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1. Introduction 
A primary thrust in the development of new supercomputers has been in 
the creation of new massively parallel architectures. In 1993, the Depart- 
ment of Defense (DoD) acquired a KSR1 massively parallel computer for a 
site at the Army Research Laboratory (ARL). 

The KSR1 has the potential to reach the computing speeds of today's fast- 
est supercomputers. The ARL KSR1 was originally configured with 256 
processors, or nodes, each capable of up to 40 Mflops, or 40 million float- 
ing point operations, per second. As a whole, the computer could poten- 
tially yield a maximum computing speed of 10 Gflops, or 10 billion float- 
ing point operations, per second. Each CPU node has a local cache of 32 
MB of memory that it can share with all the other nodes resulting in a 
maximum of 8 GB of shared memory available. Thus, ARL's KSR1 has the 
potential to supply 8 GB of real memory to a single parallel task. Recently, 
ARL increased the number of nodes to 288 and has typically divided it into 
three machines, two with 128 nodes and one with 32. One of the 128-node 
machines, Pisa, uses a newer, less stable version of the KSR operating sys- 
tem and is designated as a development machine. Thus the tests of this 
evaluation were run on either the 128-node Eiffel machine or the 32-node 
London machine, both with the more stable 1.1.4.1 KSR operating system. 

The object of this study was to measure how fast the KSR1 could run a spe- 
cific two-dimensional (2-D) finite difference algorithm, useful in solving 
electromagnetic problems. Specifically, this algorithm, a 2-D version of the 
Yee algorithm [1], provides time-domain solutions of Maxwell's equations. 
The Yee algorithm models electromagnetic wave generation and propaga- 
tion, as well as its scattering from and coupling to [2] objects and surfaces 
of interest. In particular, we have found the Yee algorithm useful in our 
electromagnetic pulse (EMP) environment prediction codes [3,4] because 
of its ability to adapt to certain time-varying parameters of the problems. 
Acceleration of the Yee algorithm by significantly more than a factor of 10 
would be a critical step toward solving a more complex class of EMP envi- 
ronment prediction problems than the current state-of-the-art computer 
codes. 



2. Creation of Parallel Computer Code 
Migration of computer code to a parallel computer typically requires that 
parts of the code be rewritten to maximally, or even significantly, exploit 
the multiple processors. First, one needs to write the algorithms, which for 
this study were in FORTRAN (the KSR can automatically parallelize FOR- 
TRAN code; it cannot for C code) in a parallel form. The KSR provides 
three options for parallelizing the code. One has the option of parallelizing 
the code automatically using the preprocessor KAP, parallelizing it manu- 
ally by inserting directives or calls to the run-time library, presto, or per- 
forming a combination of the manual and automatic approaches. In this 
third case, one inserts some specific directives and then allows KAP to 
parallelize other sections of the code as allowed. 

Although not essential for maximizing parallel execution, a technique 
originally suggested by a KSR analyst also greatly improved the execution 
speed of the Yee code on the KSR. In this technique, the field arrays (B^ 
Ex, and Ez) were consolidated into one array, an X array, in which the first 
component was BA and so forth for the other components. 

The parallelization of the Yee code required that computation for the mag- 
netic field B spatial loops had to be separated from the electric field E 
loops. This separation was necessary because the B field calculations were 
dependent upon the value of the £ field at the time step before that just 
computed. This Yee algorithm rewrite was necessary in order for it to run 
on parallel computers. However, for the KSR, special command statements 
or compiler directives had to be inserted to keep the B loops separate 
through the FORTRAN compilation process. The appendix lists the FOR- 
TRAN source code used to run a simple 2-D version of the Yee algorithm 
in parallel on the KSR1 in this study. 

For the performance runs, the separate field arrays of the Yee algorithm 
were consolidated into one field array. Two KSR directives, which appear 
as "C*KSR*...," were placed in the FORTRAN source code within the time 
loop. Then KAP created an intermediate file by adding the remaining di- 
rectives needed to fully parallelize the program. Finally, the FORTRAN 
compiler created an executable file from this intermediate file using "02" 
optimization and the options -para, -lpresto, and -lpmon. The first two 
options were necessary for linking the "pthreads," a sequential flow 
within a process, and also the parallel runtime library, presto. The third 
option was to link the timing libraries to the code. Additionally, -lksrblas 
was added to provide the BLAS (Basic Linear Algebra Subroutine) library 
for the matrix multiply tests. 



