GRAPE-4: A Sp ecial-Purp ose Computer for Gra vitational

N -b o dy problems

Junichiro Makino

�

Makoto T aiji y

T oshik azu Ebisuzaki y

Daiichiro Sugimoto y

Abstract

W e describ e GRAPE-4, a sp ecial-purp ose computer for gravitational N -b o dy

simulations. In gravitational N -b o dy simulations, almost all computing time is sp ent

for the calculation of interaction b etw een particles. GRAPE-4 is a sp ecialized hardware

to calculate the interaction b etw een particles. It is used with a general-purp ose host

computer that p erforms all calculations other than the force calculation. With this

architecture, it is relatively easy to realize a massively parallel system. In 1991, we

develop ed the GRAPE-3 system with the p eak sp eed equiv alen t to 14.4 G ops. It

consists of 48 custom pip elined pro cessors. In 1992 we started the developmen t of

GRAPE-4. The GRAPE-4 system will consist of 1920 custom pip eline chips. Each

chip has the sp eed of 600 M ops, when op erated on 30 MHz clo ck. A prototype system

with tw o custom LSIs has b een completed July 1994, and the full system is now under

manufacturing.

1 Intro duction.

In this pap er, we describ e the GRAPE-4 system, a sp ecial-purp ose computer for astrophys-

ical N -b o dy simulations. Many astrophysical ob jects are well approximated as a gravita-

tional N -b o dy system, in which p oint mass particles interact only through gravit y . The

solar system, op en clusters, globular clusters, galaxies, clusters of galaxies, and sup erclus-

ters are all well expressed as gravitational N -b o dy systems.

The N -b o dy simulation is the most p ow erful to ol to inv estigate the b ehavior of these

astrophysical ob jects. N -b o dy simulations are, how ev er, very exp ensive since the num b er

of interactions is prop ortional to the square of the number of particles.

In the following, we give a few examples of the di�erence b etw een what is p ossible with

present computers and the real systems. Planets are b elieved to b e formed from smaller

planetesimals. It is b elieved that there were ab out 10

10

planetesimals, while the num b er of

particles used in simulations is 10

3

or less.

Globular clusters typically contain 10

5

{ 10

6

stars. How ever, the largest simulation ever

tried for the long-term evolution of globular clusters is with only 10,000 particles. A typical

galaxy contains � 10

11

stars, but simulations are usually p erformed with 10

5

or less stars.

In the study of large scale structures of the universe, the num b er of stars considered would

b e 10

16

or more, while simulations are usually p erformed with 10

6

or less particles.

�

Department of Information Science and Graphics, College of Arts and Sciences, University of T oky o,

T okyo 153, Japan Email: makino@chianti.c.u-toky o.ac.jp

y

Department of Earth Science and Astronomy

, College of Arts and Sciences, University of T oky o, T okyo

153, Japan

1

2 Makino et al.

The reason why we can use much larger num b er of particles for simulations of galaxies

compared to globular clusters is quite simple; the orbital p erio d is quite di�erent. The

typical orbital timescale of stars in a galaxy is 10

8

years, while that of stars in globular

cluster is 10

6

years. Thus we need at least 10

2

times as many timesteps for the simulation

of globular clusters, compared to the simulation of galaxies.

There is another reason why we can use larger num b er of particles for simulation of

galaxies or large-scale structures, compared to that of the planetesimals or globular clusters.

If the required accuracy is not very high, it is p ossible to use the particle-mesh (PM)

algorithm to calculate the p otential �eld and then calculate the force on each particles

(see, e:g :, [7]). Howev er, for planetesimals or globular clusters, the PM scheme is not

appropriate. The simulation of the long-term evolution of these systems requires very

accurate calculation of the interparticle force, which is not practical with the PM scheme.

Moreov er, the number density and orbital timescale of stars in a globular cluster range

ov er many orders of magnitude in a single cluster. As a result, a �xed resolution of the

PM scheme is not appropriate. The tree algorithm do es not help much, since the required

accuracy of the force is high ([9],[17]).

F or these problems, therefore, it is necessary to apply the straightforward algorithm,

in which the gravitational force on a particle is honestly calculated by summing up the

contributions from all other N � 1 particles in the system. Thus, practically all N -b o dy

simulations of planetesimal systems and globular clusters have b een p erformed using the

direct force calculation.

In the rest of this pap er, we describ e the GRAPE-4 system, which is a sp ecial-purp ose

computer for astrophysical N -b o dy simulation with the direct force calculation. In section

2, we describ e the basic stricture of a GRAPE system and give a brief summary of our

pro ject. W e describ e the hardware design of GRAPE-4 in section 3, and the present status

of the pro ject in section 4. The p eak sp eed of GRAPE-4 will b e 1.15 T ops, and the

machine will b e ready by early 1995. Section 5 is for discussion.

