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MASSIVELY FPARALLEL HYDRODYNAMICS ON UNSTRUCTURED GRIDS

Manyjit S. Sahota and Harold E. Trease
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ABSTRACT

We investigate the feasibility of using massively
parailel Single Instruction Multiple Data (SIMD) and
Multiple lnstruction Multiple Data (MIMD) computer
architectures for explicit three-dimensional unstruc-
tured-grid finite-element Lagrange and finite-volume
free-Lagrange hydrodynamics. We compare the Cray-
YMP, Connection Machine 200 (CM-200), and CM-5
compulational times required for the foregoing algo-
rithms. Although we observe very large global commu-
nication penalty (~40-95% depending upon the
problem) on the CM for these algorithms, moderate to
good speedups over a single-processor Cray-YMP are
oblained. Also, when the Fortran 90 code written for
the CM 13 ported back to the Cray, we observe ~30-40%
speedups over the original vectorized Cray coding. To
reduce the global communication cost, we investigate
the possibility of using an automatic generalized
domain decomposition technique for MIMD architec-
tures (CM-5) currently under development at the
Thinking Machines Corporation.

INTRODUCTION

A major impediment to efficiently finplementing
unstructured-grid hydrodynamics on distributed-data
inassively parallel computer architectures Is the globai
data cominunication due to the unstructured nature of
the grid. A large fraction of the computer tite 1s spent
In global communication lnstead ¢f performing the
actual calculations. We have observed over 904% of the
total central processor unit (CPU) ties being spent on
global conmmmicatton on e thinking Machines Cor
poration’s (MC’'s) Conmnecttion Machines 200 and §
(CM 200 and CM 5). hi spite of this overwhehuing com
muntcation penalty, onr algoritlnns appear to run sev
eral lactors fuster on the CM compared to a single
processor Crity YME. “Flins therve ta o signifleant poten
tal of further enhancing the conputational efficiency
by ettler minlntztng the extent of global communica
tion by rearranging the data, or by hicreasiug the etil
cleney of the global comnumteation, We have nttempted
to achieve both in the cirrent winrk.

We mapped two three-dimensional hydrodynami-
cally different algorithms onto the CM machines. The
first algorithm employs the f{ree-Lagrange method
(FLM) (Mandell and Trease 1989; Painter and Marshall
1991; Sahota 1991a. 1991b: Sahota and Trease 1991
Trease 1991) that uses a dynamic variable-connectivity
median mesh for control volumes. However, all hydro-
dynamic computations are done at a tetrahedral level
by partitioning and accumulating tetrahedral resulits at
the computational cell centers (Sahota 1991a: S=liota
and Trease 1991). All variables are cell centered,

The second algorithm uses the finite-element
method (FEM) on a staggered Lagranglan tetrahedral
grid with eroding slide lines and offers a multitude of
rate-dependent plasticity models (Johnson, Colby, and
Vavrick 1979. Johnson and Stryk 1987: Jolinson and
Stryk 1989). The elements are defined by tetrahedra
where all thermodynamic variabies are centered. The
vertices of tetrahedra represent nodes where velocities
are defined.

‘The next seaction describes our implementation of
the foregoing methodologies (o the massively parallel
environment and delineates our results. ‘The Domaln
Decomposition section provides a way of minimnizing
global communication. Although specitlcally almed for
the CM, thls approach will be found useful on any
MIMD computer including workstation clusters.
Finelly, our major conclusions are presented in the
Contlusions section.

RESULTS

As the original FI.M algorithin wius developed with
vectorizatlon mud parnllelzation on the Cray YMY, its
mappiug onto the massively parallel envhronment was
relatively  straightforward  with the cxeeption of
dynamle mesh reconnectlonn, whtch were fnherently
serial on the Cray. (Seirfal reconnections on the Cray
were not constdered a serfona drawback as only - 10%
of the computational time was spent hn reconectlons.)
A new algorithim had to be developed for paradlel vecon



nections in the massivcly parallel environment (Trease
1991). However, although efficiently vectorized for the
Cray, the FEM was developed to also run on a variety of
computer architectures including the scientific work-
stalions in any number of space dimensions with dif-
ferent coordinale sysiems. As a result, we had (o
rewrite major portions of the algorithm for the CM. (The
erading slide lines were not ported to the CM, but the

work is in progress.)