3. Performance of a Parallel Yee Algorithm 
Initially, in this study, after the FORTRAN for the EMP code BERM2 was 
rewritten for better parallel execution, KAP was run, or executed, on it. 
However, this parallel code never executed at better than about 1 Mflop, 
no matter how many processors were executing it. Using more processors 
actually slowed it down. This code was quite complicated compared to the 
simple Yee algorithm discussed in this report and included the Yee algo- 
rithm as its principal subroutine, as well as other subroutines with time- 
dependent current drivers and air conductivity. The complexity of the al- 
gorithms and the type of floating-point operations used were probably the 
cause of this low performance. Still, this was a disappointing performance, 
since it was over an order of magnitude slower than achievable on our 
IBM RS/6000 workstations. Although the KSR1 would execute our 
FORTRAN-77 codes transparently, it would not yield a high speed 
transparently. 

Subsequently, the parallelization effort was narrowed to the Yee algo- 
rithm. The performance of this 2-D Yee algorithm would set a maximum 
on the possible performance gain that we could expect for our Yee-based 
EMP code. 

The parallel version of the simple Yee code, created as discussed in section 
2, had apparently unavoidable data dependencies, which may have de- 
graded execution efficiency compared with loops without those depen- 
dencies. Also, separation of the E and B spatial loops introduced additional 
machine overhead to handle the additional parallel section. Consequently, 
this extra overhead increased the computation time by as much as a factor 
of 3 or 4. 

Figure 1 shows how the computational speed of this 2-D Yee algorithm 
scales with the number of nodes used for two different sizes of spatial ar- 
rays, 1000 x 1000 and 2000 x 2000. Main Yee algorithm loops, rather than 
initialization or data output, were timed. Wall clock time was considered 
more significant than user times, because only the former was indicative of 
what an investigator can accomplish in a given time. Default real precision 
on the KSR1 is 8 bytes [5], which is comparable to double precision on 
other machines. This 8-byte precision was the precision used for all the 
computations in this study. 

Figure 2 shows computational speed per node or the relative efficiency of a 
processor. Processor efficiency reaches a maximum of about 6 Mflops per 
node. When the larger array problem uses only a few nodes, its efficiency 
is low because the program requires more memory than the real memory 
available to it; thus, paging occurs, resulting in a considerable slowdown 
in the execution. The maximum computational speed for the main loops 
including time advancement is about 161 Mflops for the 2000 x 2000 array, 
as seen in figure 1. 



Figure 1. Computa- 
tional speed of basic 
2-D Yee algorithm. 
IBM refers to 
computer runs on 
IBM RS/6000 model 
560. Wall refers to 
wall clock time 
measured runs on 
KSR1. User refers to 
measurements 
inferred from time 
that KSR was running 
USER process 
algorithm. Peak speed 
of 77.0 Mflops occurs 
with 32 nodes for 
array of 1000 x 1000 
cells, based on 
elapsed wall clock 
time. Peak speed of 
160.9 Mflops occurs 
with 50 nodes for 
array of 2000 x 2000 
cells. FORTRAN was 
compiled with 02 
optimization. 
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Figure 2 also suggests that if the main loops are given more work, then a 
higher efficiency will be seen when more nodes are used. In order to ex- 
ploit this in practice, one would have to take care that the program's 
memory requirements—that is, largely through its arrays—were not too 
large for the selected KSR machine. 

Scalability from a parallel computing point of view means that the compu- 
tational throughput (e.g., in Mflops) of an algorithm increases in direct 
proportion to the number of processors used. The computational speed of 
the Yee algorithm scales roughly in proportion to the number of nodes 
used for less than about 20 nodes. With the larger array size, the scalability 
of the algorithm extends a little further. Thus, the algorithm scales well 
when it uses no more than about 10 nodes. Above about 10 or 20 nodes, the 
overhead of the additional nodes, compared with the amount of work they 
have to do, reduces the returns. Thus, total computational throughput 
peaks at less than the number of nodes available on the KSR1 machine. For 
an array of 2000 x 2000, this peak computing efficiency is reached at about 
50 nodes. 

