
Chapte r 8 

Extraterrestrial Computing : Exploring the 
Universe with a Supercomputer 

Larry L. Smarr" 

1 The Bahcall Co m m itt ee R epo rt - A Decade of 
Discov ery 

Ive been aided in preparing my talk by a process whlc}1 tl1 astronomi-
cal community undergo very ten years. This formal proce ,_ under th 
National Academy of Sciences and the ational Research ouncil has the 
community debate the future of all our major subfields and to 111a.ke rec-
01nmendations on the priorities for funding in both space and ground based 
astronomy for the next ten years. Dr. John Bahcall , from the In titute 
for Advanced ·stud.y in Princeton headed the A tronomy & A trophysic 
Su:rv y Committee which has recently produced the Academy do um nt "A 
Decade of Discovery . ' This study was divlded into a. numb er of panel s, such 
as Optical/Infrared Observing, Radio Observing , Pla.neta.ry Astronomy, etc. 
Ea~ panel consisted of several dozen of the mo.st immin ent resea rch rs in 
the country in tha.t subfield. They spent a. y ar brain storming together­
meeting writing and arguing - to set priorities for their sub field of astron ­
omy a.nd astrophysics. 

I was chosen to be the head of the computing panel, wh1cb compr ises both 
data. processing and sin1ulation. Our field has been involved wlth supercom ­
puter s for forty years. It is c)a.imed that roughly half of John von Neumann's 
Maniac supercomputer was used by Pr .inceton University astronomer Mar ­
tin Schwa.rzchild during the early 1950 to comput stellar evolution models. 
Thus ,computational astrophysics has been around as long a.s the von Neu­
mann architecture. Our field simply wouldn 't exist without supercomputer . 

One big change from the preceding report on astronomy aud astrophysics 
of ten years ago is that sup-ercomputing was not a major concern the·n and 
computational astronomy was hardly mentioned. Thls time computing has 
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b en highlighted by b ing cho en to hav its own chapte r in the Babcall 
Committ er port. 

This dramatic shi ft duri1,g the last decade reflects how quick ly High Per­
formance omputing and ommurucations i changing th manner in which 
w perform scientific r earcb.. Wl1a.t is happening to astronomy and as­
trophysics, as is the case with most sciences, is the tran formation of tl)e 
cienc to a digital form. In the 1990 a national information infrastructu r 

to su·pport digital science will arise namely th gigabit per second NREN, 
the National Research and Education Network, which will book togeLhe:r 
supercompute rs massive da.ta. a.rc.hiv s obs rva.lional and experimenta l in ­
strume nt s and n1illions of d sktop computers. In short we are becoming an 
electro nic scientific community. 

During the next d cade all aspects of our field will be involved in this 
fundamenta l cbang . Tel cop \Vill be tran formed into supert lescopes by 
coupling sup ercomputers and image processing devices to tlt steel and glass. 
Theoretical astrophy i will be don . in a numerical la.bore.tori , om of 
whicl1 ca.n, Sltpport large simulation in ,vhlclt you assume that your basic 
data. cube is measured in tens of gigabytes. A distributed digital libra.ry 
will becon1 css ntiaJ for resea.r h, b cau, e tl1c observational data will be a 
part of thls library as well as the results of theoret ical simulation and the 
scientific literature. Observing will be po sible in both r al-time and remote 
mode . Softwa re sta11dards in comn1unity softwar e both for sjmulation and 
obs rvation will become nee sary for the progress o-f the :field. 

I ,vill only have pace to cover a few of the Grand hall enges of compu­
tational astronomy and astro -physics so I will Lake th lib rty of choosing 
th m from areas I ha p rsonally ,vorked in. Tl\e to,pics I will brie fly cover, 
all of which will require very large scale computation in the 21st century, 
will include the structure of the univ ,rse, extragala,etic jets radio sup rroap 
obse r ,.rations accretion onto . uperma.qsive black ho) and gravitational ra ­
dia.tion from black boles. I won't have tim lo cover many oth r qually 
fascinating subj ects such as simulatio 11s of star formation and the inter .. 
stel lar medium, dynamics of stars and stellar a.tmospher · npernova.e or 
formation and volut ion of galaxies. Neither will I b a.bl to cover th broad 
r volut ion in ob ervationaJ astronomy which includes t he enti Te electromag-

• net1c spect,um. 

2 Large Scale Structure of the Universe 

Let's start at the beginning of the universe . olorpla.t 7 shows a. s ien­
tific visualization NCSA did for ABC Televi ion s 20/20 for their show on 
Stephen Hawkjng. It's simply a modern visualization of an old idea for rep ­
resentjng the expansion of the universe. Instead of trying to repre ent all 
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of three-din1 nsio11al space we th.ink of a two-dimensional urfac ,vith dots 
representing individual galaxies. It is conveni nt to think of this two-surface 
a.s the surface of a. balloon b cause, ac ordlng to Einst in space acts like an 
elastic medium. It can be curved, stretched or ripp led ,vith these defo.rma• 
tion r pre senting tbe co mo)og}', black holes, gra.vjtationaJ radjatiou of the 
theory. 

If you sit at one of the points on the surface repr enting our galaxy) 
and look 0'1 t in all direction on th surface of the balloon • it is blown 
up you will obs rve that all the other point ar moving a.,vay from you. II 
you it a. a differ nt point in pace, you will find that again a.1l the other 
point s ar moving away from you. Thls ·underlying expansion of spac is 
wh.y dis ta nt galaxies appear to be moving a.way from u . A a measure of 
that motion , the spectrum of light from a ga1a.xy has spectra.I lin s which are 
red shift d an amount proportional to their distance from us. his simple 
formula is termed the Hubble relation ship . 

Sine th further away a galaxy is, the arlier in th Wstory of th univ rse 
its light left to get here-, we can also conclude that th univet e \Vas xpanding 
faster in the past tba.n it is in the pr~s nt. Any textbook on ast ronomy ,vill 
d cribe t his expansion with a concise analytic formula. This simple view of 
a homogeneous cosmology dominated r earch from th time that Einstein's 
theory of general relativity was published in 1916 until the 19 0 . As we 
will see, ature has conspired to be quite diffe-rcnt and the true complexity 
of our co 1nology definitely requires sup ercomput rs to d ciph r. 

lnclividual galaxies come in two typ s: spiral and elliptical. The spiral 
gala.xi s ar fla.t disk of young stars , whil the lliptical galaxjes ar llip­
oid of old stars. Like many things in a.ture this cluster ing of matter 

io tit univ erse is hi rar ·cbjcal. Not only ar · the sta rs cl11ste red in galax­
ies, the galaxies in clusters of gala.xi , but the clusters ar organized into 
uperclusters. 

