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Abstract

be designed independently of the applications. This feature
makes the development of a computer easier, since the en-

We are developing the ‘Protein Explorer’ system, a gineering can be focused on the design of a single architec-
petaflops special-purpose computer system for molecularture. Infact, the universal computer may have awider range
dynamics simulations. The Protein Explorer is a PC clus- of applications universal computer may have awider range
ter equipped with special-purpose engines that calculate of applications than any other machine in history. Now,
nonbonded interactions between atoms, which is the mostas the transistor density in microchips has reached its criti-
time-consuming part of the simulations. A dedicated LSI cal point, thereislittle difference between the technologies
‘MDGRAPE-3 chip’ performs these force calculations at a used in conventional personal computers and those used in
speed of 165 gigaflops or higher. The system will have 6,144high-performance computers; the two species of computers
MDGRAPE-3 chips to achieve a nominal peak performance have begun to converge. In light of these facts, it would ap-
of one petaflop. The system will be completed in 2006. In pear to be very difficult to compete with the conventional
this paper, we describe the project plans and the architec- computer. However, we are going to face two obstacles

ture of the Protein Explorer.

1. Introduction

The history of modern computing began with the inven-
tion of a universal machine and the formulation of a clear
definition of the computing procedures on it. The univer-
sal computer enables us to utilize essentialy the same ma-
chine for various applications, and thus the hardware can
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on the road of the high-performance computing with the
conventional technol ogy, the memory bandwidth bottleneck
and the heat dissipation problem. These bottlenecks can be
overcome by developing specialized architectures for par-
ticular applications and sacrificing some of the universality.

The GRAPE (GRAvity PipE) project is one of the most
successful attempts to develop such high-performance,
competitive special-purpose systems[26, 17]. The GRAPE
systems are specialized for simulations of classical parti-
cles such as gravitational N-body problems or molecular
dynamics (MD) simulations. In these simulations, most of
the computing timeis spent on the cal cul ation of long-range
forces, such as gravitational, Coulomb, and van der Waals
forces. Therefore, the specia-purpose engine calculates
only these forces, and all the other calculations are done by
aconventional host computer connected to the system. This
style makes the hardware very simple and cost-effective.
This strategy of specialized computer architecture predates
the GRAPE project. It was pioneered for use in molecular
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Figure 1. The growth of the GRAPE systems.
For astrophysics, there are two product lines.
The even-numbered systems, GRAPE-2, 2A,
4, and 6, are the high-precision machines, and
the systems with odd numbers, GRAPE-1,
1A, 3, and 5, are the low-precision machines.
GRAPE-2A, MD-GRAPE, MDM, and PE are the
machines for MD simulations.

dynamics simulations by Bakker et a. in the Delft Molec-
ular Dynamics Processor (DMDP) [2] and by Fineet al. in
the FASTRUN processor [5]. However, neither system was
able to achieve effective cost-performance. The most im-
portant drawback was the architectural complexity of these
machines, which demanded much time and money in the
devel opment stages. Since the technology of electronic de-
vices continues to develop very rapidly, speed of develop-
ment is a crucial factor affecting the cost-to-performance
ratio.

Figure 1 shows the advancement of the GRAPE com-
puters. The project started at the University of Tokyo
and is now run by two groups, one at the University of
Tokyo and one at the RIKEN Institute. The GRAPE-
4[27] built in 1995 was the first machine to break the ter-
aflops barrier in nomind peak performance. Since 2001,
the leader in performance has been the MDM (Molecular
Dynamics Maching)[18, 20, 19] at RIKEN, which boasts
a 78-Tflops performance. At the University of Tokyo, the
64-Tflops GRAPE-6 was completed in 2002[15, 14]. To
date, five Gordon-Bell Prizes (1995, 1996, 1999-2001) have
been awarded to simulations using the GRAPE/MDM sys-
tems. The GRAPE architecture can achieve such high-
performance because it solves the problem of memory
bandwidth bottleneck and lessens the heat dissipation prob-
lem. Based on these successes, in 2002 we launched a
project to develop the ‘Protein Explorer’ (PE), a petaflops
special-purpose computer system for molecular dynamics
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Figure 2. The basic architecture of the Protein
Explorer and the other GRAPE systems.

simulations, particularly protein smulations. The Protein
Explorer is asuccessor of GRAPE-2A[9], MD-GRAPE[ 28,
7], and MDM/MDGRAPE-2[18], which are also machines
for molecular dynamics simulations.