After restructuring the two algorithms in the For-
tran 90 standards and mapping them onto the CM, we
ported them back to the Cray-YMP. We observed speed-
ups of ~30-40% over the original Cray versions. The
results of our comparisons are based on the new [aster
Cray run (imes.

Table I compares the run times relative to the

TABLE I: NORMALIZED RUN TIMES FOR DIFFERENT

COMPUTER ARCHITECTURES
Normalized
Computer Architecture CPU Time
FLM FEM

1-Processor Cray-YMP | |
8-Processor Cray-YMP 5 -
CM-200 (2048 Nodes) with For- 2 2
tran 90 Gather/Scatter
CM-200 (2048 Nodles) with
CMSSIL. Libriny Gather/Scatter fo b 8
optlmize the message delivery
process,
CM-5 (1024 Sparc Ncles without 4 1
Vevlor Units)

a. inconclusive results becaase the calelations
were done 1n a timeshared environment.

b. Meswye deltvery optitnzations are of Hnifted
vathie because reconniections in the FILM require
reevahuntion of the mesnage delivery tree, the
optuntzation of which is expensive,

Cray YMI¢tor our sample calenlations, 'Fl ¢ manbers i
Table 1 are normalized to the new Cray tues. Parallel
zatlon an the Cray was done nsing the Antotasking
ounly. ‘thus, sone further improvement n the speedup
ot the nml'iprocessor Cray is possible. All endeulations
on the CM were perfonmed nsing the donble preciston
(64 bil) aritunetic, Pecanse of the nnavallability of the
lull CM, some of the CM calenlations In Table 1 were
cintted ont on aw pant of the minchine and 1the resnlts

were estimated for the full machine. However. we have
performed numerous caulculations on the different CM
partitions and have found the resulls to be surprisingly
linear for the sizes of the sample problems used to gen-
erate Table I.

We note [roin Table | that the speedup for CM-200
over Cray is aboul the same (a factor of -2} for the two
algorithms for straight Fortran 90 coding. The fourth
row in Table I shows the result of preestablishing the
communication paths using the TMC's CMSSL library.
We precompuled and used message delivery optimiza-
tons for basic data motion and combining operations.
We selected the Fastgraph option. which optimizes the
use of CM-200 hypercube wires by scheduling the use
of individual wires by each message. This resulted in a
surprizing speedup of an additional factor of four over
the straight Fortran 90 gather/scatter. We tried this
optimization for the FEM only because this algorithm
uses a fixed connectivety and the communication had
to be established only once. We do not know at this
slage if any significant improvement in the FLM run
time can be obtained by preestablishing communica-
tion because changes in the grid connectivity require
reestablishing the communication path, which is quite
expensive for the Fasigraph option. There are cther
options that are faster tn preestablishing the communi-
cation paths. but they are not as eflicient as the Fast-
graph on CM-200.

We also tried several miessage delivery optimlza-
tions on the CM-5 with only limiited success.

‘The {18t row of Table | shows the results for CM-5
withont the Vector Units {with Sparc chip). Work is 1n
progress for assessing the performance of of the Vector
Units. (here are four Vector Units to a Node)) ‘The FILM
does not fare as well as we expected. Althonth a
speedup of a fuclor of 11 over a single processor Cray
YMP appears lmpressive, it 18 only a factor of 1.4 over
the speed of CM-200. However, we are opthalstic that
higher speedups will be attained will the Vector Untts.
‘The primivy reason for the FEM ruming so nmch
faster than the FUM is becanse we slgnificantly reduced
the global tndirect commumlcation i the FEM by copy
ing the destred equatlon of state data to the elements
ut the st:ut of the problem,