Ast ronomer s have made catalogs of the observed gaJaxies and clusters of 
galaxies ov r the years. Each cl11ster has a. red slljft and th refor , by the 
earlier m.entioned Hubble relation ship an inferred distance . Several years 
ago '-JuA worked with R. Brent Tully, a pro1 sor a the University of 
Hawaii ~Q take one such catalog and creat a three-dimensional scientific 
visualiza.tio11 of the database. The colored surfaces shown jn Colorplate 
er at d with Wa.ve{Tont software repre sents the local density of gala.xies p r 
cubic m ga.parse (a. pa.Tse i equal to 2.36 light 'f ars of clistanr ). This 
t cbniqu lets you visually explore how the visible matter in the univer is 
stn1ctured. 

What you s js ih gala.xi s don 't j11st appear ,1niformly throughout 
pace but their distribution i very clumpy. Our galaxy is at the c nte.r •of 

th sph re. The blank wedges d note wh · re we have to look outward through 
tl1 · plan of our own gaJa.xy with the resul t that the dus in the galactic 
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plan e ob cm· s our view so that we don t s any gala.xi s tl1er . 
For thi s djgital library entry to be of use for co1npari son with sup er­

con1puter cc,smological simulations ,ve need to refin e the granularity of th 
observation, Ll data. What is ti e d d is tb,ousand of spectra of indiv idual 
galaxies in .\ large sample of space. Thls is preci s ly what tbe l[ arvard ­
Smith onian Redshift Project bas b en invo1ved with for many years. This 
syst n1ati c work by Margar t eller and John Huchra l1as alr eady led to 
a refinement. of the clumpy pictur e of the structure of visible matt r in th 
univer i- a pictu re which seems to re_sembl a frot.h of oap bu bbl s. Most of 
tl1 vol11n1e <>f spac is fairly empty of galaxies (th ·Voids ·) with the major ­
ity of galaxies fou11d clustered into larg curved she ts (such as th Grea.t 
V all'. Dr. Geller is now beginning a collaboration \Vi h N S in which 
we will cTcate a variety of thr ee-dimen sional visualizations of the observed 
st ructure of the nearby univer se . 

Wl1y do(is the visib] univer se ha.v this hlghly inhomogeneous strll ctu r ? 
As rophy . ici ts hav e concluded tha.t the basic reason for this cl11mpiness 
exhibited b)· the visil:le matter is that it only accounts for 10 p re nt of the 
mas in the universe. The other 90 percent is an unknown form of mat ter 
pr esumably ome e.xo ic type of elementary particl e ma. ter I f ov r from the 
arly stag ,)f tl1 univers . If \\·e assum that dark n1atter is very lumped 

th etl t lle visible matt er ,vouJd just be gravitationally pulled into th d nser 
r gions of d.~rk ma.tt r and provide an illuminating t ra · r of the und erlying 
gravitationciJ pot ential. In fact it has been known ince the ,vork of Zwicky in 
the 1930s that clusters of gala.xies cannot hold themselv es together solely by 
the gravitational pull of th clust r gala.x.ies on eacll oth r but th re must b 
dark matter perm at :ng the cluster and providing most of the gravitational 
mass. lor' recent observational work by a. wide range of resea.r her s has 
convinc d us that t llis lumpin ess of the dark matter occurs on scale larg er 
than galaxy clust rs as well. 

For a n Jmber of years IlO\V, theorists have realized that one can use 
sup rcomput rs to simulate th formation of larg e s ale stru ctur in th e 
dark matter . One assum that th uni vers contain dark tnatter which has 
sta rt d at a11 early s tag with a slight perturbation from homogeneit '. As th e 
univers ·eXJ>ands the dark n1atter becomes more and n1ore inhomogeneou s 
until finally it b com •s highly fragm ented into pan cakes and filaments. Ov r 
five years a@.o Joan entrella and Adrian Melott perform d such a ttp rcom­
put r simul c1.tion . Joan th n work d with raig pson of Digital Pr oduction s 
to visualize tl1e da.ta. raig ,vork ed on a Cray Res arch supercomput r to 
create an a nirnation of the density contours of the dark matter in a cub e 
of comovin{ ; volume. Colorpla.te 9 is a st ill from that animation, showing 
the collapsE:d dark matter foroung into filament and. pan ca.k s. Th blue 
surfa e ar contours of lower d nsity and the red of higher density. 

These v sualiza.tions show a st ru ct ur e similar lo that presumably being 
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illuminated by the galaxies in at11r . However a grand challenge for the 
21st century is to sim u]a.te be visibl matter gra.vita.tiona.lly coupled to th · 
dark mattel' and see if that system does end up ,vith galaxies and clusters 
of galaxies distributed as the observers report th m to be. This means 
computing the evolution of visible matter r which is a gas composed primarily 
of hydrogen and helium and which uniformly filled the ttniverse early on. It 
is not collisionless, of course and so it shocks and heats up as it flows into 
the for1nlng gravitational pot ntials of th evolving structur of the dark 
matteT and eventually in some order forn1 stal's gala.xi s, and clust rs of 
gala.xi . 

So ,vha.t is needed here is a. complete code to f oJlow thi coupled sys·tem. 
That is you have the dark matter, which is being volv d by pa.:rti le-in-cell or 
cloud-in-cell techniques. You then have full g~ dynami cs in a. gravitational 
field which req11ires solving the Euler equations coupled with electron1agnet ic 
radia tion along with a. Poisson olver for gravitation. Wha.t you want to be 
able to see is the dark matter collapsing into pancakes and filament , while 
the gas falls into those valleys and fragment s, shocks, heats and then cools 
by electromagn et ic radia.tion. Thls would be fairly stra.igh forward if it were 
not for the problem of multiple length scales. 

