone,1508.2seconds
for recursive coordinate bisection alone, and 822.9 secondsfor RIB alone. It is
higher for other hierarchical combinations of methods.

4 Discussion

We have demonstratedthe abilit y to usethe hierarchical balancing implemented
within Zoltan as both an initial partitioning and a dynamic load balancing pro-
cedurefor a realistic adaptive computation. While a traditional multilev el graph
partitioning is often the most e®ective for this application and this computing en-
vironment, the results to date demonstrate the potential bene¯ts of hierarchical
procedures.In caseswhere the top-level multilev el graph partitioner achievesa
decomposition without intro ducing load imbalance,it provides the fastest time-
to-solution in our studies to this point (though only slightly faster than the
multilev el graph partitioner alone is used). When imbalance is intro duced by
the multilev el graph partitioners, using hierarchical balancing to achieve strict
balancewithin an SMP is bene¯cial.

Studiesare underway that utilize hierarchical balancing on larger clusters,on
other architectures, and with a wider variety of applications. Weexpect that hier-
archical balancing will be most bene¯cial when the extreme hierarchies found in
grid environments are considered.Signi¯cant bene¯ts will depend on an MPI im-
plementation that can provide a very e±cient intra-node communication. This is
not the casein the MPICH [17] implementation usedon the cluster in our exper-
iments. Here, all communication needsto go through a network layer (MPICH's
p4 device), even if two processesare executing on the sameSMP node. We are
eagerto run experiments of clusters built from other types of SMP nodes and
on computational grids, and speci¯cally those with MPI implementations that
do provide appropriate intra-node communication optimizations.

Enhancements to the hierarchical balancingprocedureswill focuson usability
and e±ciency. Further enhancements to DRUM's machine model and graphical
con¯guration tool will facilitate and automate the selectionof hierarchical pro-
cedures.E±ciency may be improved by avoiding unnecessaryupdates to the
intermediate structure, particularly at the lowest level partitioning step. Main-
taining the intermediate structure acrosssubsequent rebalancing steps would
reduce startup costs, but is complex for adaptive problems. It would also be
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bene¯cial to avoid building redundant structures, such aswhen ParMetis is used
at the highest level of a hierarchical balancing, however this would require some
modi¯cation of individual Zoltan methods, which we have beencareful to avoid
thus far.

The IHBS itself has potential bene¯ts outside of hierarchical balancing. It
could be usedto allow incremental enhancements and post-processing\smooth-
ing" [15] on a decomposition before Zoltan returns its migration arrays to the
application. The IHBS could also be usedto compute multiple \candidate" de-
compositions with various algorithms and parameters, allowing Zoltan or the
application to compute statistics about each and only accept and use the one
deemedbest.

Partitioning is only one factor that may be consideredfor an e®ective re-
source-awarecomputation. Ordering of computation and of communication, data
replication to avoid communication across slow interfaces, and use of multi-
threading are other resource-aware enhancements that may be used. DRUM's
machine model currently includessomeinformation that may be useful for these
other typesof optimizations, and it will be augmented to include information to
support others.
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