In recent years there have been very rapid advances in
structural genomics, and many three-dimensional structures
of proteins and other biomolecules have been solved. In
Japan, for example, the nationa ' Protein 3000’ project was
started in 2002 with the goal of solving the structures of
3,000 proteins by the year 2007. The PE project is moti-
vated and funded by the Protein 3000 project. Such molec-
ular dynamics simulations by means of high-performance,
special-purpose computers will be a very powerful tool for
applying the new structural knowledge to advances in bio-
science and biotechnology. The main targets of the PE are
the high-precision screening for drug design[24] and the
large-scale simulations of huge proteins/complexes[22, 25].
The Protein Explorer system will appear in early 2006. In
this paper, we describe the hardware architecture of the Pro-
tein Explorer system and estimate its performance.

2. Outline of the Protein Explorer

First, we will describe the basic architecture of the Pro-
tein Explorer and what the PE calculates. Figure 2 shows
the basic architecture of the PE and the other GRAPE sys-
tems. The system consists of a general-purpose commercial
computer and a special-purpose engine. In the case of the
PE, it consists of special-purpose boards attached to a host
PC cluster. The host sends the coordinates and the other
data of particles to the special-purpose engine, which then
calculates the forces between particles and returns the re-
sultsto the host computer. In the molecular dynamics simu-
lations, most of the calculation time is spent on nonbonded
forces, i.e., the Coulomb force and van der Walls force.
Therefore, the special-purpose engine calculates only non-
bonded forces, and all other calculations are done by the
host computer. This makes the hardware and the software
quite simple. For hardware we need to consider only the
calculation of forces, which is rather smple and has little
variation. In the DMDP, on the other hand, amost al of



the work in the MD simulation was done by the hardware,
so that the hardware was highly complex and very time-
consuming to build. In the GRAPE systems no detailed
knowledge on the hardware is required to write programs
and a user simply uses a subroutine package to perform
force calculations. All other aspects of the system, such
as the operating system, compilers, etc., rely on the host
computer and do not need to be specially developed.

The communication time between the host and the
special-purpose engine is proportiona to the number of
particles, IV, while the calculation time is proportional to
its square, N2, for the direct summation of the long-range
forces, or is proportiona to NN, where N, isthe average
number of particles within the cutoff radius of the short-
range forces. Since N. usualy exceeds a value of sev-
eral hundred, the calculation cost is much higher than the
communication cost. In the PE system, the ratio between
the communication speed and the calculation speed of the
special-purpose engine will be 0.25 Gbytes/sec-Tflops =
0.25 bytes for one thousand operations. Thisratio is fairly
small compared with those in the commercial parallel pro-
cessors. Such a low communication speed is adequate to
make efficient use of the special-purpose engine.

3. What Protein Explorer calculates

Next, we describe what the special-purpose engine of the
PE calculates. The PE calculates two-body forces on i-th
particle F'; as

Fi = ajg(bjrd)ri, D

J

wherer;; = r; —r;, 77 = r}; + €. Thevectorsr;, r; are
the position vectors of the ¢, j-th particlesand ¢; is a soften-
ing parameter to avoid numerical divergence. For the sake
of convenience, we hereafter refer to the particles on which
the force is calculated as the ‘i-particle’, and the particles
which exert the forces on the i-particle as the ‘ j-particle’.
The function ¢(¢) is an arbitrary smooth function. For ex-
ample, in the case of Coulomb forces, the forceis given by

"
Fi/q = Zr_g_”ﬂ'v 2
i

where g;, g; are the charges of the i-th particle and the j-
th one, respectively. This can be calculated by using a ; =
¢j,b; = 1,9(¢) = (73/2,¢; = 0. The multiplication by ¢;
is done by the host computer.