An increase in the available work or array size would probably induce a 
small rise in the peak computing speed. Also, the capacity of the ARL KSR 
machines for significantly larger problems is probably not there, and 
would, thus, not allow a substantial further rise in the peak, anyway. This 
issue is revisited in section 4.2. 



4. Comparisons 
Several other computing tests helped to further explore the KSR1 capabil- 
ity. One test was a pseudo Yee algorithm and three others were matrix 
multiply tests. Also, the Yee algorithm and two BLAS matrix multiply tests 
were run on an IBM RS/6000 model 560. 

4.1 Pseudo Yee Algorithm 

The pseudo Yee algorithm was identical to the FORTRAN of the Yee algo- 
rithm, but without the tiling directives that forced the KSR FORTRAN 
compiler to separate the £ and B spatial loops. Tiling is a mechanism by 
which the KSR transforms a single do loop into parallel execution of mul- 
tiple tiles, or groups of loop execution. When compiled for parallel execu- 
tion without the tiling loops, the compiler joined the £ and B spatial loops. 
Of course, this joining gives wrong answers to Maxwell's equations; how- 
ever, it did enable the KSR to deliver up to about 580 Mflops for a spatial 
array of 2000 x 2000. The reason for this boosted speed is probably the re- 
duction in the tile creation overhead, compared with the amount of work a 
tile set performed. A single tile set could do both E and B, and it had to be 
created only once rather than at every time step as the true Yee algorithm 
had to. This boosted speed does show that the KSR can do some computa- 
tions substantially faster than the other computations done in this study. 

4.2 Matrix Multiplication Speed 

Among the standard techniques for solving electromagnetic problems 
without time-varying parameters are the moment method techniques [6,7]. 
Solutions to these kind of problems extensively use linear algebra tech- 
niques. In an attempt to get a rough estimate of how fast the KSR might 
solve these kinds of problems, a simple matrix multiply was timed on the 
KSR1. 

The testing program called the subroutine sgemm from the KSR BLAS 
library to execute the matrix multiply. Since the KSR was using 8-byte 
reals, sgemm was practically executing in double precision. In one test a 
matrix of 1000 x 1000 was multiplied by another matrix of 1000 x 1000. 
Matrices of sizes 2000 x 2000, and 4000 x 4000, respectively, were multi- 
plied in additional tests. (The KSR UNIX command "unlimit" allowed ex- 
ecution of the largest problems in this study.) Eiffel appeared to have some 
trouble running the latter program and could not run matrices of size 
10,000 x 10,000 or 8,000 x 8,000 in this problem. This problem may also 
have been a BLAS problem. The apparent limitation in the capacity of 
Eiffel limited attempts to find scalability beyond 32 or 64 nodes. 

Figure 3 shows the computational speed in megaflops as a function of the 
number of nodes for the matrix multiply operations. Scalability extends up 
to about 32 nodes, with the larger matrix problems showing scalability 
over a greater range than for the smaller matrices. Bumps on the curves 
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Figure 3. Matrix 
multiplication speed. 
IBM, wall, and user 
defined in figure 1. 
Square matrices of 
indicated sizes were 
multiplied by each 
other using BLAS 
subroutines sgemm 
and dgemm on KSR 
and IBM machines, 
respectively. Default 
single precision for 
KSR is real*8. Peak 
matrix multiply 
speeds of 188.9, 
278.8, and 307.1 
Mflops occur with 
32,32, and 64 nodes, 
respectively, based 
on elapsed wall clock 
time. Corresponding 
sizes of multiplied 
matrices were 1000 x 
1000,2000 x 2000, and 
4000 x 4000, 
respectively. 
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seem to suggest that the programs optimized performance relatively better 
at certain numbers of nodes, such as 8 and 32. Except for the 4000 x 4000 
matrix, which delivered a peak performance on Eiffel at 64 nodes of 307 
Mflops, the other two matrix multiplies peaked at 32 nodes. The data re- 
trieved from the computer runs seem to suggest that matrix multiply per- 
formance peaks at about 64 nodes. Whether this is the peak for larger 
matrix sizes or not may be moot, because of the difficulty in running larger 
problems. 