One needs spa.tjal resolution from the scale of a galaxy to the scale of the 
larg e scale structure , which is roughly on thousand times larg er. The brute 
force way would be to use a. uniform grid on a cube a thousand on a. side 
or with one billion grid zones. This lead s to a. memory r quirement oft ns 
of gigabytes. The evolution would requir e roughly a gigaflo•p-year worth of 
computing. A less brute force Jl}a.nner in which to do tl1is computation would 
be to includ adaptive mesh refinem nt a.nd/or domain d composition. his 
w.ould reduce the number of grid zones and n1emory size a.t the expense 
of more complex program logic. The execution time might be r duced or 
increased as a result. Michael Norman (research sci nti t at SA) and 
his collaborato rs are beginning to pursue the creation of such a community 
computer code on the Connection Ma.chine. 

, his is aw ll-posed prob lem; it bas a well-posed accurate solut ion. What 
I want as a scientist is the solution , then I want th e visualiza.tion and int er­
active exploration tools to get into th .at i1niverse and live in the solut ion in 
sufficient detail \Vith sufficient interactivity that I intima tely kno\v all of its 
characteristics. I can then compare the simulated universe with data from 
the real universe discus sed above. These comparisons will show whet.her dif­
ferent stat ist ics of clifferent types of elementar)' pa.rticl ( defining differ nt 
types of dark matteT ) lead to a universe thats closer to the observed unjverse 
or not. Thls is certainly one of the grandest challenges of comp utational as­
trophysics. 
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3 Cosmic Jet s 

Let's take a. closer look at the nearest rich cluste r of galaxies called the Virgo 
cluste r. olorp la.te 10 is an enhanced optical imag e of the inner core of M 71 

w ltlch is the central elliptic galaxy in the Virgo cluster. Thls galaxy has about 
1011 individual stars in i t . You will noti ce a st range lin a.r protub eran e 
emitting an opti cal Light coming out of the center of th galaxy. Another 
odd feature is tha t tl1cre are repeating bright spo ts along the linear t r\1cture 
a.nd th n it becomes ,viggly at the end . Th la.\VS of st ll.ar dyna.mics make 
it highly improba.bl that a subset of the stars jn the spheroidal galaxy will 
decjde to pil e themselves up into thls great pillar. And yet this M 7 odclity 
has been known a bou t sine it was first noti d in 191 by the astronom 1 

Curtis . It was just stor ed away a.s much of astTonom y was until fairly 
recently, as one of those odd things that go on in the sky. 

It took supe r com pu te rs a.nd scientifi visualizatio n to help explain thi s 
sixty -y ar-o ld myst ry. \Vha t is causi ng thl phenom -eno n? Th e genera.1 
tb or tical fram ework for such phenomena \Yas developed by Martin Rees 
a.nd Roger B1a.ndford t,vo brilliant astro physicists in Cam br idge Engla11d1 

who in 1974 cam to th co11clusion that th s linear syst ms must be a jet 
of gas being emitted from the centeT of the galaxy. This supersonic gaseous 
jet slioot outwa rd first thro ugh the gas b t,veen the stars t hen throug h 
the gas bet ween the gala.xi . By then si.milar jets had been observed in a 
growing nnm.ber of other radiowa.ve emitting galaxies as well. 

Fortu nately ther have boon about one l1und.r d y ars of exp rim entation 
and observation of supersoruc jets of gas. The j t of gas in Colorpla.te 11 
is a super soni c flow being emitted by the taijpipe of the Bell X-1 into the 
surro unding atmosp bere. If you observe closely you wills a serie of bright 
spots similar to M 7, which in this case a.re secondary com bustio n of left.over 
volatile products from the engine. The reason they a.re burning in the series 
of spots can be se n by going back to the labo ratory work at turn of the 
century by Macli, who lat er became kno,vn for thin gs like Mach waves and 
Mach nu.mbers. olorplate 12 show s a chlie:ren pho t ograph taken of gas 
being sh ot super sonically out of an orifice in a laborato ry. In this clos- up of 
th jet, one ·ca.n easily see a. ser ies of X', shock\vaves that are indu ced ittto 
the flo,v. It is now under stoo d that st1ch st andi ng crj sscross shocks naturally 
hould form in such gaseous flows as the nonlinear end -poin t of n.ormal mode 

perturbatjon s. The gas compression across these repeated X" shoc kwave 
structures in the laboratory (on a scal e of centimeters) is what is ca.using the 
secondary combustion in the Bell X-1 (on a scale of meters), and presu mably 
\vhat is causing the synchrot ron electromagnetic emiss io n in the jet in M87 
(oo the sca le of light yea rs) . 

The ability of pbysics to explain similar ph enomena over scal es of cen­
timet ers to• 101 centim ete rs is why it is su ch a powerful science. This scaliDg 
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property also means that one supercompute r simulation of sucl1 a. gas flow 
can be simultan eously useful to laboratory research rs aerospace engineers, 
and theoretical astrophysicists . Karl-Heinz Winkler, Michael Norman and 
myself decided to see if we could recapture thls t4x» pt1enomena by simp)y 
simu lating the laws of gas dynamics on a. sup ercomputer. This ,vork was 
don in Mun ich in the early 19 Os on the first Cray R earch supercomput r 
in continental Europe. 

What we discovered wa.s that super onic jets naturaUy form these internal 
regularly spaced shocks, ~vhich lead to the higher emissivity as s n in :tvt 7. 

olorp late 13 shows th gas density as omput d r cently by David larke 
and Michael Norman for a f11)ly three-d im nsiooal magnetohydrodynamical 
jet. One sees both the series of bright knots in a. linear structur as well as 
the beginning of a wiggle at the nd of the jet remarkably similar to the 
optical i1nage of M 7 in · olorplate 10. 

Furthermore Norman Winkler and l discovered from our supercomput r 
simulation that a.xisymmetricj ts which bad a lower density gas propagating 
into a. higher density gas n.aturally foro,ed a cocoon of returning gas a.round 
themselves. Thus, one \Vould expect to often find jets with great plumes a.t 
their heads, S'U ch as in olor,pJate 14. 

hls was just what was b i ng observ d by th LA, the largest radio 
telescope arra.y in the world. The VLA bas 27 ten-meter antennas arranged 
in a Y pattern, all of which record the radio signal hitting th ir dishes from 
slightly different positions. By usJng large a.mounts of digital processing 

one ca.n reconstruct an image \vhich would result from using an effective 
dish the size of the diam ter of that entire array. 'For th most demanding 
reconstructions together with the further image proc sing DPP-ded to bring 
out faint features in the image one requires a sigruficant arnount of super­
computer time . Colorpla te 15 sho\vs such an example of a nearby radio jet 
source called Centaurus A. Tlte da.ta col1 cted by J a.ck Burns and David 
Clarke, was transformed into a.n image at SA. You will see the twin jets 
emerging from the core of the ga.la.x.y and ending with large plumes , much 
as in the s-uperco:mputer simulation. 