In the case of a force by Lennard-Jones potential, the
force between particlesis given by

8 14
Tij ij

fij = Tij, ©)

where A;; and B;; are constants determined from the equi-
librium position and the depth of a potential. These con-
stants depend on species of i-th and j-th particles. This
force law can be evaluated by choosing ¢(¢),a;,b;,€; as
follows.

g(g) = C74_<777

a = ABGY, )
b, — Aij e

J - B” ’

€; =0

The other potentias, including the Born-Mayer type repul-
sion (U(r) = A exp(Br)), can aso be evaluated.

In addition to Equation (1), the PE can also calculate the
following equations:

¢ = Z ajg(ki-rj), 5
F; = ijcjg(kj i+ 05), (6)
i = D ajgbr). (7)

Equations (5) and (6) are used to calculate wave-space
sums in the Ewald method[6]. The potential energies and
isotropic virials are calculated by Equation (7).

Virial tensors, which are necessary for simulation un-
der tensile stress using the Parrinello-Rahman method[23],
can be calculated from forces. At first, in the case of open
boundary conditions, virial tensors are defined by

=) "F;:r; (8)

which we can calculate directly from forces F';. In the
case of periodic boundary conditions, it has been well es-
tablished that a different formulamust be used[1] :

D=3 ), ©)

],

where o denotes neighbor cells. To calculate this, a force
F'; must be divided into severa forces from each cell « as

FP=3 f (10
J
and then the virial tensor (9) can be evaluated as
1 (07
<I>:§%:Fi . (ri — Ra), (12)

where R, is atransation vector to acell a.
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Figure 3. Block diagram of the force calcula-
tion pipeline in the MDGRAPE-3 chip.

There are several clever agorithms for efficient calcula-
tion of the long-range forces. In high-precision calculations
such as those in molecular dynamics simulations, these al-
gorithms use the direct summation for the near-field forces.
Therefore, the GRAPE can accelerate these agorithms.
There are also severa implementations of these algorithms,
i.e., the tree algorithm[13], the Ewald method[6, 20], and
the modified fast multipole method[11, 12].

4. MDGRAPE-3 Chip

In this section, we describe the MDGRAPE-3 chip, the
force calculation LS| for the Protein Explorer system. We
start from the explanation of the LS| because it is the most
important part of the system.

4.1. Force Calculation Pipeline

Figure 3 shows the block diagram of the force calcula-
tion pipeline of the MDGRAPE-3 chip. It calculates Equa-
tions (1), (5), (6), and (7) using the specialized pipeline. It
will consist of three subtractor units, six adder units, eight
multiplier units, and one function-evaluation unit. It can
perform about 33 equivalent operations per cycle when it
calculates the Coulomb force[10Q]. In the case the function-
evaluation unit calculates = —3/2, which is equivalent to 16
floating point operartions. The count depends on the force
to be calculated. Most of the arithmetic operations are done
in 32-bit single-precision floating-point format, with the ex-
ception of the force accumulation. Theforce F'; is accumu-
lated in 80-hit fixed-point format and it can be converted to
64-bit double-precision floating-point format. The coordi-
nates r;, r; are stored in 40-hit fixed-point format because
this makes the implementation of periodic boundary condi-
tion easy, and the dynamic range of the coordinatesis rela-
tively small in molecular dynamics simulations.

The function evaluator, which allows calculation of an
arbitrary smooth function, is the most important part of the
pipeline. This block is ailmost the same as those in MD-
GRAPE[28, 7]. It hasamemory unit which containsatable
for polynomial coefficients and exponents, and a hardwired
pipeline for the fourth-order polynomial evaluation. Itinter-
polates an arbitrary smooth function g(x) using segmented
fourth-order polynomials by the Horner’s method

g(zo + Az) = (((calzo] Az + cs[zo]) Az + cofz0])

Ax + c1[zo]) Az + colzo], (12)

where z is the center of the segmented interva, Ax =
x—x isthedisplacement from the center, and ¢, [z ] arethe
coefficients of polynomials. The coefficient table has 1,024
entries so that it can evaluate the forces by the Lennard-
Jones (6-12) potential and the Coulomb force with a Gaus-
sian kernel in single precision.

