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Abstract

This paper describes the manual conversion of several vectorized For-
tran algorithms to the iPSC/860. The codes typify NAS Y-MP solution tech-
niques and represent the types of algorithms that automatic parallelizers
must analyze and decompose. The straightfor ard, high-level domain de-
compositions employed for the e plicitand S R algorithms performed
quite ell. The implicit AD algorithm required ane solver to reduce com-
munication loads and a pipelined scheme to increase node utilization. The
loop-level decomposition employed for the multigrid algorithm performed
poorly. The ma or lesson taught by these manual transformations is that au-
tomatic tools must e pose or utilize parallelism at a high level to create ef-
fective distributed memory codes. The postprocessor PAT utility assisted in
disclosing reasons for less-than-e pected parallel performance.




The current limits on technology indicate that future high speed com-
puter systems ill employ multiple processors, operating in parallel, to
solve computationally-intensive problems. ighly parallel machines have
distributed memories and require coarse-grained partitioning to amortize
the communication overhead incurred by transmitting messages over net-

or s.Coarse-grained parallel e ecution requires substantial re riting of
singletas ed source programs to enable independent e ecution of tas s
larger than those performed by D -loops. The past success of automatic
vectorization has motivated the development of automatic parallelization
tools to reduce the user effort in constructing parallel programs from single-
tas ed programs.

The parallel tools should help users construct code for tas allocation,
CP synchronization, and interprocessor communication. Code generated
by automatic tools for this purpose can assume many forms, depending
upon the target parallel architecture and the transformation rules internal
to the tool. valuation of coarse-grained tools needs at least one e ample of
a source transformation for comparison against the tool-generated code.
This report presents the results of user- ritten, higher-level transforma-
tions on these same sources for e ecution on a distributed memory ma-
chine. Comparison of the transformed source to those produced ith the
help of the parallel tool should help in the evaluation of automatic tools for
highly parallel machines.

Typical steps in creating a parallel program consist of algorithm de-
composition, mapping the calculations to the processors, and tuning the
program to increase performance. Algorithm decomposition involves the
separation of the calculation into aset of tas s hich can act independently
on distinct sets of data. Common strategies for segregating the calculations
are based on geometry or control. Mapping these tas s to the processors
consists in assigning parts of the calculation to the processorsinsucha ay
as to balance the computational load and minimize communication delays.
Tuning the program involves those steps required to enhance performance.
To increase the floating point performance of individual nodes, such tuning
might involve replacement of critical sections of Fortran ith assembler
code or invo ing specialized math libraries. Tuning might also require an
improved mapping strategy or use of asynchronous message-passing to re-
duce the communication overhead.

Since the purpose of this or is to illustrate the sort of steps required
to obtain efficient iPSC/860 code, this report ill emphasize the firstt oar-
eas.

e iPSC/860 En iron ent

All calculations reported here ere performed on the NAS ntel iPSC/
860, an ntel i860 processsor-based hypercube, ith 128 processing nodes
attached to an ntel 80386 host processor. The i860 node has an 8 Megabyte
MB memory,an8 ilobyte B cache and multiple arithmetic units hich
allo multiple operations per cycle. All calculations reported here ere
performed in 64-bit mode, ma ing the data capacity of the i860 node mem-
ory effectively equal to 1 M and the cache effectively equal to 1 . The



i860 node has a pea performance of 40 MF  PS in 64-bit mode.

Since the iPSC/860 is a Multiple nstruction, Multiple Data M MD
computer, individual nodes perform independently asynchronously un-
less coupled by synchronization. Moreover, the parallel processes hich
perform the calculations access data  hich is private to each process. Pro-
cesses obtain needed data and achieve synchronization by e changing mes-
sages ith each other. The node hard are includes direct connect modules

hich relieve the node CP  of routing overhead. There is incentive fore -
changing small messages. Messages of length less than 100 bytes are sent

ithout a precursor message to verify the e istence of sufficient data space
on the receiving node. Messages e ceeding 100 bytes require an additional
round trip to verify the e istence of the required space on the receiving
node. Messages longer than 2000 bytes require additional system interven-
tion as the 4000 byte F F s are emptied.

ntel also provides a Performance Analysis Tool PAT to help users

measure a variety of parallel performance parameters ntel, 1992 . This
utility gathers runtime performance data for later postprocessing. The tool
has simple options for subroutine and message-passing timings and more
comple options for tracing parallel program e ecution. Section 6 provides
e amples of PAT use and graphical output.

e Parallel Suite

This paper describes the modifications required to create iPSC/860
versions of five Fortran codes used previously to test the ability of the Cray
Fortran PreProcessor FPP to generate efficient parallel code on the Cray Y-
MP Bergeron, 1993 . The codes, employing numerical methods pro-
grammed for e ecution on a vector machine, typify solution techniques

hich NAS users ould submit for parallelization by an automatic prepro-
cessor. The suite includes the follo ing ernels

* Successive verRela ation S R algorithm in a cube geometry,

 Shallo ater Model S M providing an e plicit solution to the
t o-dimensional mass and momentum equations treating ave
motion,

* PARAllel Cyclic Reduction algorithm PARACR solvingat o-
dimensional tridiagonal system,

* A 2-D Alternating Direction mplicit AD algorithm, and a
* Multi Rid M R algorithm in a cube geometry.

* The follo ing sections provide some iPSC/860 ground rules for
evaluation and describe the performance of each of the ve codes.
The paper presents the codes in the order of dif culty. mplementa-
tion of the e plicit codes,S Rand S M, required much less effort
than the implicit code. The implicit code required both ane solver
and a pipelined implementation. The M R employed the Y-MP



decomposition. The paper also presents some tool characteristics
hich ould be desirable for parallelizing NAS or load pro-
grams.

The follo ing section provides ground rules and evaluation technique
for parallel versions of the singletas ed versions in the suite. This section
also includes some observations on the iPSC/860 node performance.

round ules

This or presentsthe changes required to convert single processor Y-

MP vector code to iPSC /860 parallel, distributed memory code. The chang-
es ere made in the fashion of a tool-based conversion hich preserved the
original algorithm. hile the performance of these codes do not represent
the best iPSC/860 parallel implementation of the algorithms,a no ledge
of the typical changes involved ith such a conversion should allo NAS
to udge the suitability of the various parallel tools for NAS users. Such

no ledge should also help NAS influence the future development of such
tools.

« round rules to guide the tool-based creation of double precision
64-bit versions of all 5 programs in the suite include

* se of a manual port to permit the large-scale algorithm changes
required by some codes to produce ef cient performance.

* seof natural sequential node ordering for mapping thet o-
dimensional grids onto the hypercube. This restriction means that
nearest neighbor nodes in a grid layout ill not correspond to near-
est neighbors on the hypercube topology and that message-passing
performance ill suffer relative to a version employing ray code
numbering. This approach is consistent ith the spirit of a tool-gen-
erated conversion.

* mphasis on synchronous / for the message-passing. hile it
as thought initially that all codes could employ synchronous mes-
sage-passing, later e perience revealed that all codes could bene t
from asynchronous data transmittal.

* seonly theiPSC/860 IM per node memory. n some cases, this
rule limits the suite problem sizes. n practice, iPSC/860 users must
employ dis  les or CFS to store data for large amounts of data.

o ever,iPSC/860 / performance does notscale ith the num-
ber of nodes Nitzberg, 1993 and employing the CFS for e tensive
/ ould cloud the evaluation of the port.