However you can see that the plume is not a.xisymmetrjc but that it 
meanders a.round the center line of the jet. So clearly som thing thre 
dimensional is going on . Now 1 the easiest procedure to try to captur this 
behavio r is to look at the two-dimensional slab synun .etry which allows for 
this sort of wiggling. Colorpla.te 16 shows such a numerical experiment in 
which Michael orma.n of NCSA put a very small oscillation> where the thln 
slab of gas enters the grid from the left and which gets amplified un til you 
can see that it begins to wiggle the large plume very similar to what you see 
i.n Cen A. This is ca.usoo by a nonlinear Kelvin - Helmholtz instability - the 
same insta.bjlity that generates water waves and tha.t makes .Bags flap. This 
visualization was created in collaboration with Donna. Cox, a professor of 
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Art who also works at NCSA. 

The full thre dim nsional simulations are just now being don on th 
ray Researc h sup rcomputers at CSA. Mike orman and postdoc David 
lar ke }1ave created both a. l1ydrodynamics and a magnetohydrodynamics 

code to study this situat ion. A single evolution can tak up to 200 singl 
pro cessor ray sup ercom"Puter hour s (r equiring a \val} clock month to per­
form). T~Le clifficulty th en is how to visualize the data. so on can exam i11 
what one l1as computed. 

o]orpla.te 17 s ows four moments in a three-dimensional evo lution r en­
dered usirg a 3D irna.ging packag e called Dicer for the ~Ia intosh. Die r is 
made by pyglas s, which is a spinoff company th at impToved on 1 SA i1nag­
ing software for the Macintoshes and creat ed a suite of comm rcial products. 
Colorpla.te 1 · sho,vs a.nother grap -hlc approach ( developed by lint Potter 
and his cc-workers a.t NCSA) in which we use the onn ction ia chlne as a 
personal g raphics v1orkstation. One takes the thr -e-dimensionaJ comput d 
je d nsi y a.rra.y i11to the Connect ion Machine and th n us ihe M to 
compute a. hundred and twenty differen t angles of view through tbis cube. 
If you tak the vjd o out of th back of the M fran1e buffer, you can create 
an a.nj.ma1,ion o f the 3D image. Usjng these simulations; one can cotnpute 
what the supeTcomput er-genera.ted jet would look like to a radio tel scope 
and then try to explain the specific jets one observes. T his not only elu­

cidates features of the jets, but also allows us to use tb j ts as prob of 
thei r gaseous environment; Such computations will be occupying the most 
sophlsticat ed super computers well into the 21st century. 

4 Supertelescopes 

ow let ·me go back again to the VLA. The original design goal of the Very 
Large Array (V LA) of a dynamjc range of 100: 1 has now been increased 

routinely to 2 000:1 through digital proce ssing techniques, and a. dynanlic 
range of 100,000:1 is achieved for point sources. The \ lery Large Array 
(VLA) can ther fore be seen as a-n evolving' superte lescop \Vhich b comes 
more powerful wit]1 time, by virtue of j ts coupling to new genera.tions of 
more ca.pa.hie digital comp u t rs and new computational algorithms. 

The radio astronomy communj ty has a two-pronged st rategy for creat­
ing the s ftware requjred for this evolution. Ther ar 200 researcher sit s 
tha.t have AIPS th e Astronomical Imaging Pr ocessing Softwar developed by 
tl1 Natio11a1 .Radio Astronomy Observatory ( RAO ), running on tbeir local 
con1puting r source.s. For most observations ma.de wjth the VLA 1ninisu­
p rcomput ers or work stations bave adequate computing power a.nd memory 
to take the out-put of the 27 dishes and reconstruct the radio imag e. Dut 
for abou.t 15% of tl1e most demanding observations, supercomputers a.re re-
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quired to act a.s the computational lens of the telescope. \Vhen it became 
clear that RAO would not b able to obtain it s own sup r omput r fa,cil* 
ity A worked with Dick rutcher and his colleagues in th Unjversity 
of Illinoi s Astronomy D partm nt to dev lop a ne\v generation of oft,va.re 

wl1ich ,vas optimiz d to vector multiproce s or supercomputer . Tltls l d to 
the 'vV RO G and MIRIAD software pa,ckag s that ar in u today by th 
radio astronomy community for creating supermaps. This is the softwa.r 
\Vl1ich ,vas used to create the map of n A in Colorplate 15. Ho,vever there 
are other classes of supercomputing imaging problems which are even more 
ompl~. 

o show ho,v critical advances in sup rcomputing are to this field, I 
have taken a.n edit · d version of one such problem from the \iVhite Pa.per 
of tl1 omputing and Data Proces sing P.anel" prepared for the Bahcall 

om.mittee report . The RAO has recent ly completed installation of 327 
MHz (90 cm) r c ivers . on the LA. NCSA is working ,vjt,}1 RAO to develop 

software capable of ltandling this data. Unique science addressable ,vith 
this n \v capability includ stee .P sp ctrun1 object and obj ct of large 
cliamet r and Jo,v urface brightness. Due to the t\vo-climensional geometry 
of th LA the a.mpl of the visibility function are made throughout a 
three-dimensional volume and the conditions under whlch a two-dimensional 

ouri r transform can be used to recover th source briglltn ss fail r quiring 
much more expensive solutions. The simp lest of these is a three-dimensional 
Fouri r transform, producing a thre dimensional imag volume whose 

ax ar in di rection cosines, and within \v·rucb the desired image is found on 
a sp}1 re of unit radiu s . Processing of the image follow tl1 a.me procedures 
normally done in two-dimensional processing - for example~ deconvolution 
pro ce ds in an entirely analogous fashlon u ing the thre dimen sional image 
wit}, a three-djmensional beam. 

A typical large project al 327 MHz ,vill use all four VLA configurations 
\Vit.h perhap s 12 hours obse rving in each. Tl1e imaging need s are exception­
ally large. The simple 3D transform requires ma.king a dirty map and 
bea m ach 4096 by 4096 by 64 pixels ,vhlcb with 4 bytes per pix l requires 

.5 GBytes memory if they are made in the most efficient, st raightforward 
way. Fortunately another approach is more effici nt in memory although 

at the cost of I/0 and CP . The image can be built up through a series of 
a large number of subimages of limited depth. The memory requ.ir ment is 
relatively more mode st, about 135 MBytes per facet. 