In the case of Coulomb forces, the coefficients ¢ ; and b;
in equation (1) depend only on the species of j-particle, and
they are supplied from the memories. Actualy, the charge
of the j-th particle ¢; correspondsto a;, and b; = 1 iscon-
stant. On the other hand, in the case of the van der Waals
force, these coefficients depend on the species of both the
i-particle and the j-particle, as we can see in Equation (4).
Thus, these coefficients must be changed when the species
of the i-particle changes. Since it consumes alot of timeto
exchange them with each change in species, the pipeline
contains a table of the coefficients. The table generates
the coefficients from the species of both i-particles and j-
particles. The number of speciesis 64, which is sufficient
for most biomolecular simulations.

4.2. j-Particle Memory and Control Units

Figure 4 shows the block diagram of the MDGRAPE-3
chip. It will have 20 force calculation pipelines, a j-particle
memory unit, a cell-index controller, a force summation
unit, and a master controller. The master controller man-
ages the timings and the inputs/outputs of the chip. The
j-particle memory unit holds the coordinates of j-particles
for 32,768 bodies and corresponds to the ‘ main memory’ in
general-purpose computers. Thus, the chip is designed us-
ing the memory-in-the-chip architecture and no extra mem-
ory is necessary on the system board. The amount of mem-
ory is 6.6 Mbits and will be constructed by a static RAM.
The same output of the memory is sent to all the pipelines
simultaneously. Each pipeline calculates using the same
data from the j-particle unit and individual data stored in
the local memory of the pipeline. Because the two-body
force calculationis given by

F;= Zf(mrj), (13)
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chip.

for the parallel calculation of multiple F';, we can use the
same r;. This parall€lization scheme, ‘the broadcast mem-
ory architecture’, isone of the most important advantages of
the GRAPE systems. It enables the efficient parallelization
at low bandwidth realized by simple hardware. In addition,
we can extend the same technique to the temporal axis. If
asingle pipeline calculatestwo forces, F'; and F; 1, inev-
ery two cycles by timesharing, we can again use the same
r;. This means that an input ; is needed every two cy-
cles. We refer to this paralelization scheme as a ‘virtua
multiple pipeline'[16], because it allows a single pipeline
to behave like multiple pipelines operating at half speed.
The merit of this technique is the reduction of the ‘virtual
frequency’. The requirement for the memory bandwidth is
reduced by half, and it can be decreased further by incress-
ing the number of the ‘virtual’ pipelines. The hardware cost
for the virtual pipeline consists of only the registers for the
coordinates and the forces, which are very small.

In the MDGRAPE-3 chip there are two virtual pipelines
per physical pipeline, and thus the total number of virtual
pipelines is 40. The physical bandwidth of the j-particle
unit will be 2.5 Gbytes/sec, but the virtua bandwidth will
reach 100 Ghytes/sec. This allows quite efficient paral-
Ielization in the chip. The MDGRA PE-3 chip has 340 arith-
metic units and 20 function-evaluator units which work si-
multaneously. The chip has a high performance of 165
Gflops at a modest speed of 250 MHz. This advantage will
become even more important in the future. The number of
transistors will continue to increase over the next ten years,
but it will become increasingly difficult to use additional
transistors to enhance performance. In fact, in the general-

purpose scalar processor, the number of floating-point units
in the CPU seems to reach a ceiling at around 4-8 because
of the limitation in the bandwidth of the memory, that of the
register file, and the difficulties in software. On the other
hand, in the GRAPE systems the chip can house more and
more arithmetic units with little performance degradation.
Thus, the performance of the chip exactly follows the per-
formance of the semiconductor device technology, whichis
the product of the number of transistors and the speed. In
the general-purpose processor, the performance increases
roughly 10 times every 5 years, a rate slower than that in
the semiconductor device, which is about 30 times every 5
years. Therefore, a specia-purpose approach is expected
to become increasingly more advantageous than a general-
purpose approach. The demerit of the broadcast memory
parallelization is, of course, its limitation with respect to
applications. However, we could find several applications
other than particle simulations. For example, the calcula-
tion of dense matrices/21] and the dynamic programming
algorithm for hidden Markov models are also possible to be
accelerated by the broadcast memory parallelization.

