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Abstract

This paper describes a framework for providing the ability to
use multiple specialized data parallel libraries and/or languages
within a single application. The ability to use multiple libraries
is required in many application areas, such as multidisciplinary
complex physical simulations and remote sensing image database
applications. An application can consist of one programor multi-
ple programsthat use different libraries to parallelize operations
on distributed data structures. The framework is embodied in
a runtime library called Meta-Chaos that has been used to ex-
change data between data parallel programswritten using High
Performance Fortran, the Chaos and Multiblock Parti libraries
developed at Maryland for handling various types of unstructured
problems, and the runtime library for pC++, a data parallel ver-
sion of C++ from Indiana University. Experimental results show
that Meta-Chaosis able to move data between libraries efficiently,
and that Meta-Chaos provides effective support for complex appli-
cations.

1. Introduction

Distributed parallel programs are used to speed up thetime to com-
plete an application. To achieve this goal, such programs rely on
partitioning data and computation among the available processors.
They are considered difficult to write, to maintain and to modify.
Many parallel programming paradigms have been developed, with
the most important onefor large scale scientific applications being
data parallelism. Data parallel applications can currently be writ-
ten using a high level language, for example High Performance
Fortran (HPF) [12] or pC++ [3]. Data parallel programs can also
be written using a sequential programming language and runtime
libraries for performing communication. These libraries can be
low level communication libraries suchasMPI [16] or PVM [7], or
application specific runtime libraries that encapsul ate communica-
tion into higher level functions, such asChaos[11] or LPARX [13].
However, inter-application communication to allow multiple data
parallel programs to cooperate to solve a single problem is rare,
because such programs are difficult to write and there are few tools
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available to develop them.

To motivate our work, we present the following simple scenario.
A client program, running sequentially or in parallel, requires the
services of aparallel server, on the same or another (parallel) ma-
chine. The server could provide functionality that is not available
in the client, or provide additional computational power to make
the client run significantly faster. Let usbe more concretewith our
example: let the client be a sequential C program and the server
be an HPF parallel program, and the two programs exchange one
parameter: a matrix of size M x N. The matrix is stored as a
two-dimensional array in both the client and the server. In addi-
tion, supposethe array is distributed on the server in ablock-cyclic
fashion, to optimize the server computation. Because of the block-
cyclic distribution of data on the server, the client process must
communicate with every server process. This operation requires
a collective communication operation [16]. The client must de-
termine which parts of the matrix are going to be sent to each of
the processes in the server. Similarly, each server process must
determine which part of the array it will receive from the client,
andthe order inwhich the array elementswill arrive. To determine
this information, the client process needs to know the data distri-
bution on the server. However, only knowing the data distribution
isinsufficient to perform the communication for thisexample. The
matrix stored in the memory of the client is laid out in row major
order (C style), while the matrix stored on (each processor of) the
server is stored in column major order (Fortran style). Therefore
the mapping between the data elements on the client side and on
the server side has to be specified. This example illustrates the
three points we focus on in this paper: collective communication,
data distribution and data mapping.

In this paper, we present a meta-library approach that achieves
direct applicationto application datatransfer. By ameta-library, we
mean a runtime library-based system that interacts with the data
paralel libraries and languages used to implement the separate
applications. The meta-library can handle any data distribution,
and can be used for any data parallel library or language construct
that distributes datafor the sequential or parallel applications. The
meta-library can be used to alow the exchange of data between
separate (sequential or parallel) programs, and can aso be used
to alow data transfers between data managed by different data
parallel libraries in the same application.

An example that illustrates the utility of the meta-library ap-
proach comesfrom a computational aerodynamicsproblem. Com-
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putational fluid dynamics (CFD) flow solvers often use different
types of meshesto represent different physical structures. For ex-
ample, the space around an airplane body may be modeled with
a structured mesh, while the nose, wing and tail may be modeled
with an unstructured mesh. The data parallel humerical solution
techniques used for the flow fields employ algorithms specifically
designed for each type of mesh and often use runtime library sup-
port optimized for a particular solution technique. To allow inter-
actions between the different meshes at their shared boundaries,
it is necessary for the different parallel libraries that distribute the
meshesto exchangedata. However, such functionality isnot easily
achieved for arbitrary libraries. The meta-library framework we
describein this paper providesthe mechanismsneeded to perform
the communication.

In sequential programs, intra-application and inter-application
communication is commonly used in a networked environment.
Such programs often use low level communication calls (e.g.,
sockets) to move data between separate address spaces. Building
manageable distributed applicationswith these low level commu-
nication calls can be difficult. Therefore many distributed applica-
tionsinstead use the Remote Procedure Call (RPC) [2] paradigmto
hide many communication details from the application program-
mer. RPC extends the notion of a procedure call in a sequential
program by allowing the transfer of both data (parameters and
return values) and control over a network from one processto an-
other. Two processes are involved in the RPC call: the client and
the server. In addition, the CORBA object model [15] provides
RPC-like capability for a distributed object model. RPC provides
asimple, efficient programming model for heterogeneous sequen-
tial applications. Our meta-library framework can be seen as a
step towards allowing RPC-like functionality for data parallel pro-
grams, by providing theinfrastructure needed to pass data between
parallel or sequential clients and servers.