2 The GRAPE architecture

The direct force calculation is well suited for acceleration by sp ecialized hardwares, b ecause

of the following tw o reasons. First, the force calculation itself is pretty simple. W e

calculate the di�erence in the p ositions of tw o particles �r

ij

, and calculate the Newtonian

gravitational force �Gm

j

�r

ij

=j�r

ij j

3

, where G is the gravitational constant and m

j is

the mass of particle j . T otal number of oating p oint op erations inv olved is 17 plus one

division and one square ro ot op eration. With the state-of-the-art VLSI technology

, a fully

hardwired pip eline to calculate the gravitational force can �t into one custom LSI chip.

Secondly

, we can p erform the rest of the calculation, such as the orbit integration of

particles, on the general-purp ose host computer, provided that the communication b etw een

the host computer and the sp ecialized hardware is not to o slow. This is b ecause the force

calculation dominates the total calculation cost.

Figure 1 shows the basic structure of a GRAPE system. GRAPE stands for Gra vity

P ipe . The host computer sends the p ositions and the masses of particles. GRAPE hardware

calculates the gravitational accelerations and the p otential energy of particles and sends it

back to the host computer.

The simulation program itself runs on the host computer. The sp ecial-purp ose hardware

is used through the calls to a few library functions, which calculate the force b etw een

particles. It is not very di�cult to mo dify existing programs so that it uses the sp ecial-

GRAPE-4: A Special-Purpose Computer 3

Fig. 1. Basic structur e of a GRAPE system

purp ose hardware, since the task is the same as to utilize a softw are library .

T o apply the ab ove idea for simulations of globular clusters or planetesimal, some

mo di�cation of the hardware is necessary

. The most widely used algorithm for simulation

of these systems is the individual timestep scheme (for review, see [1]), in which each particle

has it own time and timestep. The integration of the system pro ceeds as follows. First, one

selects particle i for which its next time (present time plus present timestep t

i

+ �t

i

) is the

minimum. Then, one predicts the p ositions of all particles at this t

i

+ �t

i and calculates the

acceleration of particle i, applies the corrector based on this new acceleration and calculate

the new timestep. Then one selects the next particle to integrate. A v ariable-stepsize

predictor-corrector scheme is used to predict and correct the p ositions of particles. This

scheme is extremely e�cient when the cluster b ecomes highly inhomogeneous.

In order to use the individual timestep algorithm on the sp ecial-purp ose hardware, one

has to implement the predictor in hardware. This, again, is easy to implement since the

predictor is just a p olynomial of the time. A pip elined hardware to ev aluate the p olynomial

is quite simple.

The �rst machine we build, GRAPE-1 [10], had one pip eline that op erated on a 8 MHz

clo ck. Its theoretical p eak sp eed was equiv alen t to 240 M ops. GRAPE-1 used the num b er

format with the accuracy lower than that of the standard oating p oint, in order to reduce

the hardware cost. This decision resulted in short developmen t time, but its application

is rather limited due to the low accuracy . W e build GRAPE-2 [11] and GRAPE-2A [12],

which use the standard oating p oint format. Their p eak sp eed was 40 and 180 M ops,

resp ectively

. The force calculation pip elines of these machines are assembled with o�-the-

shelf LSI chips.

F or GRAPE-3 [18], we implemented the force calculation pip eline in a custom LSI chip.

W e again used the low-accuracy number format similar to the format used in GRAPE-1,

b ecause the budget was severely limited. The original GRAPE-3 b oard had 24 custom chips

and its sp eed was equiv alen t to 7.2 G ops. W e build two b oards that worked in parallel.

Thus the p eak p erformance of the GRAPE-3 was 14.4 G ops. More than 20 copies of a

minor-changed version of GRAPE-3, GRAPE-3A, have b een made and are b eing used in

more than 10 institutes b oth within and out of Japan.

In year 1992, we started the development of GRAPE-4. It will consist of 40 pro cessor

b oards. Each pro cessor b oard houses 48 pip eline chips. Thus the total system consists of

1920 chips and its planned p eak sp eed is 1.15 T ops. In the rest of this pap er, we describ e

the architecture of GRAPE-4 and present status of the pro ject.

3 The architecture of GRAPE-4

Figure 2 shows the overview of the GRAPE-4 system. The GRAPE-4 system consists of

a host computer and �ve clusters. One cluster has one host-interface b oard, one control

b oard, and eight pro cessor b oards. W e use a DEC Alpha workstation as the host computer.

4 Makino et al.

Fig. 2. The GRAPE-4 system

The host-interface b oard is connected to the host by TURBOchannel, DEC’s own I/O bus.