Deconvolution of the image is the next concern. [n the simple single cube 
approach th procedure is straightforward although hlghly con·sumptive of 
memory. No· recall of the data is required . In the polyhedron imaging 
approach deconvolution can be accompli shed v.~itb much reduced memory, 
again at the cost of much inc reased 1/0. A rough estjmate is that perhaps 
10 000 Fourier transfor1t1 subtractio ·ns of lean components from th e data 
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a.re requir ed along with 10 r -imagings of the entire fi_-ld. Tl1,at is more 
tha.n 2500 FFTs ach 1024 times 1024 will be required. ypically thr 
loops of s If-calibration and deconvol ution ar reqttir d befor sat isfacto ry 
converg nee has been achleved. Thus, a11 the operation s descr ibed in tl1 
previou s paragraph must be m11l tip lied by thr e. 

A rough estimate of the time required can be ma-de: Using the ray 
Researcl1 In .'s RA -2 supercomputer p rforma.nce with a more mod st 
case as a ben chmark and multiplying up by th ratio of database sizes and 
numbe r of fields to process, results in a rough est imate of 250 DAYS for full 
proc ing. The tim requir d is dominated by th gridding: Each visibility 
point must be distributed over abo •ut 100 adjacen cells and averaged \vith 
all other vjsibility valn withln this cells resulting i11 a. computation -limit ed 
problem . We are conndent that usable shortcut will b found as detai led 
stu dies of solving t}ljs computing problem have bar ly begun. For exampl 
,ve can probably us a much less ex.pensive gridding algori hm, whjcl1 could 
cut proc essing by a factor of five. 

It seems cl ar that · he optimal approach \Vill eventually involv par­
a1le1'3sm. We could imagin 16 parall el ma chine , each compara.bl to or 
fa ter than he RAY-2 supercomputer. The data could t l1en b dist ribut ed 
to each of th~i:>t: machines acb of which would be r ponsible for on sub­
field. A central processor will be required to handle the compon nt model 

subtractions - th e model om s from all 16 parallel pro cesso rs. Factoring 

in these expect ed savings, and imagining future more pow erful machln s 
pr edi cts this particular probl em to be soluble with a few hour s of computing 

• tJme. 
We re going to get a different sort of three-dimensionality when we ob-

erve the int erstellar medium. This is the birtnplac of sta rs the nursery 
of stars tha t occurs in region s like the Orion n bula. Th preferred obser ­
vational 1uode is to use many different frequencies in the millimet r region 
lookjng a.t xactly the same place in spa. e. ach frequen cy prob dlffer nt 
ph) rsics, revealing the collapsing core of the star forming region or th e bipo1a.r 
outflows \Vhich are also characteri sti of young star s. Millimeter wave] ngth 
observatories in the 1990s will be capable of receiv ing data jn a tho,1sand 
different frequencies simttltaneou sly taken in t\vo spatial dimensions. That 
makes a datacub of t\YO spatial dimensions tim es frequency, instea d of thr e 
space dimensional . Thls mode js going to be more and mor e common, so how 
do we build a computational environm nt to he able to do this routinely ? 

CSA is creating an experiment in developing this environment a.s a. part 
of its pa r ticipation in the gigabit test bed project. The five national testbeds 
were pull d togeth r by Bob Kahn , of th orporation for a.tional Resea rch 
lnitia.tives ,vitb fundi n.g by the ational Science Foundatio •n DARPA and 
vendor s . Tb t stb ed . SA is a part of is called BLA · A with fib r be-
tween Berkeley , SA Wis consin and AT&T faciliti es in New J r y. W 
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a.re collabora.ting with th Berk ley-Illinois-Maryla.nd Array \Vhich is upgratl ­
ing th Hat Cr k faciliti outside Berkeley lo what will .become the world's 
faste t millimeter array tel cope. The data. from the t 1 cope will trav ] 
over th testb d (initially at T3 or 45 1negabit/s) to SA's up rcompute rs 
,vb r the imag r construction and image pro sing \Vill b done. Becau se 
of both the peed of the computers and the speed of the commu .nications 
line thi will enable r al-time observing. That is, ,vhile th t 1 s op is still 
pointed at the obj ct, the ob erv r ,vill be able to reconstruct the three­
dirn n ional data s t at N SA, vi w it ba k i11 B rk Jey on a supergraphlc 
workstation in r al-time and decid \vhetb r or tlot to take more data and 
wl1ether or not the observed parameters a.re righ . One this operational 
model is proven on this 44na.tional hr a.dboa.rd, · the comprlte pow er ,vii} 

probably b mad I cal to the t l cop , with obs r\' rs using th ationaJ 
Research and Education Network to connect remotely . 

What is emerg ing is a planetary wide observatory. Obs rv rs all ov r the 
\vorld ,vill b link d by th RE and its int rna.tional si t r n t,vorks into 
all the major astronomical obscrvatori s (both tho se n and off th arth ). 
Th · e will be linked as well into digital libraries containing all past obs r­
va.tions and all the astronomical literature. Again most of the ob ervation 
will be computed locally with the national supercomputer c nt r oncen­
trating on the most compute i11tensive one . It will be the 21s century 
befor tlus dream fully b comes reality but tl1en a new wor)d of coordinated 
multiwavelength real-t ime observation \Vill become po sible. 

5 Sup ermassive Bia .ck Holes - The Central Engine 

Let u turn our a tention to our o,vn galaxy. om of you \vill have b n 
fort,tna.t nough to have een the b autif u] gho tly band of the Milky 'vVay 
on a really dark night from the i rras or some oth r dark location. The 
Milky \'vay is r ally the plane of our galaxy ,vhlch ,ve are seein edge-on. 
There is a big bulge of stars in th constel lation agittarius ,vhlch is th 
direction toward the center of our galaxy. You may also have noticed dark 
patches in the tvlilky Way \vhich are v ry obs ur d by int rst llar dust. T l1Is 
dust absorbs ssentially all visible light in th plan of the galaxy coming 
from further away than about one percent of the way to ll1e gala tic cent r. 
Thus the activity near th center of our galaxy is complet 1y obscured in 
visible light. 

