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The above figure shows a result of the largest 
calculation I was able to fit into the memory of the 
Star-100 at Livermore.  This BBC code simulation 
with 36,000 grid cells, a record in that day, 
modeled the shock driven implosion of an inter-
stellar gas cloud, leading, in the model, to the 
formation of a star.  The density contours and 
velocity arrows represent state-of-the-art graphics 
of the time. 
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This color image of gas density shows the non-
linear instability of a Mach 2 supersonic slip sur-
face, an instability thought at the time of the 
calculation not to exist.  This calculation was 
performed with the PPM code on the Cray-2 at the 
University of Minnesota in 1986, but the pioneering 
investigation of this phenomenon was done 2 
years earlier on the first 2-processor Cray XMP at 
Livermore in the intervals between debugging of 
the LTSS operating system, thanks to the gener-
osity of Bob Borchers and of Berni Alder.  A 2-D 
grid of 720x360 cells, regarded as enormous at the 
time, was used in the first simulations.  The 
calculation shown here used a grid of a million 
cells.  The lower fluid is 10 times denser than that 
above it, and the many shocks appear like creases 
in this image.  Analytic studies of this instability, 
motivated by these supercomputer simulations, 
were later carried out by Andrew Majda and his 
associates at Princeton, and detailed comparisons 
with higher resolution PPM simulations were 
performed by Jeff Pedelty and Gene Bassett in 
their Ph.D. theses at Minnesota.  Images from 
these later simulations were first animated on Karl-
Heinz Winkler’s high-speed Gould graphics 
system at Los Alamos, which introduced the art of 
interactive computer movies of fluid dynamics 
calculations.  A year later my group duplicated this 
system at Minnesota. 
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The High Performance Computing and Commun-
ications Initiative was the creation of many people 
concerned that the U. S. Government should 
resume its former leading role in accelerating the 
pace of supercomputer system development.  This 
program was established as an unprecedented 
cooperative effort of several independent federal 
agencies.  The program also explicitly acknow-
ledged the vital role of new numerical algorithms 
in assuring the success of this venture, and tied 
this algorithm development to scientific applica-
tions of grand scale and wide impact, which 
became identified as “grand challenges” in 
computational science.  This program was highly 
successful and served to establish meaningful and 
lasting working relationships on a national scale 
between computer designers, system software 
developers, application code developers, and 
scientific researchers. 
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These images of density distributions in 2-D supersonic flow about a cylinder and a 2-D projectile with a 
movable casing, or sabot, represent experiments with the PPM code exploring the possibility of carrying 
out regular grid computations, much preferred by both the SIMD Connection Machine and the PPM 
algorithm, of irregular fluid flow problems.  This work with Kevin Edgar and Steven Anderson at Minnesota 
and with Kurt Fickie at the Army Research Laboratory exploited the 8 Gflop/s speed of the Army High 
Performance Computing Research Center’s 512-node (and 2048-processor) Connection Machine on our 
PPM code to describe these stationary and moving object boundaries in a very simple fashion on the 
4028x2048 grid used for the cylinder and the 2536x2048 grid used for the projectile calculation.  The 
calculations shown use the inviscid Euler equations, while similar computations using the viscous Navier-
Stokes equations give similar results but with less fine-scale detail.   
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Through the National Science Foundation’s Supercomputer Centers Program, established in 1985, U.S. 
computational scientists were given access to state-of-the-art supercomputing hardware for basic research.  
As part of the High Performance Computing and Communications (HPCC) Initiative, a set of Grand 
Challenge Application Groups were set up, including a team to which my group belongs which is centered 
at the University of Colorado.  Also as part of the HPCC program, NSF’s Pittsburgh Supercomputer Center 
was assisted by ARPA in purchasing the first Cray T3D machine.  The images above and on the next page 
are taken from a simulation carried out by David Porter, as part of this team effort, on 256 processors of this 
machine in “friendly user” mode in its initial months of operation.  Our group at Minnesota, together with 
Silicon Graphics, developed a special, very high resolution visualization system called the PowerWall�  in 
order to explore the results of high resolution simulations like this and the Connection Machine runs shown 
earlier.  These images were among the first animated on the PowerWall prototype in the Silicon Graphics 
booth at the Supercomputing ’94 exhibit.  Through an NSF grant, we built the first production version of the 
PowerWall at our Laboratory for Computational Science & Engineering at the University of Minnesota.  The 
system uses Ciprico RAID disk arrays to feed image data to a Silicon Graphics Onyx machine driving 4 
display panels of a single, large screen at 3200x2400 pixel resolution and 15 images per second. 
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A layer of gas about 20 times denser on the 
bottom than at the top is used to represent a small 
chunk of the outer region of the sun.  Heat is 
continually supplied at the bottom of the layer and 
the top confining surface is kept at a constant cool 
temperature.  The convective instability of this 
layer has produced turbulent plumes of cool gas 
that descend from the top boundary and warm 
upwellings at the bottom surface.  A perspective 
volume rendering technique is used to make 
visible only regions of the gas that are rapidly 
spinning or shearing.  The side view of a thin slice 
of this gas layer (shown on the previous page) 
shows these plumes, while the view of a thin 
horizontal slice at the top of the layer (shown here) 
shows the network of thin vortex tubes that 
delineate the convection cells there. 
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This image shows a perspective volume rendering of the vorticity distribution in a slab of turbulent fluid 
representing an eighth of the depth and half of the height of our group’s PPM simulation of homogeneous, 
compressible turbulence on a record-breaking grid of 10243 cells.  In 1993, despite other attempts, we were 
only able to do so large a computation on a prototype supercomputer assembled from commercially 
marketable components by Silicon Graphics in their manufacturing building in Mountain View, California.  
This Challenge Array prototype, constructed expressly for this computation, consisted of 16 Silicon 
Graphics Challenge XL servers, each with 20 MIPS R-4400 processors running at 100 MHz and each with 
1.75 GB memory, 12 GB disk storage, and an Exabyte 8-mm tape drive.  20 FDDI rings interconnected these 
machines in a 3-D torus topology.  The PPM simulation generated 500 GB of scientific data for later analysis 
in our lab in Minnesota. 
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Is vector programming still necessary?  Four of 
my group’s hydrodynamics code kernels, with 
different degrees of vectorization, were recently 
tested by Steven Anderson in our lab and on a 
DEC AlphaServer 8400 at Los Alamos to measure 
performance obtained on three popular, state-of-
the-art microprocessors.  In the table below, the 
Cray C-90’s hardware performance monitor was 
used to count the floating point operations (flops) 
involved and also to report its view of the degree 
of vectorization.  Both the reported % of vector 
code and the C-90 performance should be used to 
judge the vector or scalar nature of these code 
kernels.  None of these kernels have been optim-
ized for C-90 execution;  they have instead been 
written with cache-based microprocessors in 
mind.  The sPPM and PPM14 kernels should be 
viewed as very highly vectorized, at least for the 