The size of the j-particle memory, 32,768 bodies = 6.6
Mbits, is sufficient for the chip in spite of the remarkable
calculation speed, since the molecular dynamics simulation
is a computation-intensive application and not a memory-
intensive application like the fluid dynamics simulations.
Of course, the number of the particles often exceeds this
limit, but we can use many chipsin paralel to increase the
capacity. We can divide the force F'; on the i-th particle as

j
F;=Y F" (14)
k=1

by grouping j-particles into n; subsets. Thus, by using
n; chips we can treat n; times more particles at the same
time. However, if ahost computer collects all partial forces
Fl(.k) and sums up them, the communication between the
host and the special-purpose engines increase n ; times. To
solve this problem, the MDGRAPE-3 chip has aforce sum-
mation unit, which calculates the summation of the partial
forces. In the PE system, the MDGRAPE-3 chips on the
same board will be connected by a unidirectional ring, as
explained later. Therefore, each chip receives the partia
forces from the previous chip, adds the partial force cal-
culated in the chip, and sends the results to the next chip.
The force summation unit calculates the sum in the same
80-bit fixed-point format as used for the partial force cal-
culations in the pipelines. The result can be converted to
a 64-hit floating-point format. The summation of the force
subsets on different boards is done by the host computer. If
the number of particles still exceeds the total memory size,
the forces must be subdivided into severa subsets, and the
contents of the j-particle memory should be replaced for
each subset. In this case the number of particles is quite



huge, so the overhead for communication/calculation is not
as important.

The j-particle memory is controlled by the cell-index
controller, which generates the address for the memory. To
calculate short-range forces, it is unnecessary to calculate
two-body interactions with all particles. There exists a cut-
off r. so that forces can be ignored when r > r.. If we
calculate contributions inside the sphere r < r., the cost of
force calculationsdecreasesby (L /r.)3, where L isthesize
of asystem. Thus, when L > r., the efficiency increases
substantially. The standard technique for this approach is
caled the cell index method[1]. In this method a system
is divided into cells with sides I. When we calculate the
forces on the particles in a cell, we treat only particles in
cells within the cutoff.

The implementation of the cell-index method is almost
the same as for the MD-GRAPE/MDGRAPE-2 systems.
The host computer divides particlesinto cellsand sortsthem
by the cell indices. Thus, the particles which belong to the
same cell have sequentia particle numbers. Thus the ad-
dress of the particles in a cell can be generated from the
start address and the end one. The cell-index table contains
the start addresses and the end ones for all cells. The con-
troller generates the cell number involved in the interaction
and looks up the table to obtain the start address and the
end one. Then the counter generates the sequential address
for the j-particle memory. When the count reaches to the
end address, the same process is repeated for the next cell.
It can also tranglate cells according to the periodic bound-
ary condition, and supports the virial tensor calculation. As
shown in equation (11), we need to evaluate the forces sep-
arated by each mirror imageto calculate aviria tensor. The
cell-index controller controls the force cal culation pipelines
to calculate these partial forces.

Gathering all the units explained above, the
MDGRAPE-3 chip has amost al elements of the
MD-GRAPE/MDGRAPE-2 system board except for the
bus interface. The chip is designed to operate at 250
MHz in the worst condition (1.08V, 85°C, process factor
= 1.3). It has 20 pipelines and each pipeline performs
33 equivalent operations per cycle, and thus the peak
performance of the chip will reach 165 Gflops. This is
12.5 times faster than the previous MDGRAPE-2 chip. In
the typical condition (1.2V, 65°C, process factor = 1.0) it
will work at 460 MHz with the peak performance of 300
Gflops. It will be possible to design a chip with the speed
of gigahertz at the typical condition, however, the power
dissipation will become about 80W and the number of
transistors per operation will increase at least 80%. Since
the parallelization is very efficient in our architecture, the
gigahertz speed will cause alot of difficulties in the power
dissipation and the layout but will bring no performance
gain. Therefore, we choose the modest speed of 250