It’s p eak transfer rate is 100 MB/s. The host interface b oard and the control b oard are

connected with a 32 bit parallel interface. Physical connection b etween them is a coaxial

at cable. The control b oard and pro cessor b oards are connected by a backplane bus with

96 bit data width. A simple synchronous proto col is used on the backplane bus.

Figure 3 shows the structure of a pro cessor b oard. The particle data memory stores

the data of particles which exert the force. The predictor LSI is used to calculate the

p osition (and velo city) of particles at a sp eci�ed time. This function is necessary to use

the individual timestep algorithm ([1], [14]). The force calculation LSI chips calculate the

forces on particles. Each chip calculates the forces on tw o particles, using the \virtual

multiple pip eline" (VMP). With VMP

, the clo ck p erio d of the pip eline LSI is tw o times as

that of the system clo ck, and it calculates the forces on two di�erent particles at alternate

clo ck cycles. F rom the outside, one force calculation chip lo oks as if it has tw o pip elines.

The adv an tage of this architecture is that we can increase the p erformance of the pip eline

chip without increasing the system clo ck cycle. The predictor chip is a gate array and the

pip eline chip is cell-based. Both are fabricated by LSI Logic Corp. The design rule is 1

�m and the gate count is ab out 50k and 100k for predictor and force calculation chips,

resp ectively .

One b oard has 48 pip eline chips. These chips are pack aged in an MCM (multi-c hip

mo dule) pack age made by Kyocera. Thus one b oard has 6 MCM pack ages. Since each

chip calculates the force on tw o particles, one b oard calculates the forces on 96 di�erent

particles. In the original individual timestep algorithm, we can calculate the force on only

one particle at a time. In order to allow multiple particles to b e adv anced at the same time,

we use a hierarchical timestep algorithm [14], in which the timesteps of particles are forced

to p ow ers of tw o.

The control b oard has two main functions. The �rst one is to distribute the data

received from the host computer to pro cessor b oards. The second one is to sum up the

calculated force and p otential from pro cessor b oards. The summed result is transferred to

the host computer through the host interface b oard. This summation pro cess is necessary

to reduce the bandwidth of the communication with the host computer [16].

The theoretical p eak sp eed is 1.15 T ops, for the system clo ck of 15 MHz and the

pip eline clo ck of 30 MHz. Half of the p eak sp eed will b e achiev ed for the simulation of

5 � 10

4

particles.

GRAPE-4: A Special-Purpose Computer 5

Fig. 3. Pro c essor b o ar d of GRAPE-4

4 Status of the Pro ject.

W e started the design of the custom chips in July 1992. The �rst engineering samples of the

custom chips were delivered in August 1993. W e con�rmed the normal op eration of b oth

chips with 50 MHz clo ck for the pip eline chips (25 MHz for the b oard). As of Septemb er

1994, the prototyp e system which consists of one host interface b oard, one control b oard

and one pro cessor b oard has b een completed and is working as designed.

5 Discussion

Our GRAPE pro ject is not the �rst pro ject to develop sp ecial-purp ose computers for N -

b o dy simulations. Bakker et al. ([4], [3]) develop ed DMDP

, and Fine et al. [6] develop ed

F ASTR

UN. These machines are sp ecialized to MD simulations.

DMDP and F

ASTR

UN hav e similar architectures. Both hav e the force calculation

pip eline similar to one pip eline of GRAPE-4. The p eak sp eed is also similar (100-200

M ops). How ever, b oth of DMDP and F

ASTR

UN hav e additional hardware for time

integration of particles, as well as hardware supp ort for sophisticated algorithms such as

linked-list or neighbor scheme. As a result, b oth machines are very large, comprising 10-20

large printed-circuit b oards. In addition, the time needed to develop the hardware was

rather long (� 5 years). Our GRAPE-4 system will take three years, which is rather long

b ecause it is our �rst massively-parallel machine. Smaller machines such as GRAPE-3 to ok

less than 1 year to develop.

The long developmen t time has a large negative impact on the p erformance of any

computer, since the sp eed of general-purp ose computer doubles roughly in every one and

half years. Thus, �ve years corresp onds to ab out a factor of 10 in p erformance.

W e b elieve that the lifetime of a sp ecial-purp ose machine is longer if it designed to

work in co op eration with the host computer, compared to a stand-alone design in which

everything is done on the sp ecial-purp ose computer. The design of the hardware would b e

muc h simpler and therefore faster. The cost of the hardware would b e cheaper. The total

p erformance might b e limited by the sp eed of the host computer. This limitation, how ev er,

also implies that the total p erformance of the system would b e improved as the faster host

computer b ecome av ailable.