target microprocessors, which pipeline some of 
the loops in PPM14 which the Cray will not 
vectorize.  PPM19 is scalar code with some vector 
code, and MUSCL16 is entirely scalar. 

The table on the next page reports the micro-
processor performance measured for the above 
four code kernels.  Note that the superscalar 
design of the MIPS R-8000 processor, with its 
software pipelining compiler, favors vector code 
by roughly a factor of 2, while the MIPS R-10000 
and DEC Alpha processors, with only a single 
floating point adder and multiplier fed by a single 
control thread, show at most a 50% performance 
advantage for vector code.  The algorithms in the 
PPM14 and PPM19 kernels are fairly similar, with 
the PPM19 kernel being both more complex and 
more accurate, while the sPPM and MUSCL16 
kernels are both much simpler and less accurate 
than these.  Comparison of elapsed times for 
PPM14 and PPM19 gives a rough indication of 
time-to-solution, and comparison of the flops per 
cell update gives a rough idea of the unnecessary 
computation required for a vectorized expression 
of algorithms of this type.  The scalar code PPM19 
is favored on both the R-10000 and the DEC Alpha 
chips.  The MUSCL16 kernel has been formulated 
to use a minimum of space in the cache memory, 
at the cost of complete obscuration of its original 
vector form. 
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Characteristics of Four Gas Dynamics Code 
Kernels as Measured by the Cray C-90 Hardware 

Performance Monitor 

CODE Flops 
per cell 

% 
Vector 

sec. per 
�t 

Mflop/s 

sPPM 1647 99.8% 1.19 363 

PPM14 2671 86.3% 4.28 164 

PPM19 1715 93.3% 3.91 115 

MUSCL
16 950 0.1% 15.7 15.9 
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Characteristics of Four Gas Dynamics Code 
Kernels as Measured on 

the 90 MHz MIPS R-8000 (4 MB cache), 
the 190 MHz MIPS R-10000 (1 MB cache), 
and the 300 MHz DEC Alpha (4 MB cache) 

updating a 512x512 grid 

CODE CPU 
Peak 

Mflop/s 

sec. per 
� t 

(Real*8) 

sec. per 
� t 

(Real*4) 

