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Abstract

W e presen t parallel solutions for direct and fast n-b o dy solv ers written in the ZPL

language. W e describ e the direct solv er, compare its p erformance against a sequen tial

C program, and sho w p erformance results for t w o v ery di�eren t parallel mac hines: the

KSR-2 and the P aragon. W e also discuss the implemen tation of the fast solv er in ZPL,

including factors p ertinen t to data mo v emen t.

1 In tro duction

P arallelism is an imp ortan t means of obtaining high p erformance, but parallel programs

are notoriously di�cult to write. T o reduce these programming costs, man y high lev el

languages ha v e b een prop osed b y the computer science comm unit y . Ho w ev er, the p ortabilit y

and p erformance of these languages ha v e t ypically b een established only for to y programs,

and these languages ha v e not b een em braced b y engineers and scien tists in terested in high

p erformance computing. This pap er demonstrates the feasibilit y of writing p ortable parallel

programs in a high lev el language, ZPL [ 5 ], to solv e a realistic problem: the N-b o dy solution

k ernel of a high Reynolds n um b er wind engineering sim ulation. Using ZPL, the parallel

application has a clean and concise solution that ac hiev es go o d p erformance on t w o widely

di�eren t parallel arc hitectures: the Kendall Square KSR-2 and the In tel P aragon.

The con text of the problem is a wind engineering sim ulati on for studying wind e�ects

on buildings [7 ]. The ob jectiv e is to understand the temp oral and spatial distributions

of the v elo cit y and pressure �elds around buildings and building complexes, and to assess

the signi�cance of geometric e�ects (building shap e, nearb y buildings, etc.) on the wind

resp onse so that impro v ed design recommendations can b e dev elop ed. The sim ulati on

uses a Lagrangian particle-based n umerical sc heme (v ortex metho d) appropriate for 
uid


o ws c haracterized b y high Reynolds n um b ers and complex geometries. When coupled

with a fast solv er for computing v ortex in teractions, v ortex metho ds app ear to ha v e

sev eral computational adv an tages o v er grid-based metho ds b ecause they do not su�er from

n umerical di�usion; they are simpler to implemen t, particularly for complex geometries;

and they are lik ely to exploit the arc hitectures of distributed-memory computers more

e�ectiv ely .

The sim ulation uses a random v ortex metho d and is coupled with t w o N-b o dy solv ers

for computing the v ortex in teractions at eac h time step: One solv er computes v ortex

in teractions in a thin region around the ground and building b oundaries (a \n umerical"

b oundary la y er), while another handles the in teractions in the exterior region of the 
o w.

This latter solv er is b y far the most computational ly exp ensiv e part of the solution. P arall el
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solutions to this comp onen t of the sim ulation are particularly imp ortan t b ecause meaningful

3D problems t ypically require h undreds of thousands of v ortices.

This pap er describ es our preliminary implemen tation of p ortable, parallel solutions for

this N-b o dy solv er. After a brief in tro duction to ZPL, w e describ e the implemen tation

of a simple direct ( O ( n

2

)) v ersion and sho w its p erformance c haracteristics. W e then

describ e the dev elopmen t of a fast v ersion ( O ( n )) that exhibits a m ultigrid-li k e structure.

W e describ e the data structures w e use and sho w ho w the ev aluation of v ortex in teractions

can b e e�ectiv ely expressed in ZPL. W e conclude b y examining adaptiv e tec hniques that

w ould mak e the fast solv er applicable to problems with more irregular p oin t distributions.

2 The ZPL Language

ZPL is an arra y sublanguage that pro vides supp ort for data parallel computations [5 ].