Fortunately, tl1e inte rstellar dust js of such a size that it do not block 
radio \vav . sing th WE RONG soft \var c:Uscuss d above as ronom rs 
Fredri k Lo and eil Killeen produced a supermap of our galact ic cent r 
which is shown in olorplate 19. It shows h syn hrotron radio emission 
(produc d by electrons spiraling a.round magnetic field tin s) in th central 
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couple of 1Jght years of our galaxy. 1b put th scale in perspecti ve that 
di~tano is roughly the same dista.nc · as from th 'Un to it n a.r t neighbor 
st.ar (aho\1t 3 light yea.rs) and yet the galactic center i 30,000 light years 
a,vay from u . What on appears to see in this image are treams of gas 
which appear to be sp iraling into the very c nter o·f th galaxy. 

This reminds us of the mucll moro energetic activity we saw associated 
with the centers of ellipti-cal galaxies. In olorplates 10 and I 5 we saw 
gaseous jets shooting out of tl1e center of such gala.'<ies. In addition if you 
look closely at ea.ch of these images you will s a point ource of emission 
located at the center of the galaxy. 1' he search for the " entraJ Engine 
a.t th · center of galax.ies and th normous]y bright and. distant quasars has 
been one of th Holy Grails of the last three decades of astronomy. 

A standard model for this central engi11e bas emerg d. The idea. is tl1at 
there is a supermass ive black hole (mass ranging from one million to one 
billion time the mass of th un ) at the cente r of a. gal.axy with gas spiraling 
in and forming a. magnetized accretion disk orbiting the black hole. By a 
compl x process wltlch is still b ing d bat d ome of th gas P~r:apes b ing 
swallow d by the hole and forms t,vo outgoi11g sup r oni treams of gas 
moving away from the black hole. In son1e ca.s th j t . hoots out to a 
distance one hundred billion t imes tbe diameter of the black bol ! So ,vben 
you see those gigantic gas plumes on the scales matl)' times the size of tl1e 
gala.xy {Colorplate 15), th y a.re dir t ignatures of gas that left from the 
near vicinity of the centra l upermas ive black hole. 

Jim \Vilson, a computational astrophys ics pionPPf at La\ ren Liv r­
more at.ional Laboratory, first used supercomputers (a CD 7600) in 1972 
to compute the general relativistic fluid flo,v in th vicinity of a black hole. 
A decad Jate r, John Ha.wl y t]len one of n1y graduate student and now a 
professor at t.he University of Virginia, followed up with higher resolt1tion 
run s on a Cray 1 supercoinput er at the Max Plan ck Instit ute for Phy sics and 
Astrophysics in Muni.ch. \Ve performed aJtisymm tric computation of what 
wouJd happen to a gas cloud which spi raled into a black bole. olorplate 20 
shows the . que11ce of e,;ent as the fr e fal}jng ga is brought to a bait by a 
standjng shock wave whjch form s because of the dee l ra tion caused by the 
ccntrjfugal barrier near t.l1e l1ole. Tho shocked gas Ll,en fills a to roidal r gion 
orbiting the hole. Because the boundary conditions specify that gas contin­
ues to fall toward the hole, the torus eventually fills up and the ov rflowing 
gas begins to move outward as two jet s. T hese supercomputer simulation s in 
tl1e early 1980s showed that the existing basic theoretical str ucture of a fat 
torus with outflowingj twas not highly artificial but a. natural consequ nee 
of the general relativist .ic gas dynamics equations. 

However it was also clear from our simulation s that ju st gas dynamics 
alone was inad qua.te to prod.uce the observed magn tized j ts that shot 
out to such great distances. We a.re almost sure that, since the accretion 
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disk js highly magnetized, the magn tohydrodynamic torqu on t ltis gas 
ar what brings it near to th hole. Then through a complica t d interaction 
of magnetic fl Id and radiation pr sur , coupled to tl1 hydrodyna.roics, th s 
two streams shoot out. 

In summary, the central engine is apparently a magnetized disk of gas 
a.round a. supermass iv black hole. Tb black hole in thls case is providing a. 
passiv gravitational field well for the matter to fall down into to convert its 
energy from pot ntial energy to kin tic n rgy, magn tic nergy and hen 
back into kinetic energy a.s it goes out in th jet. he d tailed ,vorkjng out of 
this pbenom non will clear ly require the next generation of sup rcomputers. 

6 Dynamics of Black Holes and Gravitational 
Radiation 

Finally l want to cover the most fundamental frontier jn comp utational 
astrophysics which is the dynamics of spa c and tim it self. Th basi c 
notion of Einstein's theory is tl1at a.ny one ntra.tion of m s (lik . he sun) or 
energy (like a. strong gravitational wave) will ,varp the surrounding space and 
distort the rat e at which time pass . The ,varp jn spac causes traj ctories 
of particle s (like that of the earth) to deviate from a st raight line \vhich 
int erpret ed in Newtonian terms means a. fore is acting between the mass 
and th e passing pa.rtlcle. This perceiv d force is what has traditional b en 
called gravity. If the bending of space is slight (like in the solar system) then 
Einstein's theory just reduces to Newtons theory of gravity. 

If the mass is much more com1>a t than th urt, one can form a. n utron 

star. This has the Sun mass but instead of hav1ng a radjus of seven 
hundr ed thonsand kilometer it has a radius of about seven kilom ters. 

b warping of space produced by neutron sta rs is still small enoltgh that 
Newton's law of gravity is off by 10%. Thus> soine inves igators hav been 
able to develop codes which solve the ewtonian hydrodynamics of t.l1ese 
compact obj cts. While not accurate enough to give details of r Ja.tivistic 
gravity these computa.tjo11s do give a. good overvie,v of what we can expect 
matter to do in thes extrem situa tions. 