Spectal consdderation mmnsd be gdven to the mint
wizatton of global commmiration o unstractared
Rrids becanse of indirect addressing. For nmnstructieed
Rrids, the communication costs reluted o Qudirech
wldiensing aie minhulzed by aking advantage of the
CM 5'n dedteated hindwine for local fiudirect addhvss



ing within each processing element. To fully utilize this
hardware feature. we must use a mesh reordering tech-
nique to give us the minimum global communication
versus local communication ratio. The technique that
we use to do local domain decomposition Is called
nested spectral dissection (Pothen, Simon, and Wang
1992), also known as recursive epectral blsection
(Simon 1991). The idea behind this type of local
domain decomposition is quile simple. A random
unstructurecd mesh is reordered such that, for a given
sel of processors, an (near) optimal mapping in com-
munication space Is achleved where the amount of
interprocessor communication is minimized (and thus
the amount of intraprocessor communication is maxi-
mized). Thus, the code takes advantage of the last local
communication hardware provided on the CM-5.
Another beneficial side-effect of maximizing the local
processor communication is that there are fewer inter-
processor inessages (o dellver: thus making more effec-
tive use of the global router due to the reduced
message traffic. The data structures used in the two
algorithins are all one-diinensional and the program-
ming language used is Fortran 90 (Connection Machine
Fortran. CMF). The arrays are smeared across the
machine such ihat each processor has (approximately)
the same amount of work to do (l.e.. we let Fortran 90
loadt balance the work to be done). We use the CMF glo-
bal/local programming model to handle computing
tasks that are not well balanced for Fortran 90.

Figure 1 shows a three-diimenstonal grid for an

Fig 1. Jhree dimenstonat tetvahedeal gitd for the
actant of v sphere.

octant nf a sphere tor the FELM. in order to limtt global
comanmieation to the victntty of each node, we rea
derved tetiahedia nstag the TMCs CMSSE pantttioatng

library. Figure 2 shows 16 clusters of tetrahedra corre-
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Fig. 2. Automatic domain decomposition of the
tetraliedral giid shown in Fig. 1 Into 16
clusters.

sponding to the grid shown in Fig. 1. Each cluster ts
then loaded cnto a different processor, thereby mini-
mizing global communication by maximizing local pro-
cessor communication. We are currently in the process
of evaluating the linprovements in the run times using
such an approach. Some initial data supplied by the
TMC show speedups of ~8 over the original global com-
munlcation (D.M. Fraser and J. Myczkowskli, TMC, pri-
vate communication).

It Is important to note the advantage of the forego-
ing approach over the conventional approaches used
on structured grids. A manual domaln decomposition
ont unstructured grids 18 extremely cumbersome and
mpractical. This antomnated approach requires mint:
mal Intevactlon by the user. Although In theory. for the
FIM anethod, the domaln decomposition Is required
cach thue the mesh reconnections ave made, we have
notteed only a slow deterioration of the ortgmal decom
posttion with thme. Thns, new domatin deconpositton
nuy be mfrequently required dintng the conrse of cal
culation,

Such a domatn decompostition sets an npper lintt
on the average vilue ol the conmuication costs
because vohime communleation costs (Le., within pro
cessor cammnnicaiton) merease faster than surface
commulcation  costs  (Le., global  comruteation
casts), As i resnlt, alter a certan ittt the absolute
viniie ol the global commanication  costs do ot
mercase tn proportion to the problem size. ‘thervelore,
as the problem gets buger the fraction of thne spent (n
global comommieation shodd actoally go dowin; and



perhaps for vary large problems unstructured grid
grind titnes may even become comparable to those for
the structured grids.

N 3 JONS

We assessed the feasibility of using massively par-
allel SIMD and MIMD computer architectures of the
CM family on unstructured-grid Lagrangian and [ree-
Lagrangian three-dimensional explicit hydrodynamics.
In spite of a heavy penalty in global cominunication
cost (~40-95%). we sti}l observe some significant speed-
ups on the CM compared to a single-processor Cray-
YMP (faclors ranging from 2 to 11 depending upon the
problem and tae algorithm). Porting the algorithm back
to Cray also results in a speedup of ~30-40% over the
original Cray code.

Preestablishing global communication trace on the
CM-200 results in an additional factor of four improve-
ment in run time, however such a trace setup has a
large initial penalty and may be prohibitively expensive
for dynamic grids. Also, this approach does not work as
well on CM-5.

Automatic domain decomposition has a significant
future potentlal, not only for the CM.5, but also for
other computer architectures including the worksta:
tion clusters. Such an approach sets an upper limit in
ahsolute terins on the global communication cost. As a
result, the communication cost may tend to vauish for
very large problems. ‘The reseaich on ... domain
decomposition and the assessment ol the perforinance
of the CM 5 Vector Units conthiunes.
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