* se of limited compiler tuning. cept here noted, the only com-

piler tuning consisted of modi cations to ensure thatallmaorD -
PS involved sequential access to the ma or arrays.

n addition, all programs used the iPSC/860 fast divide option and all
program F  PSreflectamanual F P count of the iPSC/860 source code
ith4F PSassigned for the divide. The divide count is some hatlo er

than other estimates Bailey, 1993 , but the divide operation constitutes a

small fraction of the overall F P count.

E aluation ec ni ue

The report provides several methods for evaluating the parallel de-
compositions. The first measure is the hard are efficiency, e, hich is usu-
ally defined as

e = (T(1))/ (NxT(N))

here and denote the elapsed time for e ecution of the same
problem of 1 and N CP s respectively. Parallel decomposition of the prob-
lem implies that each of the N nodes solves a smaller problem than that
solved by a single node. Cache inefficiencies can inhibit such single node
performance and lead to parallel efficiencies e ceeding 100 . Thus, the re-
port follo s a previous approach Dongarra, 1990 to define efficiency as

e = (R(1))/ (NxR(N))

here denotes the ma imum double precision single processor rate of
40 MF  PSand denotes the N-processor rate.

A series of benchmar codes has rated the 128-node ntel Touchstone
at about 250 MF  PS on compiled code Bailey, , 1991 . A second cri-
terion for an effective port is that its 128-node performance should equal or
e ceed this 250 MF  PS rating.

A third measure of the effectiveness of the iPSC/860 decompositions
is the ratio of computation to communication and a ratio of 50  is reported
as a relatively efficient implementation on a typical full-scale problem

Mavriplis, , 1992 .

ser ations

The iPSC/860 chip demands careful attention to details for ma imum
performance. A 64-bit data bus connects the off-chip node memory to an on-
chip data cache. Since the node memory is located off-chip, high-perfor-
mance code must effectively utilize the small on-chip data cache and limit-
ed off-chip memory band idth ee, 1991 . An onboard hard are cache
supervisor manages the cache in real-time. T o programs producing essen-
tially the same assembly code can display significantly different perfor-



mance due to the intervention of this cache supervisor.

Supplying the compiler ith code containing properly unrolled and/
or stripmined loops ill improve cache utilization and application perfor-
mance Carrand ennedy, 1992 . These modifications enforce data locality,

, they force the CP  to access data elements in terms of small neighbor-
hoods of memory. Such access patterns promote the reuse of data stored in
the on-chip data cache and prevent the CP  from stalling for lac of data.
Performance is strongly sensitive to data location, , hether the applica-
tione ecutes ithdata incache or hethertheapplicationruns ithdata

out of cache . nsome cases, the application performance degrades severe-
ly, as sho nin Figure 1.

Figure 1

The figure sho s severe performance degradation hen the number
of grid points per edge is a multiple of 32. The iPSC/860 node cache is 8 ,
t o- ay,setassociative. The8 denotes the size of the cacheas8 bytes or
1 1024 double precision ords. At o- ay set associative cache places
into the same cachesett o ords hich are separated by a fi ed multiple
of ordsin the off-chip memory. n thei860 design, the fi ed multipleis 4
bytes or 512 ords. The algorithm for loading cache lines is random re-
placement. fthe cacheconsistsoft o lines of contiguous data, it is possible
for each data reference separated by 512 ords to over rite data before it
is used. This separation can result in a constant loading/reloading thrash-
ing of cache until the loop completes. nsertion of buffer arrays to separate
critical arrays by more than 512 ords should relieve the cache thrashing.

Figure 1 also sho s typical single node performance and the sort of



performance improvement hich can be achieved due to loop unrolling.
The computational loops ere e ecuted ith stride 2 and the second itera-
tion ritten out e plicitly. This modification allo ed a more efficient utili-
zation of the on-chip cache and produced abouta 10 improvement in
performance.

The inability of the current iPSC/860 compiler to optimize compila-
tions is due in part to compiler immaturity and also to the difficulty of gen-
erating efficient code for the iPSC/860 chip. The relatively small number of
registers contained on the chip mandates a high degree of register reuse and
forces an e plicit control of the pipelined units Case, 1992 . Application of
the Cray Fortran compiler e pertise tothe D CA P A chip has currently
yielded a performance improvement of about 50 relative to the native
compiler and this value ould seem to be a good estimate for the ability of
a mature compiler on the iPSC/860.

Code escri tion

NAS users employ the Successive verRela ation S R algorithmin
advanced formulations involving fluid dynamics on unstructured grids
and the aerodynamics of the Space Shuttle NASA, 1990 . n the parallel
suite, the Y-MP single processor version of the S R employed a auss-
Seidel iteration on a cube geometry. As it travelled to each plane, the algo-
rithm visited the grid points in a red /blac chec erboard fashion to pro-
mote vectorization and applied Chebyshev acceleration factors to speed
convergence. These factors involved the spectral radius of the Jacobi itera-
tion, as estimated from the number of nodes in the grid Press, , 1986

R cospi/] del /dely 2 cospi/ /1 del /dely 2 3

here there ereJby nodesinthet o-dimensional grid and for our

problems, del  dely. This formula strictly applies forat o-dimensional
problem, and the3DS R employed this formulation of the acceleration fac-
tor ith good results.

ith some user intervention, the Cray autotas er, FPP Cray, 1988
parallelized this calculation by allo ing the CP s to operate on the red
points on all planes and then on the blac points on all planes. FPP e tracted
essentially all of the parallelism available at a cube size of 256 and FPP s ver-
sion of the code performed at over 80 efficiency on an 8-CP Y-MP. Mea-
surements of code performance indicated that the large problems ere able
to amortize the overhead from load imbalance and delay from memory con-
flicts.

odi cations for Parallel E ecutionont e y ercu e

The initial iPSC/860 version of the S R maintained the FPP planar



parallelism, ., each node of the iPSC/860 updated a single plane hile
maintaining the red/blac ordering. ach node employed synchronous
message passing to transmit its values as a boundary condition to the ad a-
centnodes. The nodes then chec ed for global convergence before initiating
ane iteration. Performance on a 128-node problem, ith each node calcu-
lating on a 128 by 128 point square as only 35 MF  PS. Allo ing each
node to treat several planes improved the performance slightly to 36

MF PS.

A decomposition ith an improved ratio of computation to communi-
cation Fo , ., 1988 motivated a second implementation of theS R.The
large memory band idth of the Y-MP permitted efficient e ecution of the

cube of planes decomposition, but the smaller memory band idth of the
hypercube required a cube of cubes ensemble as sho n in Figure 2.

Figure 2

The amount of computation depends upon the volume enclosed by the
component cube hile the amount of data transmitted to neighboring com-
ponent cubes depends upon the surface area of the individual component
cubes. The improved decomposition has a larger volume to surface-area ra-
tio than the planar decomposition, , it performs a larger amount of com-
putation for a given amount of data transfer.

A comparison of the ratio of the computation load to the communica-
tion load allo s rough estimate of the effectiveness of the t o decomposi-
tions. The computation load is the total number of floating point operations
performed by all nodes in an iteration and the communication load is sim-
ply the total number of 8-byte ords transferred by all nodes in an iteration.
These ratios are easy to establish for the t o algorithms since the code is
compact. Figure 3 displays the ratio MF  PSperM ord fort odecom-
positions, one consisting of a cube of cubes and the other consisting of a
cube of planes. The -a is denotes the number of grid points on an edge for
each of the nodes in the decomposition. Relative to the cube of planes de-
composition, Figure 3 sho s that the cube of cubes decomposition performs
a greater amount of calculation for each ord of data transferred .