On such problem is the h ad-on colli ion of two n :Utron stars. Jim 
Wil on and I did the first compt1,tations of 1.rus problem with a fully general 
r lativistic code in 1978. Howev r th re was so much ov rh ad in computi ng 
the g n ral relativity that we \Veren t able to study the hydrodynamics very 
well. harl es Evans, who s :now a.t the University of North Carolina. at 

llapel Ifill created a. very nice sjmula.tion of the wtonian gravity collision 
while h was a. postdoc of mine 111 19 6. The 3D visualization of tra.c :r 
particl es sbo,vn in Colorplate 21 was created by Evans Ray Idaszak and 

a-rl Hoyer . \Vha.t happens first is that th n utroll sta rs gravita.tionall)r fall 
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toward each other. Wh en they collide, a great shock occurs which hea.ts the 
neutro n sta r material into a big mushJ The outgoing shock front er ates 
a. lot of internal vortices and some \'ery beautiful hydrodynanucs. We can 

estimate the a.mount of gravitational radia tion that such a. time changing 
mass quadruple moment would emit if we were computing th·e full Einste in 
equat ions. Since this work some investigators have begun to compute the 
complexities of a th ree-dimens ional spiral -in collision. The real challenge is 
how to redo all this in the true c11rved spacet ime which the ma.ss creates. 

To make progress in curved spa.cetime computations we take the opposite 
extreine of cleari11g out all matter and just solving tl'1e Einstein equations 
themselves. U the warp becomes very large then some rather strange tl1ings 
occur. For i11stance Einstein and Ro.se11 showed in 1935 that one could have a. 
hole in space which connected into another univ erse. This topological bridge 
connecting the two universes serves to act as a very compact mass. Since 
1968 \Ve have called it a black hole. The inte rnal structure of a black hole 
cannot affect ( or is casually disconnected from) th external world. From 
the outside you can't tell whether inside th hole is a massive object or in 
fact it has another universe hooked onto it. If you get too clos-e to the surface 
of the hole (reall)• just a. featur -eless boundary in spa.ce), you will be pulled 
insid in an irresistible fashion. Light trying to pull a,va.y from the hole is 
retarded and redsh.ifted and indeed pulled back into the hole if it is em itt ed 
too close to the black bole surface . 

My Pb.D. thesis \Vas on how to use supe rcompute rs to solve the Einstein 
equations for black hole dynamics. The brilliant idea. that this should be 
possjble was first stated over thirty years ago in 1957 (!) by Professor Bryce 
DeWitt now of the University of Texas, who was later to be my thesis 
advisor. The first efforts to carry out thls program '"''ere made in the early 
1960s on an IBM 7090, but it wasn t until 1973 that the single black hole 
spacetime was computed by DeWitt and hls students (including me) on a 
CDC 6600. This wa.s followed up by my work with Kenneth Eppley in 1978 
on the collisions of two black holes using CDC 7600s. Today this work is 
entering its fourth decade with the NCSA computational relativity gro11p 
consisting of David Hobill Ed Seidel David Bernstein, John Townes and 
myself, \Vorking on th RAY-2, CRAY Y-MP, a.,nd Conn ction Machine 
superc-0mputers. 

olorplate 22 shows a diagram of this Einstein - Rosen bridge with the 
distance on the diagram cor-rectly port-raying the clistanc.es in space. This 
scientific visualization was created by Hobiil, Bernstein and myself with be 
help of Donn a ox and Ray Ida zsak. The curvature of the diagram shows 
the actual warping of space as computed from the Einstein eq1.1a.t.ion·s. The 
white line shows where the surface of the black hole is. The color of the 
surface represents the loca1 clock rate, with the red showing that clocks tick 
slower in a strong gravitatjonal field wheTeas the blue shows where clocks 
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tick at our rat . Tl1u this on scientifi visualization show s pr ecisely the 
spatial curvatur e a.nd the tim dilation caused by a bla ck hol .. 

The reason to comput e thls simple spherical black hole is t.o create a 
r fer nee pa.cetime that is on wlticll is also known analytically. Th r 
are many issues of code cal ibrati on whicl1 t l1is reference solut ion can help 
us ,vit h. 1'h mo t fundamental one is ltow quickly th finite clifferer,c d 
solution approaches the analytic solu tion as the radial g:rid spa cing is made 
sn1all r and smaller. 

This is quit int er ting v n in th sph ri ally ymm t-ric cas , incc 
for technical reasons we choose to · ol ve for the spherical black hole space­
ti1ne in a. spa time coordinat e syste m which is dynami c ven though the 
black h,ol gra\.rita.tiona.J field outsid the l1ole is stat ic. In olorplat e 22 you 
s ... L. this evolution with the two whit lines repr senting th su rface of he 
black hole in th e two univer es. At late time the cent ral region inside the 
hol str tch~ into a hypercylind r of constant diam ler ,vhich is another 
t t against analytically known beha.vior. It is fairly st raightforward to get 
agreement betw n the up e-:rcomput er code and the anal ytic solution to one 
par t in ten thol1sa.nd . 

How v r, th sph rica.l bla ck hole calibr at ion od is just th e warm up for 
t ,he r al current challenge, which js o relax one degree of symmetry and cre­
ate a. code for olving a.x.isymmetric dynamic spaceti mes containing dist orted 
black holes a.nd gravitational radia tio n. ,,_~ r tai n a.mount is known tbeo ret­
ically about ho,v such spacet iroes behave in genera.I, but th re is no analytic 
approac h which can generat e actu al solution s to th e Einatejn equatio11s for 
thes cases except in linearized situation s. For instance we know that a non ­
rota.ti11g bl ack hole which is given a. mall distortion will gradually r eturn to 
spherical symmet ry by emitting gravitational waves of a chara ct ristic fora1 
t rm d quasi-normal mode . Th e mod es ar of known wa.vel ngth a.nd 
da.1nping rate. However, this scenar io has only been computed for linearized 
p rturbations away from spherical symmet ry. What happens if th hole is 
aiven a nonlinear di tortion is curren tly unkno,vn. 

Thl bring s up the need for computa tiona l symboli c manipulation . Jn 
general relativ ity you can't liv ,vithout symbo lic manipulation. Einstei n s 
equation s are so complicated that comput er algebra is required to writ e them 
down explicitly in all but the ,implest situation . Mor r c nt ly, symbolic 
~oumputation has been used to g ~erat not only the differential equation s, 
but. th e numeri ca.l code as well. ot only does this represent a r rnarkab le 
sp ed tip in qua.tion derivat ion , but reduc s the number of math matical 
and typographical errors during the code develo,pm ent st age. Our group 
has most syn1 bolic packages available to the national comn1uni ty on a net ­
work server . The SA ba.s also suppor ted developm ent of new capabilities 
for symbo lic computing . For insta.nc , while Steve hristensen was a.t th 

CSA b collaborat ed with Leonard Pa rker of the UniveTsity of Wisconsin 
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at Milwaukee on d veloping a new package for tensor mani pula.tion called 
Math Ti nsor which sit s on top of Mathematica. from Wolfram Resea.reh ln c. 