Mflop/s 
(Real*4) 

sPPM R-8000 6.87 3.89 111 

PPM14 (360) 7.32 5.89 119 

PPM19  8.47 7.45 60.3 

MUSCL
16 

 4.87 3.84 64.9 

sPPM R-10000 6.00 4.58 94.3 

PPM14 (380) 6.65 4.87 144 

PPM19  5.68 4.03 112 

MUSCL
16 

 3.68 2.72 91.6 

sPPM DEC 
Alpha 

7.10 5.77 74.8 

PPM14 (600) 9.20 7.13 98.2 

PPM19  6.52 5.03 89.4 

MUSCL
16 

 4.81 3.96 62.9 
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The recent entry of graphics workstation manu-
facturer Silicon Graphics into the supercomputer 
arena, particularly after its recent merger with Cray 
Research, tempts one to consider the possibilities 
of a supercomputer tightly coupled, either at the 
same facility or over a fast research network like 
the NSF’s vBNS, to specialized graphics rendering 
engines like the Silicon Graphics Reality Engines 
and high resolution displays like the PowerWall.  
Such a combination of resources could enable an 
activity we might call visual supercomputing.  
Hardware requirements for this are high, but not 
impossible.  At the Laboratory for Computational 
Science & Engineering at the University of 
Minnesota, we have explored this possibility with 
the means at hand, an 18-processor Power 
Challenge machine acting as the supercomputer 
running the PPM gas dynamics simulation, a 4-
processor Onyx machine with 2 Reality Engines 
generating the volume-rendered displays with our 
group’s interactive BoB rendering utility, and the 
PowerWall providing the high quality display of the 
results. 

An image from this test, carried out by David 
Porter, showing the vorticity structure of second-
ary instabilities in a simulated tornado, repre-
sentative of structures we find in our simulations 
of convection in the sun, is shown here.  A grid of 
128x2562 cells is used to perform this simulation 
rapidly on this equipment. 
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The 1024-processor, hierarchically organized machine discussed in the text is indicated in the above 
diagram.  I first began discussing machines designed along these lines with Karl-Heinz Winkler at Los 
Alamos and Tung Nguyen, then of IBM, Austin, although several features of those imagined designs were 
different than the one shown above.  This diagram is not intended to represent an actual design, as I am not 
qualified to generate one.  Instead, it illustrates the memory bandwidth considerations which are necessary 
to support my 3-D PPM algorithms when implemented using either the explicit message passing or 
distributed shared memory multitasking programming models discussed in the text.  Distributed shared 
memory machine designs have recently been promoted by John Hennessy at Stanford, and machines of 
this type are either offered or planned by more than one supercomputer vendor.  SMP cluster computing is 
the focus of the “Blue” platform option of the Department of Energy’s Accelerated Strategic Computing 
Initiative (ASCI). 
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Performance of the Directionally Split 2-D PPM 
Template Code 

on MIPS R-8000 CPU’s @ 90 Mhz 
Updating a 1024x1024 Grid 

�

# CPUs CPUs 
per 

SMP 

Netwrk 
Link 

(MB/s) 

Speed-
Up 

Effi-
ciency 

�� �� � �� �����

 �  � � ��� ��!"� # ��

$� $� � ��� %�$$� !&��

'� '� � ��� &��&� !!��

�$� '� ���� ���#$� !"��

�$� '� (���"� &�&#� $!��

Transcontinental Distributed Computing:  
With perfectly balanced loads representing equal 
subdomains of a single, large, 2-D gas dynamics 
problem run by our PPM code, the techniques 
mentioned in the text of overlapping communica-
tion and computation serve to enable two 7-
processor SMPs, one at the University of Minne-
sota and one at NCSA in Illinois, to carry out a 
fluid dynamics simulation of the merger of two 
compressible eddies in 2-D nearly as efficiently as 
if both machines were located in the same room.  
This experiment was performed by Steve 
Anderson late at night over the Internet, while 
NSF’s new vBNS research network will provide the 
bandwidth necessary to effectively unite far 
greater computational resources over interstate 
distances for more demanding computational 
problems.  Performance results for this distributed 
computing experiment on this tightly coupled 
problem are given in the tables on this and the 
following page: 
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Performance of the Directionally Split 2-D PPM 

Template Code 
on MIPS R-8000 CPU’s @ 90 Mhz 

Updating a 2048x2048 Grid 
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In November of 1995, Kevin Edgar and Steven 
Anderson simulated transcontinental distributed 
computing conditions using a cluster of six 16-
processor Power Challenge machines at Silicon 
Graphics’ home office.  They used a latency 
tolerant version of the PPM code to simulate the 
merger in 2D of two eddies, each spinning at half 
the speed of sound.  Four snap shots of the 
vorticity distribution of the merging eddies are 
shown here and on the next page.  This very finely 
resolved 2D flow provides an example of the kind 
of calculations which will be enabled by inter-
connecting computing resources over fast trans-
continental networks like the NSF’s new vBNS. 
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The final two images from the sequence on the 
previous page showing the merger of two eddies 
spinning at half the speed of sound. 