Much effort has recently gone into languages and runtime li-
braries for combining task and data parallelism. For example, the
data parallel language Fx [17] extended HPF to support task par-
allelism. However, none of that work addressed the problem of
allowing programs written using different data parallel libraries or
languagesto inter-operate. All the systemsthat we will discussin
Section 6 are designedto work only within asingle (extended) lan-
guage or with one data parallel library. In addition, none of those
designs alow multiple application-specific data parallel libraries
to exchangedata within a single program. Our meta-library based
system works both for separate data parallel programs written us-
ing any data parallel library or language (that exports the required
set of inquiry functions) and for asingle data parallel program that
usesmultiple data parallel libraries to optimize performance.

We have developed a prototype implementation based on the
meta-library approach. We call our runtime library Meta-Chaos.
Animplementation currently runsonthe IBM SP2 multicomputer,
an eight-node Digital Alphacluster of SMPsand acluster of work-
stations. Thelibraries and languages currently supported by Meta-
Chaosinclude Fortran, C, HPF [12] , pC++ [3], Multiblock Parti [1]
and Chaos [11]. Our results indicate that this approach is feasible
and that the overhead of our general approach is acceptable. Our
results also show that the data parallel library extensions required
by themeta-library are not difficult to implement, even by someone
other than the implementor of Meta-Chaos.

Therest of the paper is organized asfollows. Section 2 presents

ahighlevel overview of interoperability between two data parallel
libraries, while Section 3 discussesthe system design of the meta-
library. Section 4 describesan implementation of the meta-library,
called Meta-Chaos, and Section 5 presents several experiments
designed both to quantify the overhead costs encountered when
an application uses Meta-Chaos and to show the benefits that can
be obtained from using Meta-Chaos to structure an application.
Section 6 compares the meta-library approach to previous work,
and we concludein Section 7.

2. Basic Concepts

Figures 1 and 2 provide a high-level view of interoperability
between two data parallel libraries, for two different scenarios.
Suppose we have programs written using two different data par-
allel libraries named libX and libY, and that data structure A is
distributed by libX and data structure B is distributed by libY.
Then the scenario presented in Figure 1 consists of copying mul-
tiple elements of A into the same number of elements of B, with
both A and B belonging to the same data parallel program. On the
other hand, the scenario presented in Figure 2 copieselementsof A
into elementsof B, but A and B belong to different programs. Our
systemdesign providesa standard set of techniquesfor performing
the copy operation.

The two examples show the main steps needed to copy data
distributed using one library to data distributed using another li-
brary. More concretely, these steps are (1) specify the elementsto
be copied (sent) from the first data structure, distributed by libX,
(2) specify the elements to be copied (received) into the second
data structure, distributed by libY, (3) specify the correspondence
(mapping) between the elements to be sent and the elementsto be
received, (4) build a communication schedule, by computing the
locations (processors and local addresses) of the elements in the
two distributed datastructures, and (5) perform the communication
using the schedule produced in step 4.

Thesefive steps could be performed directly by the application
programmer. However this supposesthat the application program-
mer (a) knowsthe locations of the sourcedataA 1 on the processors
where A is distributed by libX (perhapsrequiring the programmer
to look at internal data structures of libX), (b) knows the location
of the destination data B1 on the processorswhere B is distributed
by libY (perhaps requiring the programmer to look at internal data
structures of libY), (c) can easily determine the mapping between
the elements to be sent from A and the elements to be received
into B (note that A and B may be in different programs), (d) can
compute acommunication schedule, and (€) can perform the com-
munication.

The application programmer could perform these operations,
but that requires the programmer to understand the management
of both A and B, even if the management is encapsulated in adata
parallel runtime library. The resulting code could be difficult to
optimize acrossmultiple parallel platforms, and any changesto the
management of the data structures would have to be reflected in
the implementation of the algorithm, so code maintenance would
be difficult. Also, determining the mapping between elementsin
Al and elementsin B1 could be complex.

However, the data parallel library writer knows the internal
data structures and behavior of the library and can optimize the
performance of operations on data distributed by the library. This
observation leads us to require the library builder to export some



Program P1

LibX

A distributed using LibX

call LibX.Fct(A)

Al=some elements of A
Bl=some elements of B
MC_Copy(B1,A1)

call LibY.Fct(B) LibY

end

Figure 1. Communicating
between two libraries within
the same program

additional services, to support interoperability with other data par-
alel libraries. The application programmer specifiesthe datato be
moved for both the source and destination. On the other hand, the
library writer provides away to determine the location of the data
(processor and local address). The mapping between the source
data and the destination data must also be specified. This can be
doneviaaprocesswe call linearization. Providing alinearization
is the responsibility of the library writer, and will be described in
Section 3.3.

