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1. INTRODUCTION 

The star1dard c~ycle i11 sir1111latio11 is to prepar·e i11pt1t, exec11te cl si111t1latio11, 
and t.o visualize the rest1lt,s. Pe1~fo1·111i11g tl1ese activities si11111lt,a11eo11sly 1·eal
izes gr·eater· i11sigl1ts a11d l1igl1er· pr·oduct,ivity. Tl1is is t,l1e 1111derlyi11g idea of 
Co'rrip'utat,ional Steer·ing: 1·esea1·(--l1e1·s cl1a11ge para111eters of their si11111lat,io11 
on tl1e fly and ir11111ediat.ely rec'.ei\re feedback 011 tl1e effect. The develop111e11t 
of a dedicat,ed 11se1·-ir1te1·fac:e f'or a si11111lat,io11 is a t,i111e-c:011su111i11g process, 
wl1icl1 requires tl1e expertise of specialists 011 11ser-ir1terfacing a11d con1p11te1· 
graphics. Her1ce, CWI's Co111put,ational Steeri11g project ai111s to develop a11 
environ111e11t ir1 which 1·esea1·che1·s then1selv•es ca11 develop a11cl 11se i11t,e1·faces 387 
t.o their simulations. The project ge11erates co11siderable sy11ergy bet,ween 
the syste111 develope1·s and researc:her·s i11 a wide variet,y of discipli11es. Tl1e 
project's outp11t, cor1sists of researcl1 results i11 scie11tific visualizatio11, tools 
sucl1 as CSE ( Co111p11tatio11al St,ee1·i11g E11viro11111e11t,), a11d sever·al applica-
tio11s i11 collaboratio11 witl1 resear·cl1ers. Tl1e latter include a st11dy of tl1e 
atmosphere of t,he pla11et Ven11s (astr·opl1ysics, V1~ije U 11ive1·siteit A111ster-
dam, see below), energy 1·esear·ch i11 con11ec:tio11 witl1, e.g., cera111ic foa1n 
burners, wi11d111ills, a11d higl1 e11ergy physics (N ethe1·la11ds E11e1·gy Research 
Foundation ECN), a11d ball-beari11gs (the Swedisl1 fi.1·111 SKF). 
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2. B1\(-:K(;RQlTND 

S<:·ie11t.ifi(· Vist1c1lizc1 tior1 l1c1s l)ee11 cl sc1)c11·c:1t.c\ 1·<:'S(i'c11·c·l1 c11·t~a si11(·e t lie l)ll l)li(:a
t. io11 C)f. a11 ir1fl ue11t,ial 1·eport. lJy t 11(' US N at.ic)11al Sc'.ie11(·e Fc)l111clc1t.i()ll i11 1987 
[1]. l\i,111y 11e\\i' 111et,}1ods, tec~l111i(1t1t~s, t1.11(l J)ctc·kages l1c1\1e l)ee11 clevc·lo1)ecl over~ 
t;l1c l)ast st:\'er·al 1rea1·s; l)ut 111ost, c·)f t.l1ese c11·e cc)11fir1ed to l)fJSt-1Jr·oc·es8i11g ot· 
cl::1t.cl-set.s. Tl·1e t1sual ass111111Jt.io1·1 is t.l1at. c1ll <la.ta is ge11e1·at:E•cl fi1·st, c1fter· 
wl1ic·l1 tl1e r·esearc:l1er· it,erc1tes t,l11·c)t1gl1 tl1e 1·e111ai11ir1g st.eps of t.l1e visuc1liza
t,ior1 I)iI)eline ( selec:tio11, fil t,e1·ir1g, 111a1)pi11g, a11cl 1·e11deri11g) to ac'.l1ieve i11sigl1t 
ir1 the ge11e1·c1ted data. He11c'.e, t.l1e1·e is 011ly' li111ited i11te1·actio11 witl1 tl·1e si111-
ulatior1. 

Tracking is tl1e fi1·st, st.ep to i11cr·easi11g i11te1·a(~tio11 witl1 tl1e si111ulation. 
Aft.er· each ti111e-step of t,l1e si111ulatio11 t,l1e r·esult,i11g dat,a for tl1at. ti111e
step is sent ir1to tl1e vist1alizat,ion l)iJ)eli11E~ ar1cl C'.a11 l)e i11spec:ted. If the 
1·esear·cl1er c:011side1·s tl1e 1·es11lt,s i11vc1.licl, tl1e si11111lat.io11 ca11 l)e st.opped at ar1 
ear·ly stage, a11cl rest.ar·t,ecl witl1 a differ·e11t set, of i11put, l)ar·a111eter·s. Tl1e 11ext 
step, Corrlp1.1,ta,t·ionc1.l Stee1·i·r1,g, goes a lot f'u1·t.l1e1·, a11d c~a11 l)e c~o11side1·ed as 
t,he ulti111at.e goal of· i11t.e1·c1-c'.t,iv·e c:0111 J)t1ti11g. Co1r1 J)Ut,atio11al st.ee1·i11g e11ables 
tl1e resear·cl1e1· to C'.ha11ge par·a111eter·s of tl1e si111ulatior1 wl1ile tl1e si111t1latio11 
• • 
1s 1)rog1·ess111g. 