MHz at worst and 460 MHz at typical. The chip will be
made by Hitachi Device Development Center HDL4N 0.13
pm technology. It consists of 6M gates and 10M bits of
memory, and the chip size will become about 220 mm?2.
It will dissipate 20 watts at the core voltage of +1.2 V.
Its power per performance will be 0.12 W/Gflops, which
is much better than those of the conventional CPUs. For
example, the thermal design power of the Pentium 4 3GHz
processor produced by a0.13 m processis 82 watts, while
its nomina peak performance is 6 Gflops. Therefore, its
power per performance is about 14 W/Gflops, which is a
hundred times worse than that of the MDGRAPE-3. There
are several reasons for this high power efficiency. First,
the accuracy of the arithmetic units is smaller than that
of the conventional CPUs. Since the number of gates of
a multiplier is roughly proportional to the square of the
word length, this precision has a pronounced impact on the
power consumption. Secondly, in the MDGRAPE-3 chip,
90% of transistors are used for the arithmetic operations
and the rest are used for the control logic, (the transistors
for the memory are not counted). The specialization and the
broadcast memory architecture make the efficient usage of
silicon possible. And lastly, the MDGRAPE-3 chip works
at the modest speed of 250 MHz. At gigahertz speed, the
depth of the pipeline becomes very large and the ratio of
the pipeline registers tends to increase. Since the pipeline
registers dissipate power but perform no calculation, there
is a lessening of power-efficiency. Thus, the GRAPE
approach is very effective to suppress power consumption.
This is another important advantage of the GRAPE. When
the feature size of the semiconductor decreases, almost
all things are improved except for the power density.
Therefore, the power dissipation will become important in
the future, and the GRAPE architecture can aleviate the
problem.

5. System Architecture

In this section, the system architecture of the Protein Ex-
plorer is explained. Figure 5 shows the block diagram of
the PE system. The system will consist of a PC cluster with
special-purpose engines attached. For the host PC clus-
ter we plan to use a future release of Itanium or Opteron
CPU. The choice will be made based on both calculation
performance and 1/O performance. The system will have
256 nodes with 512 CPUs. By the end of 2004, we ex-
pect the nominal peak performance of the CPU to reach at
least 10 Gflops, and the performance of the host to be 5
Tflops. The required network speed between the nodes is
10 Ghit/sec, which will be realized by Infiniband, 10G Eth-
ernet, or future Myrinet. The network topology will be a
two-dimensional hyper-crosshar.

Each node will have the special-purpose engineswith 24
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MDGRAPE-3 chips. Since the MDGRAPE-3 chip has a
performance of 165 Gflops, the performance of the nodes
will be 3.96 Tflops. With 256 nodes the system reaches to
a petaflops. The MDGRAPE-3 chips are connected to the
host by two PCI-X buses at 133 MHz. Figure 6 shows the
block diagram of the Protein Explorer board. The board has
twelve MDGRAPE-3 chips, and each chip is connected in
seria to send/receive the data. Since the memory is embed-
ded in the MDGRAPE-3 chip, the board will be extremely
simple. The speed of the communi cation between the chips
will be 1.3 Gbytes/sec, which corresponds to an 80-bit word
transfer at 133 MHz. For these connections 1.5V-CMOS
I/O cells will be used. The board has a control FPGA (or
ASIC) with a specia bus with 1 Gbytes/sec peak speed.
Two boards with 24 MDGRAPE-3 chips are connected to
the host via two independent PCI-X buses. The boards
and the PCI-X buses are connected by the high-speed se-
rial interconnection with the speed of 10 Gbit/sec for both
up and down streams. It is realized by the bundle of four
2.5 Gbhit/sec LVDS channels.

The boards and PC motherboards will be mounted in a
19" rack, which can house 6 nodes. Therefore, the system
will consist of 43 racksin total. Thetotal power dissipation
will be about 150 KWatts and it will occupy 100 m?2. Since
the special-purpose computer is very efficient, we need no
gymnasium even with a petaflops system.

Board 1

MDG3 |p.| MDG3 || MDG3

LSl LSl LSl
MDG3 |<= MDG3 | MDG3
LVDS Lsl LSl LSl
10Gbit/s Control ;
FPGA
MDG3 || MDG3 .| MDG3
LSl LSl LSl
MDG3 |¢u] MDG3 | MDG3
LSl LSl LSl

Board 2

Figure 6. Block diagram of the Protein Ex-
plorer board. ‘MDG3 LSI' denotes the
MDGRAPE-3 chip.