A new piece of software, which we call ameta-library, must be
written to compute the communication schedule at runtime. The
meta-library uses the specification of the data to be sent and re-
ceived by the application programmer(s) and the servicesexported
by the data parallel libraries to build the schedule. The meta-
library can also provide datatransport routines that are appropriate
for the execution environment (e.g., message passing). Using the
meta-library, the application programmer only defines the source
and destination of the data to be transferred, and the meta-library
doesthe rest of the work.

3. System design
3.1. Options

There are at least three potential solutionsto provide amechanism
for allowing data parallel libraries to interoperate. The first ap-
proach is to identify the unique features provided by all existing
data parallel libraries and implement those features in asingle in-
tegrated runtime support library. The major problem with such an
approachis extensibility.

A second approach is to use a custom interface between each
pair of data parallel libraries that must communicate. However,
if there are a large number of libraries that must interoperate,
say n, this method requires someone to write » communication
functions. So this approach also has the disadvantage of being
difficult to extend.

The third approach is to define a set of interface functions that
every data parallel library must export, and build a meta-library
that uses those functions to allow al the libraries to interoperate.
This approach is often called a framework-based solution, and is
the one we have chosen for our design. This approach gives the
task of providing the required interface functions to the data par-

Program P1 Program P2

A distributed using LibX LibX B distributed using LibY

Bl=some elements of B

call LibX.Fet(A ——
ca I o APl MC_Recv(B1)
Al=some elements of A Meta-Chaos )
MC_Send(Al1) - call LibY.Fct(B)
end
LibY

Figure 2. Communicating between libraries
in two different programs

alel library developer (or a third party that wants to be able to
exchange data with the library). The interface functions provide
information that allows the meta-library to inquire about the loca-
tion of data distributed by a given data parallel library. Providing
such functions does not prevent a data parallel library developer
from optimizing the library for domain-specific needs.

3.2. Data specification

Thedatato betransferred are specified by the application program-
mer. The data are distributed and otherwise managed by one or
more dataparallel libraries. Most such libraries provide a compact
way to describe groups of elementsin a distributed data structure
(e.g., arangeof subscriptsfor adistributed array). Wewill call this
description of a set of elementsaRegi on type. Hencethe library
builder must specify the Regi on type for a given library, so that
the meta-library will be able to map elements in the source data
paralel library to elements in the destination library. For exam-
ple, High Performance Fortran (HPF) [12] and Multiblock Parti [1]
utilize arrays astheir main distributed data structure; therefore the
Regi on type for them is a regularly distributed array section.
Chaos [11] employs irregularly accessed arrays as its main dis-
tributed data structure, either through irregular data distributions
or accesses through indirection arrays. For Chaos the Regi on
type would be a set of global array indices.

A Regi on type is dependent on the requirements of the data
paralel library. Thelibrary builder must provide aRegi on con-
structor for each Regi on type to create regions and a destructor
to destroy the Regi ons specified for that library.

A single Regi on is not always sufficient to characterize the
data to be moved. Thus multiple Regi ons to be moved can be
specified. Regi ons are gathered into an ordered group we call
a Set Of Regi ons. A mapping between source and destination
data structures therefore specifiesa Set Of Regi ons for both the
source and the destination.

3.3. Linearization

Linearizationisthe method by whichthemeta-library can definean
implicit mapping between the source of a data transfer distributed
by one data parallel library and the destination of the transfer
distributed by another library. The source and destination data
elements are each described by a Set Of Regi ons.



One view of the linearization is as an abstract data structure
that provides a total ordering for the data elementsin a Set Of -
Regi ons. The linearization for a Regi on is provided by the
library writer.

We represent the operation of translating from the Set Of -
Regi ons S4 of A, distributed by | i bX, to its linearization,
Ls,, by ¢1;5x , and the inverse operation of translating from the
linearization to the Set Of Regi ons as{; ;i

Ls, = lipx(Sa)

Sa = tiyx(Lsy)

Moving data from the Set Of Regi ons Sa of A distributed
by | i bX to the Set Of Regi ons S of B distributed by | i bY
can be viewed as a three-phase operation:

1 Ls, = lix(Sa)
2. Ls, = Ls,
3. S5 = Ly (Lsy)

Theonly constraint on this three-phase operation isto have the
same number of elementsin S4 asin Sz, in order to be able to
definethe mapping from the sourceto the destination linearization
(the second operation).