As a11 exa111ple, R .. E. ~1ar·sl1c1.ll of the Ol1io Superc~or11p11ter Cer1t,e1· has 
applied co111puta.tio11al stee1·i11g to tl1e study of a 3D t,u1·l)ule11ce 111odel of 
Lake Erie. His co11c'.lusio11s wer·e tl1at: 'Ir1te1·actio11 witl1 tl1e c:0111put,ational 
111odel a11d t.l1e 1·esult,ir1g g1·c:11)l1ic'.S display is fu11cla1nental i11 scie11t,ific vi
sualizatior1. Stee1·i11g e11l1ar1c:es pr·oduc:tivity by greatly reduci11g tl1e ti111e 
betwee11 cl1a11ges to 111odel J)a.rar11ete1·s arid t,l1e viewi11g of tl1e results.' 

3. REQlJIREMEN1"'S 

Although co111pl1tatior1al steeri11g is an ctttractive co11cept, i111plen1entation 
is cu111berso111e. A 1·esearcl1er will need to ask a specialist i11 user-interfaces 
a11d visualizatio11 to develop a st1itable tool f'or a11alyzing tl1e sirnulatio11s' 

388 output data. Arid i11 tl1e weeks or 111011tl1s tl1at takes, tl1e cl1ances are high 
tl1at 1·esear·cl1er's i11terests l1ave shifted. 11oreover, tl1e use of co1nputational 
stee1·ir1g will introduc'.e 11ew 1·esearcl1 questio11s, whicl1 pro111pt n1odifications 
of· the t,ool. He11c~e, researcher· and specialist will need to collaborate f'or an 
exte11ded period. 

The Co111putatio11al Steeri11g project star·ted up i11 1992 as a joi11t, project 
bt:tweer1 CvVI a11d the N etl1e1·la11ds Energy Research Fou11datior1 ECN. Tl1e 
ctir11 is to develo1J i11sight,s, n1etl1ods, tech11ic1ues, and tools tl1at enable re
sear·cl1e1·s to apply cor111)utatio11al steeri11g. Tl1e curre11t focus is 011 devel
op111ent of a Co111putat,ional Steeri11g E11vi1·011111ent ( CSE ) that encourages 
exploratory i11vestigation by t,l1e resea1~cher of a sin1ulation. 

Wl1at are t.l1e require111e11t,s for st1ch an enviro11111ent'? Tl1e first set of 
1·equirerne11ts follows directly fro111 tl1e defir1it,ion of co111putational steering. 
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Figure 1. Data flow between researcher, CSE, and simulation. 

Resea1·cher·s 111ust be e11ablecl t.o cl1a11ge pa1·~1111et.ers a1·1d t.o vist1alize r·esults. 
Tl1e si1r1ulatior1 1r1ust r)e enalJled to r·eacl tl1ese para111ete1·s a11d to wr·ite t,he 
r·esults. Certai11 var·iables fall bot1l1 i11 tl1e i11pt1t <=111cl ot1tput, c:ategor·ies. For 
insta11ce~ i11 a ti111e-clepe11de11t si111ulatio11 tl1e st.ate var·iables ar·e c~alculat,ed 
via ir1tegratio11, bt1t occ:asionally t.l1e user r11igl1t. war1t t,o C'.l1a11ge tl1e cur·rent, 
value (posit.io11, veloc~ity, etc:.). This i111plies t,hclt tl1e CSE 11111st, s11pport 
direc:t, 111a11ip11latio11: tl1e 11ser c:a11 interac'.t witl1 gra1)hics objects t.l1at are 
also t1pdat,ecl t)y t.l1e si111ulatio11. ( See also fig11re 1.) 

Seco11d, t,l1e envi1·011111e11t, sl1ould e11able resear·cl1ers to t1se co111putational 
steeri11g vvitl1011t, l1elp fror11 vis11alizatio11 expert,s. In tl1e 1)1-ocess of gai11-
i11g insigl·1t via co1r1putat,io11al stee1·i11g, a researcl1er typically vvants to look 
at a11d to co11trol otl1er, possibly 11e,v, var·iables, a11d to \.ris11alize then1 in 389 
various ,vays. This i111plies that it should l)e easy to defi11e a11d refine an 
interface, as well as to conr1ect c:1. si11·111lation witl1 the e11vi1·011111e11t, and to 
control va1·iables tl1rougl1 the int.erface. 