4.3      Comparison with IBM RS/6000 Performance 

IBM RS/6000 workstations have become common high-performance com- 
puting platforms in many scientific and engineering facilities throughout 
the U.S. The above Yee algorithms and the matrix multiplies were run on 
an IBM RS/6000 model 560 with a 50-MHz clock and 256 Mbytes of RAM 
for comparison purposes. On the IBM model 560, the 1000 x 1000 and 2000 
x 2000 array Yee algorithms ran at 35.0 and 27.7 Mflops in double preci- 
sion, respectively. Also, on the IBM, the BLAS matrix multiplies using 
dgemm for the 1000 x 1000 and the 2000 x 2000 matrices ran at 88.7 and 
89.8 Mflops, respectively. 
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5. Conclusions 
The Yee algorithm improved by about 2.2 to 5.8 times on the KSR1 com- 
pared to our IBM model 560 workstation. The study also suggested that 
increasing the loop workload through more computations could improve 
upon this performance. However, port of a full EMP code to the KSR1 
would introduce many much slower computations, which the KSR 
handles poorly. These additional computations would reduce the KSR1 
advantage compared to the IBM workstation considerably. 

A BLAS matrix multiply improved by only about two or three times on the 
KSR1. A full moment method code would require a considerable amount 
of development work for even a modest performance gain. As discussed, 
optimization of code for the KSR required considerable work for our 
simple 2-D Yee algorithm. 

The KSR1 is significantly less available than our IBM RS/6000 worksta- 
tions. System crashes and downtime are far more common than on our 
workstations. Also, on the ARL KSR1 there is much more competition for 
its large number of processors, which are necessary for high speed. 

The disadvantages of the KSR1 are the difficulty in creating high-speed 
code and its unreliable availability. Its advantage is, at best, only a modest 
performance gain for our applications in electromagnetism. Rapid im- 
provements in processor performance make or will soon make alternative 
scalar workstations with equal or better performance available. Because 
the KSR1 does not provide a net advantage, this study recommends that 
alternative computers with better performance be used for new EMP 
codes. 

12 
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Appendix—FORTRAN Source Code 
Source code for test of the 2-D Yee algorithm with a 2000 x 2000 size array: 

Source Listing for yee. f. 
C 2 Dimensional Yee algorithm for the KSR1 
C Compiled under KSR operating system (eiffel KSR OS Rl.1.4.1) 
C 
C Consolidation of field components into a single "X" array was used 
C to speed execution on the KSR1: 
C X(1,I,J) are the B-phi elements BP(I,J) 
C X(2,I,J) are the E-x elements EX(I,J) 
C X(3,I,J) are the E-z elements EZ(I,J) 
c 
PARAMETER(NK=3,IK=2000,JK=2000,NTMAX=151) 
DIMENSION X(NK,IK,JK),Y(NTMAX,7) 

C 
C***KSR-SPECIFIC CALLS FOLLOW***************************** 
C 
character* 14 enwar, envthreads 
parameter (ck=50e-9) !time conversion -> seconds 

include "/usr/include/ksr/pmon.fh" 
integer*8 ibuff(32) 

c*ksr* subpage ibuff 
integer istatus 

cksr go get the 'PL_NUM_THREADS' environmental variable and convert it 
cksr ...to numerical form. (See also KSR Fortran manual chap 13 on getenv) 
enwar = ' PL_NUM_THREADS ' 

call getenv (enwar, envthreads) 
decode (14, 104, envthreads,iostat=istat, err=101) nthreads 

104 format (il2) 
print *, 'no error ', ,istat=', istat 

goto 103 

101 write (*,102) envthreads, nthreads,'istat=', istat 
102 format('decode error:envthreads='al4,' nthreads=',i3,' istat=',i2) 

103 print *, 'preyee.f: nthreads = ', nthreads 
call pmon_delta (ibuff,32,istatus) 

C 
p***ETtfr) KSR—SPECIFIC CALLS ***************************** 

c 
C INITIALIZATION OF FIELD ARRAYS 
DO 100 J=1,JK 
DO 100 1=2,IK 
DO 100 N=1,NK 
X(N,I,J) = 0 

C X(N,1,J) = 0 
100 CONTINUE 

C 
C Static Boundary Conditions 

15 



Appendix 

c 
C Assume the ground is a perfect conductor. 
C Zero out horizontal E field (Ex) at ground. 