The concept of linearization has several important properties.
First, it is independent of the structure of the data, and thus very
flexible. Any data structure can be transferred to any other data
structure, so long as a mapping can be specified. For example,
several elements of a distributed tree data structure can be trans-
ferred to severa elements of a distributed array data structure as
long as (a) alinearization is provided by the library used to create
the distributed tree data structure, (b) a linearization is provided
by thelibrary used to create the distributed array structure, and (c)
the number of elements specified to be transferred are the samein
the tree and in the array. Second, linearization does not require
the explicit specification of the mapping between the source data
and destination data. The mapping is implicit in the separate lin-
earizations of the source and destination data structures. Third, a
linearization is only an abstract, not a physical object. No space
must be allocated for the linearization of aSet Of Regi ons inthe
memory of either the source or the destination program. The meta-
library cantransfer datadirectly from the source Set Of Regi ons
tothedestination Set Of Regi ons, never building adatastructure
for the linearization. Fourth, a parallel can be drawn between a
linearization and the marshal/unmarshal operations for the param-
eters of a remote procedure call. Linearization can be seen asan
extension of the marshal/unmarshal operationsto distributed data
structures. Last, for optimization purposes, multiple linearizations
can be provided by alibrary writer for the sameRegi on typeina
single data parallel library.

3.4. Example

Figure 3 showsadatacopy from distributed array A into distributed
array B, with the Set Of Regi ons defined as shown. For this
example, aRegi on for the array isaregular section, and the order
within a section is row major. The Set Of Regi ons for A and B
definethe 1-1 mapping between elements for the copy.

aqq ap a1 a4 a15  afg  aq7 a1g @19
@21 a2 @23 @24 a5 @26 a7 @28 @29
agl agp  agg ag ag  age a3y agg @39
A= a4l ag  ag3 a4 G45 45 47 agg a4g
asy asp  as3y asq ass  asg 457 asg a5
agl a a aga ags  a66 67 agg 69
a7t a;p  ar3 a4 a5 arg a7 a7g  arg
agp  agg
« « «
- I agy  ag3
A 35 3% 37 , agy  asy
ags  ase 47 cgy  ag
b1y b1p b13 big b5 b6 b7 b1g
bo1 b2 b3 b2y bos b6 bo7 bog
b ba ba by b bag  byy  bag
B = by by by bag  bas a6 ba7  bag
bs1 b5y bs3 bsy bsg bsg bg7 bsg
be1 be2 be3 be4 bes be6 be7 beg
b71 b72 b73 b74 b5 b76 b77 b7g
bg1 bg2 bg3 bgs bes bgs bgy bgg
by b b B
b
Sp = 21 bp bz ) ( b b b ) 24 by
B ( byt bz by S 67 w &) 234 235
24 45
B’ =Copy(..A,.S 4 .B.Sg..)
b1y b1p b13 a3 a3z b6 b7 b1g
as a% a7 ag agz | b6 bo7 bog
ag aag a agy  asg bag  bgy  bag
B! = by bgp bg o @ bge  baz  bag
bs1 b5y bs3 bsy bsg bsp bg7 bsg
be1 be2 be3 be4 bes be6 ags beg
b71 b72 b73 b74 b5 b76 agp b7g
bg1 bg2 bg3 bgs bes bgs aq7 bgg

Figure 3. Before and after a data copy from
distributed array A to distributed array B

3.5. Data parallel library extensions

A communication schedule describes the data motion to be per-
formed for the specified transfer. From the Set Of Regi ons
specified by the application programmer the meta-library can de-
termine the elements to be moved, and where to move them. The
meta-library appliesthe (dataparallel library-specific) linearization
mechanism to the source Set Of Regi ons and to the destination
Set Of Regi ons. Thelinearization mechanism generates a one-
to-one mapping between elements of the source Set Of Regi ons
and the destination Set Of Regi ons.

Implementation of the schedulecomputationalgorithm requires
that a set of procedures be provided by both the source and des-
tination data parallel libraries. These procedures are essentially
a standard set of inquiry functions that allow the meta-library to
perform operations such as (1) dereferencing an object to deter-
mine the owning processor and local address, and a position in
the linearization, (2) manipulating the Regi ons defined by the li-
brary to build alinearization, and (3) packing the objects of asource
Regi on into acommunication buffer, and unpacking objectsfrom
acommunication buffer into a destination Regi on.

4. Implementation - Meta—Chaos

We have implemented our system design for the meta-library on a
network of four-processor SMP Digital AlphaServer 4/2100 work-
stations, on an IBM SP2, and on a network of Sun workstations.



We call the system Meta-Chaos, because it borrows several of its
implementation techniquesfrom Chaos.

4.1. InterfacetotheLibrary Builder

A major concern in designing the system was to require that rela-
tively few procedures be provided by the data parallel library im-
plementor, to ease the burden of integrating a new library into the
Meta-Chaos framework. So far, implementations for several data
parallel libraries have been completed, including the High Perfor-
mance Fortran runtime library, the Maryland Chaos and M ultiblock
Parti libraries for various types of irregular computations, and the
pC++ [3] runtime library, Tulip, from Indiana University. The
pC++ implementation of the required functions was performed by
the pC++ group at Indiana in a few days, using MPI as the un-
derlying message passing layer, which shows that providing the
required interface is not too onerous.