Figure 3

The improved decomposition, in  hich each cube generally has 6
neighboring cubes, required each cube to identify the node numbers of its
nearest neighbors to ensure proper message-passing. The messages consist-
ed of the values in the calculated planes nearest the ad acent node. These
values eree changed asboundary values ith the neighboring node. The
decomposition is termed a simple domain decomposition ith overlapping
boundary values.

The above decomposition admits a variety of parallel S R implemen-
tations. ne hypercube implementation of the red/blac algorithm labels
half of the iPSC nodes red and the other half blac  hile a second imple-
mentation labels grid points in the individual iPSC nodes as red and blac .
Since the ordering requirement for the first implementation dictates half-it-
eration on the red nodes and half-iteration on the blac nodes, half of the
nodes ould be computationally idle during the iteration. The second im-
plementation requires that each iPSC node visit half of its grid points dur-
ing the red iteration and half of its grid points during the blac iteration,
and all iPSCnodes ouldbe or ing during the iteration. Both implemen-
tations ould require one synchronization and boundary e change after
the red node update and one synchronization and boundary e change after
the blac node update.

dle processor considerations may also ma e attractive a third imple-
mentation, the substitution of a simultaneous update scheme, , a Jacobi
iteration. This change ould reduce the message-passing and eep the hy-



percube nodes busy during most of the problem. This change ould also
slo the convergence of the iterations because acceleration factors ould
no longer apply.

A desire to maintain convergence hile employing a tool-oriented
transformation dictated the selection of the first method for this report. The
tirst method, employing the global red /blac algorithm, seemed mostli e-
ly to be achieved by a parallel tool since it is the closest in spirit to the Y-MP
version. The nodal red /blac version requires detailed boo eeping, al-
though it may be a more efficient technique. Substitution of the Jacobi iter-
ation for the red/blac technique ould reduce the rate of convergence. n
fact, parallel decomposition can strongly effect the rates of convergence for
theS Ralgorithm Adams and Jordan, 1986 . Since this report emphasizes
issues involved in an automated port of vectorized code to a parallel ma-
chine, convergence questions ill be deferred as beyond the scope of the
present or .

An attempt to maintain consistency among the variously-sized ensem-
ble calculations required a modification to the termination criterion. The Y-
MP version used the reduction of a global normbelo an input value to sig-
nal the end of the calculation. For the hypercube, this criterion does not en-
sure that average values on each node are close enough to the desired
values. nstead, the hypercube versions require that the average value in the
cube approach an input value.

Code Perfor ance

This section discusses the parallel performance of S R algorithm on
the iPSC/860. Table 1 sho s performance as a function of problem size for
acceleration factors determined by the prescription given above. The table
includes e tra cube sizes for the 64-node ensembles since the regular sizes
of 32 and 64 suffers severe performance degradation from cache-thrashing.



Table 1
ed/ lac S iPSC/860 Perfor ance 8 Pro le

nse Cube terati Telap Tcom MF tficie
mble Size ons sed m PS ncy
2 43 192 64.3 40.6 83.4 0.0 8
64 32 15 43.1 26.3 105.2 0.041
64 34 184 33.3 21.9 13. 0.068
125 26 168 16.3 11.6 26 .1 0.053
6 Pro le
nse Cube terati Telap Tcom MF fficie
mble Size ons sed m PS ncy
2 86 353 866. 493.3 9 .8 0.091
64 64 316 594.6 335.4 121.6 0.048
64 66 324 3 5.6 221.9 21 1 0.085
125 52 292 189 114.5 382.4 0.0

The decreases in elapsed time indicate that the decomposition has al-
lo ed the effective application of an increasing number of nodes. The col-
umn labelled Tcomm represents the time spent in the communication
routines and the global sum. The ensembles spend more than 50 of the
elapsed time in the communication routines and the dominant amount of
this time is spent bloc ing hile aiting to receive a message. Dividing the
total problem floating point operations by the time spent in computation
only gives computation rates averaging bet een 5.3 to 8.5 MF  PS per
node. The measured ratio of floating point operations todata ords sent via
message-passing ranged from 19.3 for the 2 -node 256 3 problem to 3.0 for
the 125-node 128 3 problem. The Performance Analysis Tool PAT indi-
cated that this decomposition allo ed a balanced computational load
across all processors ith about40 of the elapsed time spent in computa-
tion.

The table sho s that, for a given problem size, an ensemble composed
of a larger number of cubes requires less iterations than an ensemble com-
posed of a smaller number of cubes. This effect is counter-intuitive since an
increased number of cubes in an ensemble implies a greater decoupling of
the problem. The intuitive vie point neglects the po erful influence of the
Chebyshev acceleration factors. The problem-dependent acceleration fac-
tors provided by the spectral radius 3 are not optimal. Testing of the for-
mula on single-cube problems indicated that the spectral radius approach
overestimates the optimal factors and that the overestimate is larger for
larger cube sizes. The effect of the acceleration factors e ceeds the decou-
pling brought about by decomposition. The iteration data illustrate the im-
portance of understanding algorithm convergence properties before
attempting a parallel decomposition.

Machine efficiencies, computed according to prescription given in Sec-
tion 2.3, lie in the 5-10 range as sho n in Figure 4.



Figure 4

ne ay to assess the decomposition is to e amine ho it scales. Fig-
ure 5 sho s the ensemble MF P rates as a function of increasing number
of nodes.



Figure 5

Since the number of grid points assigned to each iPSC/860 node have
been chosen to conserve the total number of mesh points in the ensemble,
the amount of floating point computation per node per iteration remains
roughly constant. fthereisno increasing loss to communication time as the
problem size increases, the increase in ensemble MF P rate should be lin-
ear ith the number of processors. Figure 5 sho sasome hat less-than-
linear increase in performance. Although this algorithm is nearest-neigh-
bor, most of the problem time is spent in communication and the bul of
this time is in the message receive crecv routines, here the node must

ait, or bloc , until it receives a transmitted message. nly half of the nodes
are calculating during the iteration and this behavior seems to contribute
the the poor communication scaling. An obvious improvement to this de-
composition ould modify the algorithm to permit asynchronous commu-
nication.

verall, the measurements indicates that the decomposition produced

a reasonable hypercube performance. mploying an 86 3 grid on the 125
node ensemble yields a performance of 430 MF ~ PS.

essons for ools

The most important factor in porting the S R to the iPSC/860 is a de-
composition hich ma imizes the ratio of volume to surface area. This fac-
tor improved performance by a factor of 8 over the Y-MP memory-intensive
decomposition. This approach automatically results in good data locality
and favorable scaling characteristics. The decomposition employs no For-



tran e tensions beyond those required for nearest-neighbor message-pass-
ing and global sums.

To employ a cube of cubes decomposition, an automatic tool ould
have to obtain the dimensionality of the problem from the user since the
Fortran implementation here uses t o-dimensional arrays to describe a
three-dimensional geometry. The tool ould have to color the nodes quite
carefully again, ith assistance from the user to ensure the opposite colors
are the nearest neighbors in the three-dimensional scheme. Application of
red/blac noding to the individual nodes comprising the hypercube ould
allo all nodes to compute during the iteration, but ould require a more
complicated labelling arrangement to carry out the red /blac ordering.