As a sublanguage of Orca C|a lo w er lev el, more general language that supp orts MIMD

parallelism|ZPL is free to b e extremely clean and concise, a v oiding an y complicating

features that do not p ertain directly to data paralleli sm. In addition to most of the standard

con trol 
o w constructs and data t yp es that are found in languages suc h as P ascal, ZPL

has the notion of ensemble arra ys, whic h are giv en sp ecial supp ort: Ensem ble arra ys are

distributed across pro cessors and can b e manipulated as whole en tities using new language

constructs| r e gions , dir e ctions , and the A t op erator ( @ )|that eliminate tedious and error-

prone arra y indexing and clearly exp ose comm unication to the compiler. ZPL also pro vides

reduction and scan op erators, as w ell as supp ort for the clean sp eci�cation of b oundary

conditions. (ZPL also has standard arra ys, whic h w e refer to simply as \arra ys .")

A region is an index set that is applied to an en tire statemen t or blo c k of statemen ts.

The follo wing co de fragmen t sho ws the declaration of a region, R , and illustrat es its use:

The elemen ts of ensem ble arra y B that are in the index set f 1..N g � f 1..M g are assigned

to the corresp onding elemen ts of the ensem ble arra y A .

region R = [1..N, 1..M];

[R] A := B;

A dir e ction is a v ector that is used with the A t op erator to shift an ensem ble arra y reference

b y some user-de�ned distance. F or example, the follo wi ng co de fragmen t shifts the elemen ts

of A to the righ t b y one column.

direction west = [0,-1];

[R] A := A@west;

Directions are also used to de�ne neigh b oring regions. F or example, [west of R] refers to

the region that b orders [R] to the left.

Scalar data t yp es can b e pr omote d to ensem ble arra ys. Similarl y sequen tial functions

can b e pr omote d , i.e. , applied to ensem ble arra y argumen ts, whic h encourages co de re-use.

ZPL programs ha v e sequen tial seman tics, whic h allo w them to b e dev elop ed and

debugged on w orkstati ons. The p ortabilit y and go o d p erformance of ZPL programs stem

from the parallel programming mo del|the Phase Abstractions [1 , 3, 6 ]|up on whic h it is

built. This programming mo del encourages lo calit y of reference and parameterized con trol

o v er gran ulari t y and comm unication. Previous studies ha v e presen ted evidence that this

mo del supp orts p ortabilit y across div erse parallel mac hines [4 ]. Finally , an imp ortan t

feature of ZPL is the 
exibilit y to sp ecify at run time k ey parameters that can a�ect

comm unication gran ularit y and data mapping.
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3 Implemen tation of the Direct Solv er

The simplest but most exp ensiv e strategy for computing v ortex in teractions computes all

pairwise in teractions individually . Therefore, eac h v ortex m ust accum ulate the e�ect of

ev ery other v ortex. A general data structure for suc h an algorithm is a 1D ensem ble arra y

of cells, where eac h cell is a list of particles. This can b e expressed in ZPL as:

var vortices: [R] array [1..M] of particle;

potential: [R] array [1..M] of double;

region R = [1..P];

The size, P , of the ensem ble arra y and the n um b er of particles to place in eac h cell of

the arra y can b e sp eci�ed at run-time. This sc heme pro vides 
exibilit y in c ho osing an

appropriate gran ularit y of parallelism. One w ould select P to suit the target arc hitecture,

for example to matc h the n um b er of pro cessors or the mac hine's ideal gran ularit y of

comm unication. By default, the ZPL compiler maps 2D ensem ble arra ys to pro cessors

in a 2D blo c k ed fashion.

The algori thm consists of P iteratio ns (sho wn b elo w). Eac h iteration shifts the con ten ts

of a cell to its neigh b or using a torus top ology . In ZPL the A t op erator shifts an en tire cell's

con ten ts, in this case M particles, and the cyclic shift is completed using the wrap op erator,

whic h connects ends of an arra y as in a torus.

The computation p ortion of an iteration in v olv es computing the pairwise in teractions

of just t w o cells. The pro cedure add carrier effects() is a scalar pro cedure that is de�ned

on arra ys. The parallelism comes implicitly from the ensem ble arra y data structure. The

co de itself is iden tical to what w ould b e written for a scalar computation. It is a nested

lo op to compute the e�ects of the particles in a visitor cell on the particles in the cell.