4.2. Communication cost

Once a communication schedule has been computed, Meta-Chaos
uses the information in the schedule to copy datainto contiguous
communication buffers in each processor managed by the source
dataparallel library. Similarly, Meta-Chaosusestheinformation in
the schedule to extract data from communication buffers into the
memory of each processor managed by the destination dataparallel
library. The communication buffers are transferred between the
source and destination processors using either the native message
passing mechanism of the parallel machine (e.g., MPL or MPI
on the IBM SP2), or using a standard message passing library
on a network of workstations (e.g., PYM or MPI). Messages are
aggregated, so that at most one message is sent between each
source and each destination processor.

A set of messages crafted by hand to move data between the
source and the destination data parallel libraries would require
exactly the same number of messages as the set created by Meta-
Chaos. Moreover, the sizes of the messages generated by Meta-
Chaos are also the same as for the hand-optimized code. The
only difference between the two set of messageswould be in the
ordering of the individual objects in the buffers. This ordering
dependsonthe order of the bijection between the source objectsand
the destination objects used by Meta-Chaos (which is based on the
linearizations provided by the source and destination data parallel
libraries), and the order chosen by the hand-crafted procedure.

The overhead introduced by using Meta-Chaosinstead of gen-
erating the message passing by hand istherefore only the computa-
tion of the communication schedule. Since the schedule can often
be computed once and reused for multiple data transfers (e.g., for
an iterative computation), the cost of creating the schedule can be
amortized.

4.3. Non-array aggregatedata structures

Meta-Chaos requires only linearizations (i.e. aoneto oneimplicit
mapping from the source to the destination Set Of Regi ons) to
be able to exchange data between different data parallel libraries.
Therefore Meta-Chaos is not constrained to work only for dis-
tributed arrays, but can also be used for other distributed aggre-
gates, including pointer-based structures such as trees and graphs.
Theonly constraint isthat each library that supports non-array dis-
tributed data structures provide a method for linearizing the data
structures it supports. For example, Meta-Chaos could be used to
allow two C++ programs parallelized using pC++ constructs [3],

each containing compatible pointer-based data structures, to ex-
change parts of the data structures. More complex scenarios, with
programs parallelized using different libraries and exchanging data
between non-array data structures, can also be supported.

5. Experimental Results

We present two classes of experiments to evaluate the feasibility
of using Meta-Chaosfor efficient interaction between multiple data
parallel libraries. The first class of experiments, in Sections 5.1
and 5.2, presents a set of application scenarios that quantify the
overheads associated with using Meta-Chaos. The second class
of experiments, in Section 5.3, is designed to show the benefits
that Meta-Chaos can provide by allowing a sequential or parallel
client program to exploit the services of a parallel server program
implemented in a data parallel language (HPF).

Meta-Chaos is designed to operate efficiently for at least two
significantly different patternsof communication. Thefirst pattern,
often called irregular communication, requires specifying each el-
ement separately (e.g., through an indirection array), while the
second pattern is more regular, and usually specifies entire groups
of elements in a compact way (e.g., with a regular section). To
evaluate the overheads incurred in using Meta-Chaos, we present
experimentsthat generate communication schedulesand copy data
for both types of communication patterns. Thesetwo patterns pro-
vide upper and lower bounds on the communication performance
of Meta-Chaos, becausethey represent the least and most compact
representations of the data to be moved. We also compare com-
munication cost using Meta-Chaos to the communication cost of
highly optimized and specialized data parallel libraries, which in
these experiments are the Chaos and Multiblock Parti libraries.

5.1. Interaction between a structured and an unstructured
mesh in one program

One scenario where communication between two different libraries
can occur in the same program is when the program performs a
sweep through a regular mesh followed by a sweep through an
irregular mesh. Both meshes are defined in the same program, but
theregular meshisdistributed regularly (using theMultiblock Parti
library) while the irregular mesh is distributed irregularly (using
the Chaos library).

Meta-Chaos is used to perform a copy operation between the
regular and the irregular mesh. The schedule generated by Meta-
Chaos is used multiple times, twice per time-step, to perform the
data copies. All that must be done is to select the proper source
and destination for each data copy, so that Meta-Chaos can gen-
erate message sends from the source mesh and receives into the
destination mesh.

It is also possible to compute the communication schedule by
treating the regular mesh generated by Multiblock Parti as an ir-
regular mesh. To do that, a Chaos-style translation table has to be
created to describe the pointwise datadistribution. Thetranslation
table can be utilized by Chaos to directly compute a communica-
tion schedule for moving data between the regular and irregular
meshes. However, the correspondence between the points in the
regular mesh and the Chaos representation of the mesh must be
stored explicitly.