The eycomputations, carried outinthet oD -loops performing the
red and blac global s eeps, require transmittal of data to the neighboring
nodes after the e ecution of the D -loops.

Code escri tion

Many NAS users employ e plicit timestepping of CFD equations treat-
ing rate-dependent phenomena, such as combustion and other chemical re-
actions NASA, 1990 . The finite difference equations for the shallo  ater
model S M also employ e plicit timestepping and contain a space dis-
cretization based on Taylor e pansions. Thet o-dimensionalS M model,
representing computations employed in atmospheric modelling, is a sys-
tem of three equations in threeun no ns, the -velocity, the y-velocity and
the height of the fluid. The current formulation as presented by Sadourny

19 5 and implemented by offman, 1986 , conserves the mean
square vorticity, or enstrophy. Application of periodic boundary conditions
and use of a regular geometry introduced a high degree of parallelism into
the code.

The previous report discussed the FPP implementation of fine-grained
parallelism through its creation of 3 parallel regions corresponding to the
ma or computational loops. CP  synchronization occurred after comple-
tion of each D -loop. The parallel version displayed e cellent Y-MP perfor-
mance as this approach allo ed almost perfect CP load balancing ith
each CP e ecuting a long-vector length computational or load. The
FPP-generated version displayed an efficiency e ceeding 0.9. Performance
measurements indicated a slight load imbalance generated by singletas ed
regions hich implemented the periodic boundary conditions. As the num-
ber of CP s increased and the elapsed time decreased, this load imbalance
e erted a greater influence because the fraction of time spent in singletas ed
mode increased.



odi cations for Parallel E ecutionont e y ercu e

eometry provided the basis for the high-level decomposition in that

each processor ould or onasquare subset of the global square. iven
this decomposition, the most obvious ay to parallelizeS M as to paral-
lelize the three ma or D -loops ust as FPP had done on the Y-MP.

Decomposition into a square of squares required at o-dimensional
version of the nearest-neighbor message-passing routine described in sec-
tion 3.2. After each of the three double D -loops, transmittal of ne ly cal-
culated pressures and velocities to remote-neighbors satisfied the doubly
periodic boundary condition. An additional data transfer to nearest-neigh-
bors satisfied the continuity requirements for the decomposition.

Figure 6 sho stheboundary transfers for a schematic 4 by 4 mesh. The
shaded regions represent outer ro s or points of the boundary nodes.

Figure 6

All interior nodes send and receive messages from their 4 nearest
neighbors. Nodes containing the boundary points send and receive messag-
es from their nearest neighbors and also send and receive messages from
the appropriate remote nodes. Figure 6 sho s the types of remote neighbor
e changes required by the boundary conditions. Processor nodes in the top
ro of the mesh compute values on grids, hich contain the boundary
points as their top ro s. These nodes muste change their boundary values

ith the boundary values of nodes on the bottom of the 4 by 4 mesh. Similar
e changes occur for nodes on the left and right boundary. Diagonal e -
changes involve values computed for the e treme points only on the op-
posite diagonals of the mesh.

An initial 2-node iPSC/860 version of the S M ensured that the tas
decomposition performed correctly. Since the general problem ould in-
volve many squares, some additional code as inserted to ensure that glo-
bal momentum and enstrophy ere conserved. A second 4-node version
ensured that data transfers in all 4 directions e ecuted correctly. Decompo-
sition of the general problem into a square of squares on the iPSC/860 pre-
vented the e act duplication of the Y-MP results. The discrepancy arose
because each iPSC/860 square required its 0 n boundary nodes and the



single-square Y-MP had boundary nodes at only 4 edges. lobal momen-
tum and enstrophy differed by less than one percentbet een the Y-MP and
iPSC/860 versions.

Code Perfor ance

This section discusses the parallel performance of S M performance
on the iPSC/860. Table 2 sho s performance as a function of problem size
for 200 timesteps.

Table 2
S MiPSC/860 Performance on 1024 2 Problem

nsem rid Telaps Tcomp Tcom MF

ble ed m PS

36 11 98.2 84.2 14.0 139.4
49 14 6.5 62.5 14.0 199
64 128 60.4 4 4 13.0 225.8
81 114 51.5 3.5 14.0 265.
100 102 443 30.3 14.0 305.3
121 94 40.5 25.9 14.6 343.5

The number of grid points per edge decreases as the number of squares
in the ensemble increases to maintain the same overall problem size. As the
number of nodes increases, the time spent on computation decreases and
the time spent on communication remains appro imately constant. This ob-
servation ould appear to apply to all nearest-neighbor type algorithms
and accounts for their effectiveness on highly parallel machines. The time
spent in the periodic boundary condition message-passing contributes
about 60 of the total communication time. The measured ratio of floating
point operations to data ords sent via message-passing ranged from 15 for
the 16-node problem to 8 for the 121-node problem. The Performance Anal-
ysis Tool PAT indicated that the square of squares decomposition allo ed
a balanced computational load across all processors ith about 80 of the
elapsed time spent in computation.

Figure sho s the machine efficiencies for the S M application.
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Figure

The machine efficiencies are in the same range as the S R problem dis-
cussed in Section 3 and decrease to for the 121 node case.
Figure 8 sho s the scaling behavior of the S M ensemble MF P
rates as a function of the number of iPSC nodes.



Figure 8

Figure 8 indicates a slight departure from a linear increase in perfor-
mance. This behavior is e pected since, ith the increasing number of
nodes, the time spent in computation decreases and the time spent in com-
munication remains constant.

essons for ools

The most important factor in porting theS M to the iPSC/860 is a de-
composition hich ma imizes the ratio of the surface area to the perimeter
for the individual hypercube nodes. The ey computations, carried out in
the three D -loops performing the global s eeps, require transmittal of
data to treat the periodic boundary conditions after their e ecution. Most of
the porting effort consisted of constructing the routines to enforce the peri-
odic boundary conditions. hile the square of squares decomposition al-
lo ed easy e pression of these conditions, these relations involved 43
separate equations.

Code escri tion

Tridiagonal systems occur repeatedly in finite-difference appro ima-
tions to differential equations ith 2nd-order derivatives. The Y-MP ver-



sion of the tridiagonal solver employed the parallel cyclic reduction
technique oc ney and Jesshope, 1988 , a highly effective method for solv-
ing tridiagonal systems on a vector computer and on a multiprocessor.

The cyclic reduction method consists of a series of for ard iterations,

hich eliminate the odd-numbered equations. The procedure finally ar-
rives at a single equation the algorithm then bac substitutes through the
reduced systems until the original set of equations is solved.