If we compare our approach with the traditional approach of using fast general-

6 Makino et al.

purp ose computer, it is clear that our approach is b etter, at least for gravitational N -

b o dy simulations that require relatively high accuracy

. GRAPE-4 o�ers 100-1000 times

faster raw p erformance compared to general-purp ose computers. It is true that on general-

purp ose computers one can use more sophisticated algorithm to improve the sp eed. F or

example, one can use the neighbor scheme, in which the force on a particle is divided into

the force from neighb or particles and that from distant particle, and the latter is up dated

in longer timestep [2]. The theoretical gain by the neighbor scheme is O (N

1=4

([8], [15]),

which is relatively small. In addition, the actual gain in the computer time is smaller than

the theoretical factor, b ecause the memory access pattern of the neighb or scheme is not

regular. Thus, the adv an tage of the sp ecialized hardware is large enough to ov ercancell the

algorithmic loss. In the case of the Barnes-Hut tree algorithm, we can apply the vectorized

algorithm develop ed by Barnes [5] to use GRAPE [13].

References

[1] S. J. Aarseth, in Multiple Time Scales, Academic Press, New Y ork, 1985.

[2] A. Ahmad and L. Cohen, A Numeric al Inte gr ation Scheme for the N-Body Gr avitational

Pr oblem, J. Comp. Phys., 12 (1973) pp. 389-402.

[3] A. F. Bakker and C. Bruin, Design and Implementation of the Delft Mole cular-Dynamics

Pr o c essor, in Sp ecial Purp ose Computers, Academic Press, New Y ork, 1988.

[4] A. F. Bakker, C. Bruin, F. v an Dieren, and H. J. Hilhorst, MOLECULAR DYNAMICS OF

16000 LENNARD-JONES P AR TICLES, Phys. Lett., 93A (1982) pp. 67-69, 1982.

[5] J. Barnes, A Mo di�e d tre e c o de: Don

’t laugh, it runs, J. Comp. Phys., 87 (1990) pp. 161.

[6] R. Fine, G. Dimmer and C. Levinthal, F

ASTRUN: A sp e cial purp ose, har dwir e d computer for

mole cular simulation, Proteins, 11 (1991) pp. 242-253.

[7] R. W. Ho ckney and J. W. Eastwoo d, Computer Simulation Using Particles, Adam Hilger, New

Y ork, 1988.

[8] P Hut, and J. Makino, Performanc e analysis of dir e ct N-b o dy c alculations, Astrophys. J. Suppl.,

68 (1988) pp. 833-856.

[9] P Hut, J. Makino, and S. L. W. McMillan, Mo deling the evolution of globular star clusters,

Nature, 336 (1988), pp. 31-35.

[10] T. Ito, J. Makino, T. Ebisuzaki and D. Sugimoto, A spe cial-purp ose N-b o dy machine GRAPE-1,

Computer Physics Communications, 60 (1990) pp. 187-194.

[11] T. Ito, J. Makino, T. Ebisuzaki and D. Sugimoto, A spe cial-purp ose c omputer for gr avitational

many-b o dy systems GRAPE-2, Publ. Astron. So c. J., 43 (1991) pp. 547-555.

[12] T. Ito, J. Makino, T. F ukushige, T. Ebisuzaki, S. K. Okumura and D. Sugimoto, A Sp e cial-

Purp ose Computer for N-b o dy Simulations: GRAPE-2A, Publ. Astron. So c. J., 45 (1993) pp.

339-348.

[13] J. Makino, T r e e c o de with a sp e cial-purp ose pr o c essor, Publ. Astron. So c. J., 43 (1991) pp.

621-638.

[14] J. Makino, A mo di�e d A arseth co de for GRAPE and ve ctor pro c essors, Publ. Astr on. So c. J.,

43 (1991) pp. 859-876.

[15] J. Makino and S. J. Aarseth, On a Hermite Inte gr ator with Ahmad-Cohen Scheme for

Gr avitational Many-Bo dy Pr oblems, Publ. Astron. So c. J., 44 (1992) pp. 141-151.

[16] J. Makino, E. Kokub o and M. T aiji, HARP: A Sp e cial-Purp ose Computer for N -b o dy Pr oblem,

Publ. Astron. So c. J., 45 (1993), pp. 349-360.

[17] S. L. W. McMillan and S. J. Aarseth, An O (N log N ) inte gr ation scheme for c ol lisional stel lar

systems, Astrophys. J., 414 (1993) pp. 200.

[18] S. K. Okumura, J. Makino, T. Ebisuzaki, T. F ukushige, T. Ito, D. Sugimoto, Highly Par al lelize d

Sp e cial-purp ose Computer GRAPE-3, Publ. Astron. So c. J., 45 (1993), pp. 329-338.