For this experiment, the parallel programming environment is
a 16 processor IBM SP2. The datais a two-dimensional array of
double precision floating point numbers of size 256x256, regularly
distributed by blocks in both dimensions onto the processors, us-



Number of processors
2 | 4 | 8 16
schedule || 1099 | 830 437 | 215
Chaos
copy 64 52 38 33
Meta-Chaos | schedule || 1509 | 832 436 | 215
with
cooperation copy 71 50 32 21
Meta-Chaos | schedule || 2768 | 1645 | 1025 | 745
with
duplication copy 70 50 33 21

Table 1. Schedule build time (total) and data
copy time (per iteration) for regular and irreg-
ular meshes in one program on SP2,in msec

ing the Multiblock Parti data distribution routines. The irregular
mesh contains 65536 points, stored into a Chaos array irregularly
distributed among the processors. The two data parallel libraries
are both called from the same program.

Therearetwo different waysto computeascheduleusing Meta-
Chaos; in Table 1 they are called cooperationand duplication. The
terms refer to the way Meta-Chaos computes schedules. For co-
operation, Meta-Chaos computes ownership of the source objects
(processor, local address, etc.) inthe processorsrunning the source
program using the functions provided by the source data parallel
library. That information is sent to the processors running the
destination program, which also compute the corresponding in-
formation for the destination objects using the destination parallel
library functions and then compute the complete schedulefor both
the source and destination processors. The computed scheduleis
then sent to the source processors. On the other hand, when Meta-
Chaos computes schedules with duplication, the source and des-
tination processors first exchange data descriptors for both source
and destination distributed data structures. This method assumes
that, for two separate programsusing M eta-Chaosto exchangedata,
both the source and destination processors know how to interpret
the data descriptors (i.e. both sides have the code for both data
paralel libraries).

Thecost of the schedulecomputation for Chaosisdominated by
thecallstotheChaosder ef er ence function, which performsthe
translation from a global (sequential) array index into a processor
number and local address. The Meta-Chaos implementation with
cooperation also uses the same Chaos der ef er ence function,
which is why the schedule computation costs for the two methods
are very similar. On the other hand, the Meta-Chaos implementa-
tion with duplication must call the Chaosder ef er ence function
twice for each array element to be copied, which explainswhy the
cost of building the schedule with that method costs about twice
asmuch asfor the other two implementations.

The major difference in the cost of the data copy using Chaos

Number of processors
2 [ 4 [ 816

schedule 19 11 10 9

Block
Parti copy 467 | 195 | 101 | 53
Meta-Chaos | schedule 29 29 20 | 25
with

cooperation copy 396 | 198 | 102 | 52

Meta-Chaos
with
duplication copy 396 | 198 | 102 | 52

schedule 24 20 14 | 13

Table 2. Schedule build time (total) and data
copy time (per iteration) for two structured
meshes in one program on SP2,in msec

and using Meta-Chaosis that the Chaos implementation internally
requires an extracopy of thedataand also an extralevel of indirect
dataaccess. These extraoperationsare necessary to implement the
correspondence between the regular mesh representation of each
array element for Multiblock Parti and the pointwise representation
of the same element for Chaos. These factors causethe Chaos data
copy to usually cost somewhat more than the Meta-Chaos version.
However, the actual communication of the data, in terms of the
messages generated by all three methods, is essentially identical:
al the methods use the same total number of messages and the
messagesare the same size.

From thisexperiment, we seeseveral advantagesof Meta-Chaos
over tryingto useasingledataparallel library inamanner for which
itwasnot designed: (1) smaller memory regquirements (Meta-Chaos
does not have to explicitly maintain the mapping between the
regular mesh representation of an array element and the pointwise
representation), (2) ease of use (no extra memory allocation, no
explicit mapping between objectsin thetwo dataparallel libraries),
and (3) the data copy performs better (no extra internal copy, ho
extraindirect access).

5.2. Interaction between two structured meshes in the same
program

Thefirst set of experiments showed that Meta-Chaosis able to
copy objectsdistributed by different dataparallel libraries however
they are distributed.

In this experiment, there is one program with two regular mesh
data structures distributed by Multiblock Parti, and the program
copies a section of one mesh to a section of the second mesh
once per time-step. This scenario would occur, for example, in a
multiblock computational fluid dynamics code, where inter-block
boundaries must be updated at every time-step[1]. Thecopy opera-
tion can be completely expressed using Multiblock Parti functions,
for both building the communication schedule and moving the data.
This allows us to compare both the cost of computing a schedule
and moving the data with Meta-Chaosto the cost of computing the
same schedule and moving the data using only one data parallel
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Figure 4. Total time for a sequential client.
The server runs on four nodes, with up to four
processes per node (at most one per proces-
sor).

library.

Table 2 showsthetimesto computeascheduleusing Multiblock
Parti, and using Meta-Chaos with both the cooperation and dupli-
cation implementations. Thetable also shows the time required to
perform the data copy operation for all three methods. The pro-
grams was run on up to 16 processors on an IBM SP2. The two
dimensional arrays of double precision floating point numbers for
the meshes are each 1000x1000, and each array is distributed by
blocks in each dimension across all the processors. Half the data
in each array was involved in the data copy.