The Y-MP version performed all phases of the reduction and bac sub-
stitution in parallel. The for ard iteration involves the recursive calculation
of data on both the left and right sides of the equations. ach step of the re-
duction accesses memory locations in a nonlinear manner s ips through
memory because the number of equations decreases by a factor of 2 in each
reduction. The Y-MP implementation e ploited the shared memory to per-
form the algorithm s non-sequential memory access by careful inde ing.

very CP  asable to access the data and the large system size amortized
the delay due to shared memory conflicts.

odi cations for Parallel E ecutionont e y ercu e

The initial implementation of the cyclic reduction algorithm attempted
to mimic the shared memory version by using a broadcast approach send-
ing all data to all processors . The ratio of computation to communication
for this algorithm ase tremelylo ,indicating the algorithm ascommu-
nication-bound. Reimplementation of cyclic reduction using a pipelined
technique ith special coding to ma imize nearest-neighbor communica-
tion provided one option. o ever, the partitioned vectorized solver

ang, 1981 appeared more attractive due to ease of implementation and
lo interprocessor communication requirements. This solver partitioned
the tridiagonal matri into a set of square bloc s and then applied elemen-
taryro transformations to obtain a structure ith only one independent
variable nested in each partition. Figure 9 sho s the matri structure of a
16 16 system of equations after the application of the ro transformations.
This structure no  consists of 4 systems denoted by the horizontal layers
for e ecution on 4 processors.



Figure 9

Transformed Partition of 16 16 Tridiagonal Matri
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transformations have reduced the

system to 4 independent equations, denoted by asteris s. A aussian algo-
rithm performed by a single processor node 0 can solve the reduced tridi-

agonal system for theun no ns 04, 08, 12,and 16. ach processor

sends only 4 ords to the master processor solving the reduced system and
receives only 4 ords from the master. Bac substitution, performed in par-

allel, provides the solution to the remaining 12 un no ns.

The 4- ord transmittal requirement is independent of the number of
equations in the bloc and this feature ma es the algorithm scalable for sys-
tems ith many processors.
tioned solver does not parallelize ell. The algorithm requires that the outer
loop denote the number of equations in the system and the inner loop de-
note the number of partitions. This arrangement limits the amount of or

n Cray architectures, ho ever, the parti-

given to each Cray processor.



Code Perfor ance

Table 3 sho s ensemble performance as a function of matri size. The

base case treats a2 16 linear system,
tions. For comparison, a typicalt o-dimensional CFD problem 100 by 100

ith4 un no nspernode has about 40,000 un no ns. The table also
sho s the performance oft o larger systems to sho

, a system of 65536 coupled equa-

the affect of addition-

al or on the performance of the algorithm. For 100 passes through the

solver, single processor performance data are as follo s

Table 3

Partitioned Tridiagonal Solver- iPSC/860 Performance

2 16 inear System

nsemb Telapse
le d
8 5.3
16 3.00
32 1. 6
64 1.3
128 242

2 1 inear System

nsemb Telapse
le d
8 11.38
16 5.85
32 3.18
64 212
128 2.6

2 18 inear System

nsemb Telapse
le d
8 22.69
16 11.51
32 5.98
64 3.6
128 2. 8

Tcomp

5 2
2.1
1.29
0.34
0.41

Tcomp

11.28
5.60
2.1
1.20
0.95

Tcomp

22.59
11.02
52

2. 6
2.0

Tcomm

S
0.10
0.28
0.4
1.03
2.01

Tcomm

0.10
0.25
0.4

0.92
1.81

Tcomm

0.10
0.49
0.1
0.91
0.1

MF P

32.1
61.4
104.5
133.9
5.6

MF P

32.4
62.
115.3
123
132.5

MF P

324
63.8
122.
199.
263.8

ffm

0.100
0.096
0.082
0.052
0.015

ffm

0.101
0.098
0.090
0.06

0.026

ffm

0.100
0.100
0.096
0.0 8
0.052

The table sho s that increased processors tend to reduce and then in-

crease elapsed times for each system.
crease computation times and increase communication times. Analysis of

enerally, additional processors de-



the time required for arithmetic operations and communication yields an al-
gebraic e pression for the total time required for the parallel computation
Johnson, ,198 .Forafi ed problem size, evaluation of the formula as
a function of the number of processors indicates a minimum total time. The
cost of the for ard and bac  ard eliminations decreases ith additional
processors, but the aussian system hich must be solved by a single pro-
cessor gro s ith increasing processors. Communication costs also in-
crease ith increasing processors.

The measured ratio of floating point operations to data ords sent via
message-passing ranged from 1250 for the 8-node 256 3 problem to 16 for
the 128-node 256 3 problem. For the larger systems, PAT indicated that
this algorithm overloaded node 0 ith the aussian elimination computa-
tion. Application of the partition algorithm recursively to the aussian
elimination ould reduce this imbalance. The average processor spent
about 10  of its elapsed time in computation.

Figure 10 sho s the efficiency as a function of the number of proces-
SOrS.

Figure 10

Fort o-dimensional systems, implementation of the NASPAC ee,
1991 tridiagonal solver ould increase efficiency by decreasing the time
spent by the single node in solving the reduced system.

Figure 11 sho s the performance as a function of number of proces-
Sors.



Figure 11

The increased communication costs combine ith the cost of solving a
large system on single node to produce a pea in ensemble performance.
The figure suggests that this pea has yet to occur for the 2 18 system.

essons for ools

The most important factor in porting the tridiagonal solver to the
iPSC/860 as the ratio of computation to communication. The decomposi-
tion employed for the partitioned solver as algorithmic, hereas the pre-
vious t o sections employed decompositions based on geometry. n all
cases, an approach hich ma imizes the above ratio as the ey feature
contributing to the effectiveness of the hypercube decompositions.

Tools should assist the user in evaluating the computation to commu-
nication ratio. fthisratioislo ,the tool can atleast help to inform the user
that the algorithm needs revision.  hile it may be unli ely for a tool to pro-
vide custom solvers, a site may be able to assist its users by providing e -
amples of such solvers.

6 Code escri tion

The Alternating Direction mplicit AD method forms an important



class of solution procedures on the NAS machines, especially in the field of
global circulation models NASA, 1990 . The AD algorithm employs an op-
erator splitting technique to decompose the problem into multiple one-di-
mensional subproblems. The algorithm used in the Y-MP port follo ed a
standard, modular implementation Press, , 1986 , replacing the aus-
sian solver described therein by a

po er-of-2 cyclic reduction method to solve the tridiagonal systems.

The Cray autotas er, FPP, constructed a parallel version from the vec-

tor version described above by e ecuting the assembly and bac substitu-
tion loops of the -s eep and the y-s eep in parallel. Calculations in the
cyclic tridiagonal solver ere also performed in parallel. ven ith the trid-
iagonal solver brought into the main routine, FPP could not recognize that
the entire operation, , assembly, solution, and bac substitution, for each
column of the -s eep and eachro ofthey-s eepcoulde ecutein paral-
lel. The tool uncovered useful parallelism only in the solver.

6 odi cations for Parallel E ecutionont e y ercu e

perience ith the hypercube cyclic reduction algorithm, as de-
scribed in Section 5, led to the adoption of the partitioned solver as a more
efficient tridiagonal solver. nsertion of this solver into the AD in the stan-
dard manner of passing singlero s or planes to the solver in a synchronous
fashion gave poor performance.

An analysis of AD methods recommended pipelining the algorithm
to improve performance Johnson, 198 . A pipelined algorithm con-
sists of a sequence of stages and has the property that ne operations can
be initiated at the start of the pipeline hile other operations are in progress
through the pipeline. Compilers commonly apply pipelining to optimiza-
tion of loops on vector architectures Stone, 198

Pipelining the AD method requires that all parts of the algorithm, as-
sembling the left and right hand sides, the solver, and the bac substitution
e ecutein a step ise fashion. The method requires a partitioning of the
main computational loops into a set of tas s hich can begin one after an-
other before the previous tas has completed. Creating such a partition re-
quires a fairly strong understanding of the various dependencies in the
algorithm.