DO 110 1=1,IK 
X(2,I,1) = 0.0 
110 CONTINUE 

C 
C Do the vacuum boundary conditions (upper and outer) on the magnetic 

c field only. 
c First, do the top: 
DO 120 1=1,IK 
X(1,I,JK) = 0.0 
X(1,I,JK-1) = X(1,I,JK) 
120 CONTINUE 

C Finally do the outer wall: 
DO 130 J=1,JK 
X(1,IK,J) = 0.0 
130 CONTINUE 

C 
C Initial Boundary Condition on Ez at x=0 
C This effectively sends a step pulse down the mesh 

C 
DO 140 J=1,JK 
X(3,1,J) = 10. 
140 CONTINUE 

c 
PI = 4*ATAN(1.) 
U0 = PI*4E-7 
C = 2.997925E8 
E0 = 1/(U0*C*C) 
DZ = .25 
DX = .6 

C COURANT STABILITY CONDITION: 
DT = .999 * 1/C * 1/SQRT(1/(DX*DX) + 1/(DZ*DZ)) 

C DT is about 7.69E-10 
C 
E21= DT/(DZ*E0) 
E22= E21 
E31= DT/(DX*E0) 
E32= E31 
Bl = DT/(U0*DZ) 
B2 = Bl 
B3 = DT/(U0*DX) 
B4 = B3 

C 
C 
C***KSR-SPECIFIC TIMING CALLS FOLLOW***************************** 

C 
C** WRITE TIMES FOR INITIALIZATION LOOPS 
call pmon_delta (ibuff,ipmsize,istatus) 
write(*,22) 
22 format (13x,'usrclock walclock CEUstallT sp_miss sp_miss_t', 

1 ' dsc_miss') 
write(*,20) 'iniloop \ ibuff(1)*ck,ibuff(2)*ck,ibuff(4)*ck, 
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Appendix 

1 ibuff(10),ibuff( ll)*ck,ibuff(12) 
20 format (alO, lx, 3f9.3, ill, f9.3, ill) 

C 
C***END KSR-SPECIFIC TIMING CALLS ***************************** 
C X(1,I,J) are the B-phi elements BP(I,J) 
C X(2,I,J) are the E-x elements EX(I,J) 
C X(3,I,J) are the E-z elements EZ(I,J) 
C 
C 
DO 300 NT=1,NTMAX 

C 
C 
C N TO N+l 
C 
C*KSR* TILE ( J,I,ORDER=( J,I ) ) 
DO 200 J=2,JK-1 
DO 200 I=2,IK-1 

X(2,I,J)= X(2,I,J)-E21*X(1,I,J+1)+E22*X(1,I,J) 
X(3,I,J)= X(3,I,J)+E31*X(1,1+1,J)-E32*X(1,1,J) 

200 CONTINUE 
C*KSR* END TILE 
C 
C N TO N+l 
C*KSR* TILE ( J,I,ORDER=( J,I ) ) 
DO 250 J=2,JK-1 
DO 250 I=2,IK-1 

X(1,1,J)= X(1,I,J)-Bl*X(2,I,J)+B2 *X(2,I,J-l)- 
" B3*X(3,I-1,J)+B4*X(3,I,J) 
250 CONTINUE 

C*KSR* END TILE 
C 
C save selected data points 
Y(NT,1)=X(1,5,5) 
Y(NT,2)=X(2,5,5) 
Y(NT,3)=X(3,5,5) 
Y(NT,4)=X(1,5,6) 
Y(NT,5)=X(1,6,5) 
Y(NT,6)=X(2,5,4) 
Y(NT,7)=X(3,4,5) 