Th n- .~ tag aft. r g ting th dj{fi ren ed quations in th d cor-
r ctly is to once again go tl1ro1Jgh the several man-year effort of calibrating 
and refinjng th.e differencing methods unt il tbe cod is accura.t enough to 
do science with. This is carri ed 011t in two phases. First the nonradia.t ive 
components of th gravitational field are compar ed with the sph rical code 
describe d above. For instance you distort the black l1ole and then see if 
at lat ti m s th. volutiori looks like t l1at bown in olorp lat 22 so you 
koo,v t hat the hole is ~ettli ng down to a sl)herical final state . econd you 
compa.r tb-e radiative compon erlts of the gravitational field (,vhlch do not 
exist in tl1 sph rical case) with tl1e results of t11e lineariz d perturbation 
th ory for black holes of which there i a. large body of literatur e. 

o,v that the cod is calibra ted that is you know it calculat s geneTal 
relativity corr ctly then what an you do with i,t? Well, wouldn' i t b 
nice lo con1e up to a. black hole an d ki ck it and s what it did? T hat 
is a little difficult to do xperimentally! But a. supercomputer and som 
sci nt ific vi. ualization mak it easy . In Colorpl a.t 23, you se the evolution 
of placi:ng a. deformation in th curva.tur near the hole . You can s e that 
tit deformation br aks up into an ingoing ancl an outgoing gravitation al 
wave t rain. Even at the speed of light the outgoing waves ha,, to pull 
out from the stTong gravitational field and the Joss of en rgy t.ransla.tes into 
a lengthening of tltci r wa.vel :ngth (the gravitational ·red shlft) . Tbe ingoi11g 
tra in is swallowed by th l1ole and becom s stat ic as the time b omes froz n. 
Again, tbe R.ena.issa.nce Ti am of Cox Idaszak , and our relativity group 
are responsible for the graphics. 

rrhe next few years \Vill see a. complete working out of the a.xisytnmetric 
black }1ole spac time . For the first time ,ve will have accurate dynamjcs 
of strong fl ld general relativity and ,vill be able to lift the veil of ignoranc 
,vhlch has surro und ed this fundam ental phys ic.al interaction for 75 years. 
I trunk that many tim s peopl supporting supercomputers don t realize 
that ,1percomp ute rs ar the O LY \Vay to solve the basic nonlinear la,vs 
of Nature for situat ions of realistic complexity, John von :umann's basic 
point. of a.Imo t 50 years ago. Thus they can become an indi spensa ble tool 
of the n10 t e oteric theoretical investigation s as well as a tool for pra ct ical 

• • engin er1ng. 
Th Grand h.allenge for the twenty-first century in this field is to develop 

community codes whlch can solve fol' the general four-dimensional s.olutions 
of the full Ein tein equations. That is, the axi symmet ry condition imposed 
in ou.T curre nt ,-.,ork must be relax d . There is a. national coalition of th 
leading r searchers in num eri cal relativity being formed whlch is stud ying 
how to build a thr ~ dim ensional dyna ·m.ics code to solve th full Einstein 
equation . The gold ring problem that they are try ing to solve is to compute 
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the spac tim r prccnc:Dting the spiral-in collision of t\VO black holes. This 
is the final fat of any black hole binary system.. By coupling in matt r, 
one could a1so compute th three-clime11sional analogue of olorplate 21 
namely the spiral colli ion of two n utron stars . Th gr at hope is that 
they can get the wave form computed b fore the exp rim ntaJjsts g t th 
gravitational wa.v d t ctor built so they can predict the signal rather than 
verify it. ccurat cal ulations of this spac tim \vill requir a teraflop 
massively parallel supercomputer . 

7 Th e N ext Ce ntury 

V ha.t on can s~ from th abov tour of a. fi w of the areas in relativisti 
astropl1ysi being inv stigat d with hlgh performance computers is that th 
next decad e is going to see a. coming tog th ,er of theory and experiment to 
produce what th Bahcall on1mitt r port t rms A D ade of Discov­
ery." On the simulation side the 1970s and 19 Os produced a. capability 
to mod 1 th dynamics of t,vo pa.tial dim nsional y tems to a rugh lev I 
of ac ura y. These computer codes have been highly ,optimized to vector 
arclut cture supercomputer s. Then xt decade wills a sim ilar flowering of 
fully tl1r pa.tial dimensional simulations utilizing parallel architectures in 
order to get adequate speed. Most of these codes as we enter the 1990s are 
using :.itber singl or a. fi w v ctor proc ors and are thus sustaining peeds 
measured in hundreds of mega.flops. Within a. fe,v year th minimum ac­
ceptab] sp d for a. frontier code will be measured in gigafl.ops. Besid 
speed, tbes computations require large 01emories. The unit of memory for 
supercomputers in the 1990s will be the gigabyte. 

Much of lhe 1990s will be jnvested in creating an entirely new techno logy 
infrastructure around the new g neration of supercomputers to tor , visu­
alize, and analyze four-dimensional spacetimes routinely. The end us r will 
ne d a. capability .of running a numb r of netwotked h.eterogeneous comput­
ers on a single problem. Large capital investments will need to be made by 
high performance computing and communications cente·rs to support new 
archit cture supercomputers hlgh bandwidth wide and local area network 
large on-line and archival storage facil ities and interactive visualization sys• 
terns. Similar inv tments must be made to provide graphics workstations 
and minisupercomputers to researchers from remote centers. Large software 
development investments will have to be made in the areas of distributed 
computing, massively parallel algorithms, user interface designs and new 
scientific visualizat ion modaliti s. 

Although we can anticipate many more people entering the emerging 
fields of computational science and engin ering in the next decade, I believe 
that a. lot of their time will be taken up with learning how to effectively work 
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in this new network d technology bas and in dJscov ring ho1,1 to extra.ct 
science out of multidime--nslonal spacetimes. 

Thus, -tbe dawning of the new millennium should s he b ginning of 
a golden age of computational science. The commanity w1U ha.v absorb d 
this huge n w do e of techitology and have settled down into routin · use of 
massively parallel systems op rating in a gigahit/sec nationally net.worked 
environment . The information infrastructure will enable sclentific r search 
and collabo-ration to be perfor med in a manner almost nnr cognizabl today. 
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