T o partitions ere employed in the AD algorithm. The partitioned
tridiagonal solver dictated a domain decomposition involving the ensemble
grid. The desire to amortize communication overhead dictated the second
partition involving a coarse-grained division of the nodal mesh into bloc s
or slices. Figure 12 illustrates first partition and the nodal data transmittal
for the AD iteration hichdoesan -s eepanday-s eepona3by3
mesh.



Figure 12

n the first stage of the -s eep s eepbyro s, each of the nodes in
thesamero sends the results of its for ard elimination to the node imme-
diately to its left. At a later stage, each of the nodes in the samero sends
the results of its bac  ard eliminations to the -s eep driver nodes,

hich are located in the left column.

n the first stage of the y-s eep s eep by columns , each of the nodes
in the same column sends the results of its for ard elimination to the node
immediately belo it. Atalater stage, each of the nodes in the same column
sends the results of its bac  ard eliminations to the y-s eep driver
nodes, hich are located in the bottom ro

An AD iteration can employ the above decomposition and synchro-
nous data communication hiles eeping acrosssinglero sor columns of
each nodal mesh. Performance results for this strategy, defined here as a
synchronous fine-grained iteration, are sho n in the ne t section.

o ever, efficient hypercube pipelining requires asynchronous com-
munication. n the pipelined AD scheme, the node can post a receive re-
quest and then do some more or , such as assembling the ne t right and
left-hand side, before using the data required by the receive request. n this

ay, computation overlaps ith communication. mplementation of this
scheme must contain a sufficient amount of computation to amortize the
overhead of communication, , the implementation should be coarse-
grained.

Figure 13 illustrates the second partition, the division of the -s eep
nodal calculation into bloc s. The figure sho s a mesh requiring 4 passes to
complete a single -s eepiteration. ach passincludesbloc 1andbloc 2,



and each of these bloc s may contain asinglero oragroup ofro s. Double-buff-
ering refers to the requirement of separate temporary storage areas for bloc 1and
bloc 2. Testing determined thatat o-pass partition provided the ma imum per-
formance for these problems thus, each of thebloc s operated on one-fourth of the
mesh.

Figure 13

Figure 14 illustrates the approach to pipelining the nodal calculations. The
AD algorithm consisted of 4 separate stages denoted as msp for multistage pipe-
line assho nin the figure.

Figure 14

mspl0  msp20 assembly, for ard elimination, and transmit to neighbor
mspll msp2l receive, bac ard elimination, and transmit to driver

mspl2 msp22 driver nodes solve and transmit other nodes post receive
msp 13  msp23 driver nodes solve other nodes receive data and bac solve



Since the algorithm consists of 4 separate stages, it ould be possible
toemploy a4- ay buffer on the problem, but the limited time spent in com-
munication as sho ninthene tsection seems to indicate that the addition-
al stages ould incur little performance benefit.

6 Code Perfor ance

The base case treats a square ith 1024 nodes per edge to give about 1
million points per grid. Table 4 sho s performance data for the synchro-
nous and asynchronous AD versions. As iththeS Rdiscussed in Section
3, acceleration factors play an important role in the rate of convergence and
use of the same factor for all the ensemble sizes gave a consistent number of
iterations.

Table 4
AD iPSC/860 Performance on 128 3 Problem
Synchronous---Fine-grained

nsem rid Telaps Tcomp Tcom MF
ble ed m PS
16 256 283.3 255.6 2. 41.1
25 206 199.6 1 .9 21. 58.8
36 12 158.4 140.8 1.6 4.0
49 148 129.5 115.0 14.5 90.8
64 128 106. 95.2 11.5 104.9
81 114 102.4 90.4 12.0 109.
100 100 95.4 85.4 10.0 122.
121 94 88.1 9.3 8.8 130.

Asynchronous---Coarse- rained

nsem rid Telaps Tcomp Tcom MF
ble ed m PS

16 258 244.0 243, 0.145 49.5
25 206 143.1 142.9 0.095 81.9
36 14 105.0 104.9 0.064 116.
49 150 82.3 82.1 0.0 3 153.2
64 130 63.8 63. 0.060 188.9
81 114 51.6 51.5 0.0 216.9
100 100 52.6 52.5 0.059 241.4
121 94 45.3 45.2 0.042 254.4

ffm

0.064
0.059
0.051
0.046
0.041
0.034
0.031
0.02

ffm

0.0 8
0.082
0.081
0.0 8
0.0 4
0.06
0.060
0.053



Table 4 sho s that the asynchronous algorithm outperforms the syn-
chronous algorithm by a factor of 1.2 to 1.8 and this ratio is quite significant
since the domain decomposition as already quite efficient. The measured
ratio of floating point operations to data ords transferred via message-
passing ranged from 3 for the 16-node ensemble to 10 for the 121-node en-
semble. The time spent in the computational part of the asynchronous im-
plementation is less than that of the synchronous scheme. The division of
the mesh into several bloc s produced an increased cache efficiency similar
to that gained by stripmining as discussed in section 2.3.

Figure 15 sho s similar decreases in efficiency for both versions of the
AD and since the Table 4 sho ed negligible communication overhead for
the asynchronous algorithm, the reason for similar declines appears to be
the reduction in computational performance due to the smaller amount of

or for the smaller problems. Partitioning the or into 4 quarters to am-
ortize the overhead e aggerates the reduction effect.

Figure 15

Figure 16 sho s the scaling behavior of the AD ensemble MF P
rates as a function of the number of iPSC nodes.



Figure 16

Figure 16 indicates both algorithms display less-than-linear increases
in performance. Strong load imbalances and communication delays domi-
nate the synchronous version. Pipelining the algorithm raises the level of
node utilization throughout the calculation.

6 essons for ools

mplementation of the AD on the hypercube required considerable
modification of the Y-MP code. The e tensive communication load associ-
ated ith the cyclic reduction solver required a different solution algo-
rithm. The smaller amount of data transmission associated ith the
partitioned solver influenced its selection as a highly parallel tridiagonal
solver. Pipelining improved hypercube performance by a factor of 2. The
improved AD algorithm employed three different communication pat-
terns a one- ay transfer to the node immediately beneath it in the de-
composition, a transfer to and from the driver nodes during the solution
phase, and a global sum for convergence chec ing.

hile it may be unli ely for a tool to provide custom solvers, a site

may be able to assist its users by providing simple e amples of effective so-
lution techniques.

P ut ut

fficient performance did not occur until the algorithm  as pipelined,
asynchronous and coarse-grained. hile PAT indicated load balance prob-



lems, the tool as unable to disclose the insufficient amortization of com-
munication. Figures 1 and 18 sho PAT output for the synchronous fine-
grained and asynchronous coarse-grained cases. These figures are normal-
ized histograms of the elapsed time spent in the five fundamental tas s. For
the NAS configuration, the time denoted by F  C is the time spent by the
node in bloc ing e ecution as it aits to receive a message. The figures
sho different levels of node utilization, and the more efficient version in
Figure 18 has a higher level of utilization by the calculation tas s.