6. Software

As mentioned above, in the GRAPE systems a user does
not need to consider the detailed architecture of the special-
purpose engine and all the necessary compute services are
defined in the subroutine package. The following is atypi-
cal procedure of simulation using the Protein Explorer sys-
tem. In this example, we assumed a PE board calcul ates the
Coulomb and van der Waals forces under the free boundary
condition. Table 1 summaries the library routines for this
example.

1. cal pestart calc(n, r, rmax, dq,
nmaxspeci es, speceis, amatri X,
brmatrix). In the library, the following opera-
tions are performed.

(@) Convert 'r’ to 40-hit fixed-point format using
r max’.

(b) Convert 'q’ to 32-hit single-precision floating-
point format.

(c) Generate command sequence for the PE board,
and set it to the host memory where DMA (Direct
Memory Access) can be used for.

(d) Issuethe start command to the PE board.

2. Perform other force calculations, such as bonding
force.

3. cal pewai t cal c(force). Inthelibrary, thefol-
lowing operations are performed.



Table 1. Example of the library routines for PE system

Subroutine name Variables

Description

int n

double r[][3]
doubl e rmax
doubl e q[]

i nt maxspeci es

i nt species[]
doubl e amatri x[]
doubl e bmatri x[]

pestart cal c

Number of particles

Positions of particles

Maximum value of coordinates of particle positions
Charges of particles

Number of species

Species of particles

Matrix for a; in Equation (4)

Matrix for b; in Equation (4)

pewait calc doubl e force[]][3]

Sum of the Coulomb and van der Waals forces on particles

(a) Wait until the PE board finish the calculation.

(b) Multiply charge(q;) to the resultsfrom the board.

(c) Add the Coulomb and van der Waals forces, and
return them.

4. Add other forces such as bonding force to 'f or ce’.
Then calculates orbits of particles, and increments a
time.

The PE board performs the following operations after it
receives the start command.

1. Get command sequence from the host memory using
DMA. In the command sequence, data such as posi-
tions of particles are also packed in it.

2. Write positions, charges, and species of j-particles to
the chip. Each chip hasn/12 j-particles.

Broadcast positions of 40 i-particlesto all the chip.
I ssue the cal culation command to all the chip.

Each chip calculates partial forces on 40 i-particles.

S

Read the result of the calculation from the chip. The
sum of 12 partial forces are performed automatically
between the chip.

7. Transfer the result to the host memory using DMA.
8. Repeat from 3to 7 for all i-particles.

9. Tell the end of the calculation to the host.

The calculation of the chip and the data transfer between
the host and the chip are performed simultaneously. More-
over, the operations of the PE board and the bonding force
calculation on the host can be performed simultaneously.

Several popular molecular dynamics packages have
already been ported for MDM/MDGRAPE-2, including
Amber-6[4], CHARMM[3], and DL _POLY[29]. They can

be used in the PE with small modifications. For Amber-
6 and CHARMM, the parallel code using MPI also works
with the MDM/MDGRAPE-2. The interactive molecular
dynamics simulation system on the MDM/MDGRAPE-2
has also been developed using Amber-6[19]. It uses a
three-dimensional eyeglass and a haptic device to manip-
ulate molecules interactively.

7. Performance Estimation

In this section we discuss the sustained performance
of the PE by means of a simple model. We define the
speed of the MDGRAPE-3 chip as fgrape Gflops, the sus-
tained performance of the host CPU as fr.g Gflops, the
sustained communication speed of the host CPU and the
special-purpose engine as feomm Gbytes/sec, and the sus-
tained communi cation speed between the host CPUs as fyp
Gbytes/sec. Then, the calculation time Tpee in the GRAPE,
the calculation time in the host computer Thog, the commu-
nication time between the host and the GRAPE T'comm, and
the communication time between the hosts Typ are given

by

T _ 33N2
P fGRAPEnGRAPE
800N
T =
ot f host" host
o _ 88N
comm f comm+/ Tthost
96N
Tup = —0t 15
MP fMPI \/ Tlhost ( )

where the time unit is a nanosecond, N denotes the num-
ber of particles, and ncrape @and npeg are the number of
the MDGRAPE-3 chips and the number of host CPUs, re-
spectively. This model is based on the direct summation
algorithm, which will show the best sustained performance.
Figure 7 shows the sustained performance of the Protein