C 
300 CONTINUE 

C 
C***KSR-SPECIFIC TIMING CALLS FOLLOW***************************** 
C 
C** WRITE TIMES FOR MAIN LOOPS 
call pmon_delta (ibuff,ipmsize,istatus) 
write(*,20) 'mainloop \ ibuff(1)*ck,ibuff(2)*ck,ibuff(4)*ck, 
1 ibuff(10),ibuff( 11)*ck,ibuff(12) 
call pmonjprint (ibuff,32) 

C 
C***END KSR-SPECIFIC TIMING CALLS ***************************** 

C 
C DO 400 NT = 1,NTMAX 
DO 400 NT = 1,51 
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Appendix 

WRITE (*,310) 
310 FORMAT (' NT, X (1, 5 , 5) , X (2 , 5, 5) , X (3 , 5, 5) , X (1, 5, 6) , X (1, 6, 5) , ' , 

" 'X(2,5,4),X(3,4,5)') 

WRITE(*,320)NT,(Y(NT,I),1=1,7) 

320 FORMAT(IX,14, 7F9.6, /) 

400 CONTINUE 

STOP 

END 

Source code listing for BLAS matrix-matrix multiply test with 2000 x 2000 sized matrices: 

Source Listing for matrixm2.f. 
dimension a(2000,2000),b(2000,2000),cout(2000,2000) 
character*l n,c 

C 
C***KSR-SPECIFIC  CALLS  FOLLOW***************************** 
C 
character*14 enwar, envthreads 
parameter (ck=50e-9) !time conversion -> seconds 

include "/usr/include/ksr/pmon.fh" 
integer*8 ibuff(32) 

c*ksr* subpage ibuff 
integer istatus 

cksr go get the 'PL_NUM_THREADS' environmental variable and convert it 
cksr ...to numerical form. (See also KSR Fortran manual chap 13 on getenv) 
enwar  =   ' PL_NUM_THREADS ' 
call getenv (enwar, envthreads) 
decode (14, 104, envthreads,iostat=istat, err=101) nthreads 

104 format (il2) 
print *, 'no error ' , 'istat=', istat 
goto 103 

101 write (*,102) envthreads, nthreads,'istat=', istat 
102 format('decode error:envthreads='al4,' nthreads=',i3,' istat=',i2) 

print *, *2000x2000 matrix multiply' 
103 print *, ,matrixm2.f: nthreads = ', nthreads 
call pmon_delta (ibuff,32,istatus) 

C 
C***END KSR-SPECIFIC CALLS ***************************** 

c 
c 
c initialialize a and b matrices 
do 10 i = 1,2000 
do 10 j = 1,2000 
a(i,j) = .1 + i + j 
b(i,j) = .1 + 2 * (i+j) 
10 continue 
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c 
C***KSR-SPECIFIC TIMING CALLS FOLLOW***************************** 

C 
C** WRITE TIMES FOR INITIALIZATION LOOPS 
call pmon_delta (ibuff,ipmsize,istatus) 
write(*,22) 
22 format (13x,'usrclock walclock CEUstallT sp_miss sp_miss_t', 
1 ' dsc_miss') 
write(*,20) liniloop \ ibuff(1)*ck,ibuff(2)*ck,ibuff(4)*ck, 
1 ibuff(10),ibuff( ll)*ck,ibuff(12) 
20 format (alO, lx, 3f9.3, ill, f9.3, ill) 

C 
C***END KSR-SPECIFIC TIMING CALLS ***************************** 

c 
c Do Bias matrix - matrix multiply a * b' 
call sgemm ('n','C,2000,2000,2000,1.,a,2000,b,2000,0,cout,2000) 

C 
C***KSR-SPECIFIC TIMING CALLS FOLLOW***************************** 
C 
C** WRITE TIMES FOR MAIN LOOPS 
call pmon_delta (ibuff,ipmsize,istatus) 
write(*,20) vmainloop \ ibuff(1)*ck,ibuff(2)*ck,ibuff(4)*ck, 
1 ibuff(10),ibuff( ll)*ck/ibuff(12) 
call pmon_print (ibuff,32) 

C 
C***END KSR-SPECIFIC TIMING CALLS ***************************** 

C 
print *,cout(2,2),cout(46,46) 
stop 
end 
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