The spi es in the node utilization histogram correspond to the driver
nodes defined in section 6.2. These nodes spend a considerable amount of
time in both calculation and communication. Node 0 has the highest utili-
zation because it serves as a driver node for both s eeps. The PAT output
does sho that the algorithm has a load balancing problem.

o ever, a static representation does not help the user to understand
hether the pipelining is effectively allo ingnodes to overlap communica-
tion ith computation. The user needs a dynamic representation to see if
the nodes are busy hile communication occurs. bservation of the CP
status lights on the hard are cabinets provided this information and the
ne tgeneration of the ntel supercomputer ill apparently ma e this infor-
mation available even to remote users.






Code escri tion

Multigrid solution techniques are an advanced form of rela ation al-
gorithm hichallo sNAS users to accelerate the convergence of their CFD
codes NASA, 1990 . A simplet o-grid iteration technique begins by a
number of rela ations on a fine grid follo ed by a pro ection of the errors
to a coarse grid. Rela ations on the coarse grid are then follo ed by an in-
terpolation bac to the fine grid. Three basic operations comprise the mul-
tigrid technique rela ation, pro ection, and interpolation.

The multigrid algorithm in the Y-MP version of the suite employs a 3-
dimensional version of a standard -algorithm McCormic ,198 tosolve



Poisson s equation on a po er-of-2 cube. The base case employs 5 grids

ith2  points on the fine grid and 2 3 points on the coarse grid. The re-
cursion present in a serial visit itha auss-Seidel solver to all grid nodes
dictated ared/blac ordering. A rela ation cycle includes separate visits to
the red and the blac nodes using separate auss-Seidel solvers. For each
grid in the descending part of the , the technique contains multiple rela -
ation cycles and a pro ection. For each grid in the ascending part of the -
cycle, the technique contains a rela ation on red nodes, multiple rela ation
cycles and an interpolation from the coarse blac nodes to the fine blac
nodes. Subroutines corresponding to the three multigrid operators, , re-
la ation, pro ection, and interpolation, consist of triple D -loops visiting ei-
ther the red or the blac nodes.

To parallelize the vector code, the Cray autotas er, FPP, constructed a
parallel region by placing each iteration of the outer loop in parallel. The red
iteration employs only blac points, hich are themselves constant during
the red iteration. This technique decouples the calculation of the red planes
and, for the blac iteration, decouples the calculation of the blac planes.
For each color on a given grid, calculations on each of the planes are per-
formed in parallel ith FPP distributing one plane per processor.

odi cations for Parallel E ecutionont e y ercu e

The code presented herein represents a straightfor ard and almost
tool-based port of the Y-MP code to the iPSC/860. The vector Y-MP decom-
position assigns each plane of a cube to a processor. The results presented
in Section 3 indicate that this method incurs a large communication over-
head because each node sends a large amount of data relative to the amount
of calculation required. A more efficientt o-dimensional hypercube de-
composition consisted of a domain decomposition involving nonuniform
square regions Briggs, , 1990 . neach level, the various subgrids cre-
ated by this decomposition contain different numbers of points and differ-
ent overlapping boundaries.

A straight Y-MP port provides an e ample of an approach frequently
employed by current parallel tools. This approach consisted of parallelizing
the three multigrid operators at the loop-level.

For the shared memory Y-MP, the data structure consists of solution
and right-hand side vectors hich are stored contiguously in single arrays.
As the -cycle descends into coarser grids, it involves fe er and fe er
planes, but level-dependent offsets allo  easy access to the various shared
memory locations. These offsets also permit easy memory access on the as-
cent part of the -cycle.

For the distributed memory hypercube, each active node has 3 planes
in memory, but it requires data from t o other nodes. As ith the Y-MP
version, the fine grid rela ation can e change data ith neighboring loca-
tions. n this case, the neighboring locations are in contiguously numbered
nodes. Data transfer in the coarser grids required careful routing to dupli-
cate the Y-MP memory activity and the eventual construction of a table list-
ing the Y-MP planes active during each phase of the iteration greatly
assisted in the port. ventually, e perience ith the data transfers allo ed



algorithmic e pression of all sending and receiving nodes during each level
of the multigrid scheme.

Code Perfor ance
The base case treats a cube ith 129 points per edge, hich corre-

sponds to a problem size of about 1 million points. Table 5 provides perfor-
mance data for this port.

Table 5
M R iPSC/860 Performance on 3D Problem

nsem Telaps Tcomp Tcom MF tfm

ble ed m PS

6 2.1 1.1 1.0 0.3 0.001
14 4.2 2.1 2.1 1.5 0.002
30 10.6 5.6 5.0 54 0.004
62 36.2 19.1 1.1 13.2 0.005
126 131.3 69. 63.8 30.3 0.006

Table 5 indicates almost equal fractions of time spent in computation
and message-passing. The measured ratio of floating point operations to
data ords sent via message-passing ranged from 0.5 for the 6-node prob-
lem to 0.45 for the 126-node problem. This lo ratio is the reason for the
poor performance displayed by this decomposition. The small increase in
node efficiency is apparently due increased cache efficiency.

Figure 19 sho s the efficiency for this decomposition.



Figure 19

essons for ools

The port of the M R to the iPSC/860 attempted to maintain the Y-MP
problem and performed poorly because of heavy communication loads.
This result is reminiscent of the initial port of theS R to the Y-MP described
in Section 3. A more effective port may require a nonuniform decomposi-
tion hich ould be very difficult to implement ith a parallel tool.

The previous sections have illustrated the types of changes required to
convert various Y-MP vector codes into iPSC/860 codes. The Cray auto-
tas er, FPP, produced shared memory parallel versions of the vector codes,
generally requiring only minor algorithm modification to improve the par-
allel efficiency. The original vector codes treated problems ith simple ge-
ometries and FPP produced highly regular, load-balanced, parallel
decompositions.

The porting of these vector codes to the distributed memory iPSC/860
provides e amples of reasonably efficient parallel code created from vector
source code and can assist in the evaluation of parallel tool soft are. Typi-
cal modifications ere made at atas level, the ne tlevel above that of the
D -loop and an efficient parallel tool ould presumably create or assist the
user in creating a similar source. tilization of the manual ports as a tem-



plate could allo  constructive criticism of source files created by inefficient
parallel tools.

The follo ing section revie s the changes required to port the vector
codes to the iPSC/860 in terms of the actions required by the parallel tools.
Section 8.2 briefly discusses the capabilities of the more prominent tools and
compares the current port ith some previous efforts.

8 Su aryoft eiPSC/860 C an es

NAS users typically employ vectorized code in programs involving
e plicit solvers, rela ation algorithms, and implicit solvers. The follo ing
discussion reflects lessons learned from the parallel suite ith these three
general algorithms.

E licit Sol ers

TheS M code used a standard e plicit algorithm in  hich the ne
values at each node depend only on the old values and those of the nearest
neighbors. The iPSC/860 porting effort combined a simple domain decom-
position ith a nearest neighbor communication scheme to create a distrib-
uted memory parallel code. Satisfaction of the periodic boundary
conditions required special coding to identify the nodes transmitting and
receiving the remote neighbor messages.

FortheS M, the paralleltool ouldhave to generatebothatas -level
decomposition and also a schedule for the periodic boundary conditions.

ela ation 1 orit s

The vectorized iterative solvers,S Rand M R, employed red/blac
schemes, implemented in the case of theS R ith indirect addressing, and
implemented in the case of M R ith inde ing offsets.