ZPL allo w s this function to b e promoted to op erate on ensem ble arra ys. This promotion

of scalar functions to arra y functions greatly simpli�es the programming pro cess.

[R] begin

read_input(" data" , vortices);

potential := 0.0; -- initialize all particles of all cells

carrier := vortices

for i := 1 to P do

[left of R] wrap carrier; -- send right cell to left

carrier := carrier@ left; -- shift cells left

add_carrie r_eff ects (vort ices, carrier, potential );

end;

write(phi);

end;

The ZPL compiler pro duces ANSI C co de that can execute on an y n um b er of pro cessors.

This output co de is iden tical for all target mac hines but is link ed with a small mac hine-

dep end en t library that de�nes op erations suc h as message sends and receiv es. F or shared

memory mac hines suc h as the KSR-2, message passing is implemen ted as shared queues.

The compiler curren tly p erforms no mac hine-sp eci�c optimizatio ns.

Figure 1 sho ws that the direct solv er ac hiev es go o d sp eedup relativ e to the hand-co ded

C v ersion on the In tel P aragon. The P aragon is a mesh-connected distributed memory

computer with In tel i860 pro cessors and 16MB of memory p er no de. The ZPL program

running on one pro cessor is 7.9% slo w er than the C v ersion. With 16 pro cessors the sp eedup

is 13.76, and the relativ e sp eedup (based on the ZPL program running on one pro cessor)

is 14.85.
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The KSR-2 is a shared memory m ultipro cessor with a ring of rings in terconnection

structure. Eac h pro cessor runs at 40Mhz and has 32MB of lo cal memory . On the KSR-

2 the ZPL program is 15% slo w er than C. F or 16 pro cessors the sp eedup relativ e to C is

11.47, and the relativ e sp eedup is 13.23. There are t w o reasons for the lo w er sp eedup on the

KSR. The pro cessor is faster, making the cost of comm unication relativ ely more exp ensiv e,

and our curren t message passing implemen tati on copies data more times than is necessary .

With larger problem sizes the sp eedup will naturally impro v e.

2

4

6

8

10

12

14

16

2 4 6 8 10 12 14 16

sp
ee

du
p

processors

linear
Paragon
KSR-2

Fig. 1. Sp e e dup for the Dir e ct Co de (6000 p articles)

4 Implemen tation of a F ast Solv er

A direct metho d that ev aluates all in teractions is prohibitiv el y exp ensiv e for realistic

sim ulatio ns. F ast solv ers exploit the fact that the e�ect of a neigh b oring particle decreases

as its distance increases. This section describ es the implemen tatio n of a fast v ortex metho d

that requires in principle a linear amoun t of w ork. Computatio nal sa vings in the fast solv er

are obtained b y com bining large n um b ers of particles in to a small set of discrete v alues (a

ring) whose e�ect appro ximates the e�ect of the cluster of particles. There are t w o kinds

of cluster appro ximatio ns: \outer-rings" that represen t the e�ect of a cluster in the far

�eld and \inner rings" that represen t the e�ect of far-a w a y particles in the near �eld. F ast

solv ers construct and ev aluate these cluster appro ximations in a hierarc hical fashion, m uc h

lik e m ultigr id solv ers. The appro ximatio ns w e use are based on P oisson's form ula [2].

The data structure consists of a hierarc h y of distributed grids that store these ring

appro ximatio ns and transfer informatio n b et w een adjacen t lev els. The particles are stored

at the �nest lev el as an ensem ble arra y of lists of particles, as sho wn b elo w.

region R3 = [1..N/2, 1..M/2]; -- N and M can be set at runtime

R4 = [1..N, 1..M];

type part_list = record

count: integer;

list : array [1..Max] of particle;

end;

var vortices : [R4] part_list;

ring4 : [R4] ring;

ring3 : [R3] ring;
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directio n sw2 = [2, -2]; north = [-1, 0];

The implemen tation of this solv er is similar to that of one V-cycle of a m ultigri d metho d.