Aswasexplained for the previous experiment, the time to com-
putethe schedulewith Meta-Chaosusing the cooperationmethodis
around twice the time required when using Multiblock Parti. Nei-
ther Multiblock Parti nor Meta-Chaosusing the duplication method
reguire any communication to build acommunication schedulefor
this experiment. The overhead for building the schedule using
Meta-Chaosis alittle higher than for Multiblock Parti, whichis not
surprising since Multiblock Parti is optimized to build schedules
for moving regular sections. On the other hand, the Meta-Chaos
cooperation implementation requires some communication, since
parts of the scheduleare not computed on the processorsthat useit,
so those parts must be sent to the right processors. Eventhough the
cost of the communication for thismethod isnot large, it still causes
the schedule build to cost more than for the other two methods.

Since the data copy operations for Multiblock Parti and for
both Meta-Chaos implementations are exactly the same (they all
effectively generatethe same schedule), the timesfor the data copy
are essentially the samefor all three methods. The only difference
is that Meta-Chaos handles data copies within a processor (when
parts of the source and destination mesh are on the same processor)
more efficiently than does Multiblock Parti. Meta-Chaos performs
adirect copy between the storage for the source and destination,
whileMultiblock Parti requires anintermediate buffer. Thisisonly
an issue for the two-processor case, because a large percentage of
the datais copied locally, requiring no communication.

Theseresults are encouraging becausethey show that the more
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Figure 5. Total time for a four-process client
running on four separate nodes. The server
runs on four nodes.

general Meta-Chaos library is able to generate a communication
schedule with very little extra overhead compared to generating
the same scheduleusing a special-purposedata parallel library that
has been optimized to generate such schedules.

5.3. Client/server program interaction

This experiment presents the results of client/server-style program
interaction. The structure of the data on the client and the server is
completely managed by Meta-Chaos, meaning that neither needsto
know anything about the structure of the data (e.g. whether or how
it is distributed across multiple processors) in the other program.
From this point of view, Meta-Chaos provides an analogue of a
Unix pipe for the programmer to transfer data between the client
and server programs.

Toillustrate client/server interaction we have chosen ascenario
in which the client usesthe server as a high performance compu-
tation engine for performing a matrix vector multiply operation.
Meta-Chaos is used to perform the copy operations for the ma-
trix and the vectors, after computing the required communication
schedules. Theseschedulesare computed onceand stored for reuse
as needed.

We have implemented this scenario on an eight-node Digital
Alpha cluster of four-processor SMPs, connected via OC-3 links
to aDigital ATM Gigaswitch. The client program is a sequential
Fortran program, or a parallel Fortran program parallelized using
Multiblock Parti. The client program builds the matrix and multi-
ple vectors, then sends data to the server program and receives the
result vector. The server program isan HPF matrix-vector multiply
program that distributes the matrix and vector across the proces-
sors, gets a matrix from the client, then repeatedly gets a vector
from the client, computes the result vector and returns it to the
client. The client and server are run on disjoint sets of nodes on
the Alphacluster, with each program allocated its own set of up to
four nodes (16 processors). Meta-Chaosaccessthe ATM switch via
PVM, while HPF uses a high performance Digital implementation
of the UDP protocol. The experiment has been performed using a
512x512 matrix of double precision floating point numbers.

Figures 4 and 5 show the times to (1) compute the schedulesto
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Figure 6. Total time for twenty vectors for a
one-process client. The server runs on four
nodes.

copy the matrix and the vectors between the client and the server,
measured on the client, (2) send the matrix from the client to
the server, measured on the client, (3) perform the matrix-vector
multiply on the server, measured on the server, and (4) copy both
the operand and the result vectors between the client and the server,
computed by measuring in the client the total time to send the
operand vector, computein the server, and receivethe result vector
and then subtracting thetime spent in the server (from measurement
3).

Thefigures show results for both one and four client processes
(one per node). In al these experiments, the server is running on
four nodes, with up to four processesper node (one per processor).

As is shown in the figures, the best performance is obtained
from a server running with eight processes. This is because that
configuration achieves the best balance between communication
and computation. Thetime to compute the communication sched-
ules decreases with increasing numbers of server processes up to
four server processes, and increases thereafter because of con-
tention for the ATM network among multiple server processes on
the same node. In addition, building the schedulesrequires an al-
to-all communication between the client and server processes, and
arelatively small amount of datais sent, so adding more server pro-
cessesincreasesthe total number of messagesrequired. The same
all-to-all communication is required for copying the matrix and
the vectors between the client and server. All thesefactors lead to
the performance behavior shown, namely that, beyond eight server
processes, the speedup from running the matrix-vector multiply
on more server processors is offset by increased communication
overhead. In addition, the HPF server program does not speed up
beyond eight processors, because of increased internal communi-
cation costs in performing the matrix-vector multiply.