A straightfor ard portoftheS R hich employed the Y-MP domain
decomposition produced poor performance because this decomposition led
to high communication loads relative to the computational or . Replace-
ment of this decomposition ith one containing a reduced communication
load gave a factor of 20 speedup in performance.

As iththeS R, astraightfor ard portoftheM R produced poor
performance because the Y-MP data decomposition led to high communi-
cation loads relative to the computational or . Replacement of this de-
composition ith one that better suited the iPSC/860 architecture as not
possible during this time frame, but e amination of other distributed mem-
ory multigrid ports indicated that a specially tailored decomposition as
required to obtain efficient hypercube performance.

FortheS R, the parallel tool ould have to generate both a tas -level
domain decomposition and a nearest-neighbor communication schedule.
To port the Y-MP version of the M R, the parallel tool must generate a do-



main decomposition hich is custom-made and nonuniform. The iPSC /860
version presented here decomposed the problem along loop-levels and per-
formed very poorly.

licitSol ersand 1 orit s

mplicit schemes employ global linear system solvers to obtain the so-
lution of the system at a given timestep, and efficient parallel performance
requires both a highly parallel solver and highly parallel pre-solver routines
to assemble the left-hand and right-hand sides.

The PARACR code, e emplifying a shared memory global solver, em-
ployed a modification to the standard odd-even cyclic reduction to provide
an algorithm ith high potential parallelism. The heavy communication
load imposed by this algorithm forced its replacement by a less communi-
cation-intensive, partitioned tridiagonal solver.

The AD code combined a simple domain decomposition ith a stan-
dard solution algorithm hich employed the partitioned solver for the trid-
iagonal equations. The initial version did not perform elland as
re ritten as a pipelined algorithm. This version performed better, but a fac-
tor of 2 improvement as achieved by modifying it further to effectively
amortize the communication overhead.

For the PARACR, the parallel tool cannot generate an efficient solver
from the memory-intensive vector algorithm. A tool processing such a
source could at least notify the user by recording the amount of data trans-
mitted. For the AD , the parallel tool ould have to generate both a tas -
level mapping and also a loop body pipelining to allo parallel e ecution
of the assembly tas s.

8 Pre ious or

The development of parallel tools for distributed memory machines
has recognized the importance of data decomposition. ffective data distri-
bution is a prime goal of the Fortran D language iranandani, ennedy,
and Tseng, 1991 . Data decomposition and loop pipelining are t o of the
general methods used to test a mapping compiler Sussman, 1993 . ptimi-
zations aimed at allo ing a distributed memory machine to efficiently com-
pute inner loops over globally defined data structures have also been
proposed Saltz, , 1990 . These tools apply certain architecture-specific
optimizations to constructs around or ithin the loops and seem to employ
an approach resembling the Cray autotas er, FPP.

None of the above tools attempts to assist the user in a coarse-grained
decomposition similar to the ones employed in porting the vector codes to
the iPSC/860. nstead, these parallel tools employ various forms of depen-
dency analysis to partition loops by columns orro s. hileloop-level code
transformations can improve the iPSC/860 cache efficiency, this approach

ill produce code ith high communication loads because it must employ
the decomposition specified by the user in the loop itself.

A high-level approach to creating distributed memory code generally
involves an abstract approach because it must contain details for creating



architecture-specific versions of a user s source code. The M PP T utility
provides an abstract machine layer and a topological mechanism for effi-
cient mapping of the abstract machine onto the multiprocessor Muhlen-
bein, ,1988 . The P approach provides a set of basic parallel
algorithms, termed implementation machines, and supplies the necessary
control, communication, synchronization, and activity decomposition Seg-
all and Rudolph, 1985 . igh-level approaches may have suffered in the
past by trying to incorporate many different parallel architectures and tas
decompositions.

Since the successful iPSC/860 ports all employed high-level decompo-
sitions, these high-level approaches ould seem to deserve additional sup-
port and further investigation. ther investigators Singh and ennessy,
1992 have also noted the primary role played by domain decompositions
in constructing efficient distributed memory programs. These results seem
to argue for a high-level tool ith specific capabilities.

8 ser ations for Pre rocessors

A data decomposition tool producing efficient hypercube perfor-
mance ill provide effective data transmittal. The manually-obtained
iPSC/860 versions of the vector Y-MP codes presented herein imply that
data decomposition ill be an ineffective approach to creating efficient par-
allel code on distributed memory multiprocessors. o ever, any decompo-
sition provided by a parallel tool should measure the amount of message-
passing hich occurs during the problem e ecution. sers can measure the
effectiveness of decompositions by e amining the ratio of the number of
floating point operations to the number of data ords transmitted. This
type of measurement does not require e tensive trac ing of elapsed time.

8 ser ations for Post rocessors

The iPSC/860 version of the AD performed poorly because of inade-
quate amortization of communication overhead. hile the PAT tool did in-
form the user of load-balancing problems, its static representation did not
assist in this problem. Real-time visual observation of the node status lights
on the machine cabinet indicated a large amount of processor hold time and
motivated the more successful coarse-grain decomposition. A tool should
be able to access such signals and transmit the information to the user.

Distributed memory tools should provide guidance to the user in a
manner similar to the tool Cray, 1990 .

ecution of the fine-grain and coarse-grain AD code ith the A MS
postprocessor Fineman, 1992 ouldbea orth hilee ercise to see if this
tool can provide information equivalent to the visual observation of the
iPSC/860 node status lights.



The results of porting several vector codes to the iPSC/860 indicate
that effective use of a distributed memory multiprocessor requires code de-
sign features not present in vector code. These include an architecture-de-
pendent data distribution and the pipelined e ecution of algorithms.

A high-level domain decomposition created four successful iPSC/860
codes hereas the loop-level decomposition created a poorly performing
iPSC/860 code. Domain decompositions are effective on this architecture
because they possess strong data locality and load-balancing characteris-
tics. Such decompositions also display computation burdens proportional
to the volume enclosed by the domain and data communication require-
ments defined by the domain perimeter. This property leads to e cellent
scaling characteristics for algorithms employing domain decompositions.

Mapping the data in a manner hich e ploits the multiprocessor ar-
chitecture is a necessary butnot al ays sufficient condition for effective hy-
percube performance. fficient mappings may be the most important factor
in porting e plicit solvers and rela ation techniques to the hypercube, but
efficient mappings alone ill not lead to high performance implicit solvers.
Processors tend to idle during the global data transfers involved ith im-
plicit solvers, and codes must overlap communication ith computation to
achieve high node utilization. Pipelining is one fairly simple technique to
achieve such overlap.

The implementation issues associated ith parallel programming,
communication and synchronization, ere easy to resolve after the high-
level decomposition. The iPSC parallel programs employed standard For-
tran constructs supplemented ithafe communication calls and some
global arithmetic functions.

The usefulness of domain decomposition and pipelining apply quite
specifically to the numerical problems solved by NAS users, time-depen-
dent, partial differential equations. These conclusions strongly support the
adoption or development of a specific type of high-level parallel tool, one

ith the domain decomposition and pipelining templates. sers of such a
tool must understand the algorithms used by their code, but the results pre-
sented in this report indicate a strong possibility of an effective parallel tool.

hile the ntel debugger PD helped to resolve some difficult mes-
sage-passing problems, resolution of performance issues in asynchronous
algorithms could benefit from a dynamic representation of the ntel perfor-
mance tool PAT data.
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