Explorer. Thetotal time T = Tpe + Thost + Tcomm + Tmpi
and the efficiency Tpe/T are plotted. Here the parameters
are given as ferape = 165 (Gflops), fres = 1.5 (Gflops),
feomm = 0.5 (Gbytes/sec), and fup = 0.5 (Gbytes/sec).
We assume ngrape = 6,144 and npg = 512 in the
petaflops system, and ngrape = 12 and npeg = 1 in the
2-Tflops system with one CPU. We ignore Typ for the
2-Tflops system. In the petaflops system, the efficiency
reaches0.5at NV = 5x 10°, and the system with onemillion
particles can be simulated by 0.05 sec/step. In the target ap-
plications of the PE, the throughput of systems with several
ten thousand particlesis important. In the single CPU sys-
temwith 2 Tflops, the efficiency reaches0.5at N = 4x 104,
and the systemwith N = 4 x 10* particles can be smulated
by 0.08 sec/step. Therefore, we can simulate such systems
for 1.1 nsec/CPU/day, and 0.55 usec/system/day when the
simulation timestep is 1 fsec. For high-precision screening
of drug candidates, asimulation of 10 nsec will be required
for each sample. If the system is used for this purpose, we
can treat 50 samples per day, which is very practical. For
larger systems, the use of the Ewald method or the treecode
is necessary. With the Ewald method, a system with ten
million particles can be treated with 0.3 sec/step. The sys-
tem will be useful for the analysis of such very-large bio-
complexes. The sustained performance of the GRAPE sys-
tems is very good compared with that of general-purpose
computers in real applications as well. The measured per-
formance of a MDGRAPE-2 board (53 Gflops) was twice
as fast as that of a PC cluster with 128 CPUs (Pentium 111
1GHz) for N > 3 x 10%[8]. Considering that the cost-
performance of the PE is 10-100 times better than that of
the commercial PC, the PE will be very competitive.

8. Summary and Schedule

The Protein Explorer system is a special-purpose com-
puter system for molecular dynamics simulations with
a petaflops nominal peak speed. It is a successor of
MDM/MDGRAPE-2, the GRAPE system for MD simula-
tions. We are developing an MDGRAPE-3 chip for the PE
that will have a peak performance of 165 Gflops. The chip
will have 20 force cal culation pipelines and amain memory
of 6 Mbits. It will be made using 0.13 m technology and
will operate at 250 MHz in the worst case. The system will
consist of 6,144 MDGRAPE-3 chipsto achieve a petaflops.
The host computer isaPC cluster with 256 nodes, each hav-
ing 2 CPUs. The special-purpose engines are distributed to
each node of the host.

A sample LSl of MDGRAPE-3 will appear in March
2004, and a system of 100 Tflops performance will be built
by March 2005. The system will be complete in the first
half on 2006, but it will be accelerated to be ready on 2005
if additional funds are available. The total cost is about

. . e : e 10

104 | Petaflops System R —
Single CPU (2 Tflops) ===-----

Time (sec)
80
T
Efficiency

10° 10* 10° 10° 10" 10°

Figure 7. The sustained performance of the
Protein Explorer with the direct summation
algorithm. The calculation time per step (left
axis) and the efficiency are plotted. The solid
line and dashed one indicate those of the
petaflops system and the 2-Tflops system, re-
spectively.

20 million US dollars including the labor cost. The price
will be less than ten US dollars per gigaflops. The cost-
performance is thus at least ten times better than that of
general-purpose computers, even when compared with the
relatively cheap BlueGene/L (140 US dollars/Gflops). The
PE is expected to be a very useful tool for the biosciences,
especialy for structural genomics, nanotechnology, and the
wide range of material sciences.
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