A more redlistic determination of the benefits that can be
achieved from Meta-Chaos requires performing more computa-
tion in the server, to amortize the cost of exchanging data between
the client and server. Figure 6 shows the results from performing
many matrix-vector multiplies using the samematrix. Inthat case,
the communication schedulesmust only be computed onceand the
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Figure 7. Break-even number of exchanged
vectors, for a sequential and a two-process
client, with one client process per node. The
server runs on four nodes, with up to four
processes per hode (one per processor)

matrix is only sent once from the client to the server. The figure
shows the time to compute the schedules to copy the matrix and
vector between the client and the server, to send the matrix to the
server, to perform the matrix-vector multiply operation and to copy
both the operand and the result vectors between the client and the
server for varying numbers of vectors and server processes. From
theresultsshownin Figure 6, we can computethat aspeedupof 4.5
is achieved when the server is an eight-process program, relative
to performing the same computation in the client.

Figure 7 shows the number of vectors that must be multiplied
by the same matrix to amortize the overhead of using a separate
server program rather than computing the matrix-vector multiply
within the client processes (e.g., with alibrary routing). From the
results shown in Figure 7, we see that a sequential program could
benefit greatly from using aparallel server to perform an expensive
computation, using Meta-Chaosto do the communication between
the programs. In this experiment, the server is not executing
a particularly expensive computation, but performance gains are
still possible after only a small number of matrix-vector multiply
computations are done to amortize the cost of sending the matrix.

6. Related work

The software tool that provides the closest functionality to that
of Meta-Chaos is HPF/MPI [6]. The HPF/MPI library extends the
MPI point-to-point message passing functions to alow multiple
HPF programs to communicate using MPI calls. Communication
between two HPF programs using either Meta-Chaos or HPF/MPI
woud be written the same way, except for some syntactic differ-
ences. However, there are three main differences between Meta-
Chaos and HPF/MPI. Thefirst oneis that Meta-Chaos can be easily
extended to additional data parallel libraries and languages (so
long as the libraries/languages provide the required interface func-
tions), while HPF/MP! is restricted to only HPF programs. The
second difference is related to the first one, in that HPF/MPI com-
putes a communication schedule using a mechanism similar to



the duplication technique used in Meta-Chaos. HPF/MPI does not
provide any mechanism equivalent to the Meta-Chaos coopera-
tion technique for computing a schedule. For example, computing
a communication schedule to transfer array elements irregularly
distributed using the Chaos library using the duplication method
would be very expensive. The third major difference in function-
ality between Meta-Chaos and HPF/MPI is that Meta-Chaos allows
multiple dataparallel libraries to communicate with one another in
the same program. Overall, Meta-Chaos provide a superset of the
functionality of HPF/MPI.

As HPF/MPI and other previous work has shown, integrating
task and data parallelism can present significant advantagesin both
performance and ease of programming. Several research efforts
have been working on the enhancement of data parallel languages
to integrate data parallelism and task parallelism. Fx [17] adds
compiler directives to HPF to specify task parallelism. Opus [10]
is a set of HPF extensions that provides a mechanism for com-
munication and synchronization through a shared data abstraction
(SDA). Fortran M [4] extends Fortran77 for task parallel compu-
tations, and also introduces several data distribution statements.
Braid [5] introduces data parallel extensions to the Mentat dis-
tributed object programming language. Integrating task and data
parallelism within one language is an active area of research, but
does not address the problem that there are many existing parallel
codesthat have been written using different data parallel libraries.
Theexistenceof many such dataparallel libraries[8, 9, 11, 13, 14],
andtheir related applications, providesstrong support for the claim
that no single library or languageis sufficient for all potential ap-
plications. In addition, asking application programmers to write
new codes, or rewrite existing codes, using only one data parallel
languageor library just so they can inter-operate is unlikely to suc-
ceed. Thereforeatool like Meta-Chaosis neededto allow existing
parallel applicationsto inter-operate and also to allow new appli-
cations, written using whatever data parallel library or language
the application programmer feels is appropriate, to inter-operate.

7. Conclusionsand Future Plans

In this paper we have addressed the problem of interoperability
between different data parallel libraries. With the mechanismswe
have described, multiple libraries can exchange data in the same
dataparallel program or between separate data-parallel programs.

We have implemented the interoperability mechanismin a li-
brary called Meta-Chaos and have explored the behavior of the
approach for several programs on two different parallel architec-
tures. Our experimental results show that our framework-basedap-
proach can beimplemented efficiently, with M eta-Chaosexhibiting
low overheads, even compared to the communication mechanisms
usedin two specialized and optimized data parallel libraries. Inad-
dition, we exhibited the flexibility of the approach for applications
using a client/server execution model.

We plan to make Meta-Chaos publicly available and encourage
developers of data parallel libraries to provide the interface func-
tions needed for Meta-Chaosto access data distributed using those
libraries. We plan to apply the framework-based approach to new
application areas, and are currently studying ways to incorporate
distributed data parallel objectsinto the CORBA [15] object model,
so that data parallel programs could interoperate with distributed
object systems. Meta-Chaoscould be used asthe underlying mech-
anism for such an extension.
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