As sho wn b elo w, a �rst sw eep starts from the �nest lev el and builds outer appro ximati ons

of the v elo cit y v ector at all lev els. A second sw eep builds inner appro ximati ons from the

coarsest lev el do wn to the �nest. These sw eeps require in ter-lev el comm unication. In

the descen t phase, in tra-lev el comm unication is needed to compute ring-ring in teractions

b et w een a cell and its w ell-separated neigh b ors whose paren ts are not w ell-separated from

the cell's paren t. Suc h neigh b ors are at most three cells a w a y . The e�ects of particles in

neigh b oring cells are computed directly at the �nest lev el.

procedure fast();

[R4] begin

initializ e();

ORAfinest (vort ices , ring4);

go_up_43( ring3 , ring4); -- inter-leve l communic ation

[R3] go_up_32( ring2 , ring3);

[Expand2 (R2)] visit_2_n eighb ors( ring2 ); -- intra-leve l communic ation

[Expand3 (R3)] visit_3_n eighb ors( ring2 ); -- intra-leve l communic ation

[R3] go_down_2 3(rin g2, ring3);

. . .

neighbor_ contr ibut ions( vorti ces); -- nearest neighbor communic ation

end;

Fig. 2. Intr a-level Communic ation with 2-Neighb ors.

Figure 2 sho ws the in tra-lev el comm unication with 2-neigh b ors. The corresp onding

ZPL co de is sho wn b elo w. First, for eac h cell, the south w est neigh b oring cell is copied to

the lo cal cell. Then, a sw eep is made around the b o x, accum ulating the e�ects of ring-ring

in teractions. T o sp ecify the data motion corresp onding to the thic k arro w in Figure 2, the

visit 2 neighbors() function is logicall y in v ok ed in the shaded region sho wn in Figure 2

(this is expressed ab o v e using a macro called Expand2 that expands to a list of regions).

Note that the same co de applies to all cells, regardless of b oundary conditions. The compiler

do es not generate comm unication for \neigh b ors" that lie outside the data space ( i.e. , when

the thic k arro w en ters the shaded region). The 3-neigh b or comm unication is analogous,

although not all 3-neigh b ors are needed.

procedure visit_2_nei ghbo rs(va r ring: [2] Box); -- ring is a 2D ensemble array

var tmp : [R] Box;

i : integer;

begin
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tmp := ring;

-- add the contributio ns of the 2-neighbor s

tmp := tmp@sw2; -- translate to southwest

for i := 1 to 4 do

tmp := tmp@north;

add_contr ibut ions_ OR_lm (ring , tmp);

end;

. . . -- repeat for north, east, south and west

end;

5 Conclusions

ZPL allo ws the elegan t expression|ev en when compared against sequen tial programs|of

b oth the direct and fast N-b o dy solv ers. The direct solv er ac hiev ed go o d p erformance on

t w o radically di�eren t arc hitectures. W e also exp ect go o d sp eedup for the fast solv er.

In a complete wind sim ulatio n the fast solv er m ust b e in v ok ed at eac h time step.

Eac h time step in tro duces new particles to the sim ulati on to satisfy appropriate b oundary

conditions. F urthermore, as particles already presen t in the sim ulatio n domain mo v e, they

ma y cross cell b oundaries of the �nest grid lev el or ma y lea v e the domain altogether.

P articles m ust therefore b e redistributed for the next time step of the N-b o dy solv er. Our

ZPL implemen tation sp eci�es the mo v emen t of these particles across the sim ulat ion domain,

but lea v es the details of in ter-pro cessor comm unication to the compiler. These will b e sho wn

in an up coming rep ort.

A general issue with all m ulti-lev el computations is the mapping of the di�eren t lev els

of the hierarc h y to pro cessors. F or example, grids can b e aligned eccen trically to minimize

comm unication (as sho wn ab o v e in our region de�nitions) or aligned concen trically to

maximize paralleli sm. The b est c hoice will lik ely dep end on the arc hitecture. ZPL allo ws

these mappings to b e sp eci�ed at runtime , and w e in tend to explore these issues on v arious

mac hines.
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