4. ARCHITEC;TURE 

Give11 t.l1e set of rec111ire1ne11t.s, 110,v ca11 a sol11tio11 be 1·ealized'? The arcl1i
tectt11·e of' t,l1e envi1·011111e11t is C'.ent,e1·ed aro1111d a data 111anager acti11g as a 
blackboa1-cl for con1111unicati11g val11es, a11d sat.ellit,es t.l1at, p1·oduce a11d visu
alize dat,a [3]. Tl1e pl1rpose of tl1e dcita 111a11ager is twofold. First, it 111a11ages 
a da.tabase of' var·iables. Sat.ellit.es ca11 create, ope11, c:lose, r·eacl, and write 
var·iables. For· eacl1 vc1r·iable t,l1e dat,c:t 111an<=1,ge1· stores a na111e, type, and 
va.l11e. Var·iables can be scalars or arrays, i11 which case the 11u111ber and 
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Figure 2. The CSE architecture. 

size of the di111ensio11s is also stor·ed. A1·1~ay sizes car1 cl1ar1ge dy11arnically 
duri11g the lifet,in1e of tl1e variable. Seco11d, tl1e data 111anager acts as an 
eve11t notific:atio11 111a11ager. Satellites ca11 subscribe to eve11ts that r·eprese11t 
state cl1anges i11 the data n1ar1ager. (See also figure 2.) Wl1enever sucl1 a11 
eve11t occurs, tl1e satellite will receive an ever1t fror11 tl1e data 111a11ager·. For 
exa111ple, if a satellite subscribes to n1utatio11 eve11ts 011 a particular vari
able, the data n1anage1~ \vill se11d a 11otificatio11 to that satellite wl1e11ever 
the value of the variable is 111l1tated. 

High level libra1·ies enable access to applicatio11 i11terfaces to tl1is envi-
1·011111e11t. Si111ulations can easily co1111ect vvitl·1 tl1e data 111a11ager by si111ply 
declaring relevant variables. 

390 A la1·ge suite of general purpose satellites is availat)le for sta11dard visu-
alization tasks. For exa111ple, data ca11 be logged, sliced, t1·a11sfor111ed, and 
calculated. However, the 111ost in1por·ta11t satellite is the PGO edito1·, a 
ge11eral purpose graphics editor for i11put and visualization of dat,a. 

5. PARAMETERIZED GRAPHICS OBJECTS 

The PGO editor is a11 interactive grapl1ics, IvlacDraw-like, editi11g tool [2]. 
The ce11tral concept for the grapl1ics editor is t,l1e Para111et,erized Grapl1-
ics Object (PGO) : ar1 interface is built up f1·01n grapl1ics objects wl1ose 
properties are functions of data i11 the data n1anager. Users sketch ar1 i11ter
face and bind tl1e grapl1ics objects to variables by para111eterizing geon1et1·y 
and attributes witl1 data i11 the data 111anage1·. Sin1ulatio11s 111ay drive t,l1e 
i11terface by n1utating the data bou11d t,o the grapl1ics objects. Si111ilarly, 



X • 

y 

X 

y 

X 

,'. 
<'· " 
!: kc . ' . 

• 

z 

Width 

Hue 

Sat. 

Value 

Press: 

• 

• 
set 

Release: set 

xp 

xp 

to 

to 

1 

0 

.. ' . 
• 

Figure 3. Parameterized Graphics Objects. 
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use1,s 111ay drive tl1e si111ulat.io11 l)y inte1·act,ir1g witl1 gr·apl1ics objects. He11ce, 
a tvvo-way c:or11n1l111icatio11 bet.wee11 gr·apl1ics a11d clata i11 tl1e si111ulatior1 is 
supported. Si11c:e the PGO sat,ellit.e is a11 i11t,erac'.tive gr·apl1ic:s editor·, user's 
rnay i11cre111e11t1ally defir1e the i11te1·fc1.ce or C'.har1ge bir1di11gs. (See also figure 
3.) 

Tl1e g1·apl1ics editor two 111odes: specific·ation a11d a1)plication, or 
shorter, edit arid run. 

l1clS 
111 edit-1·11ode, tl1e resea1·cl1e1· ca11 create a11d edit 

gr·aphic~s geo111etry of tl·1e objects is defi11ed by points a11d 
degr·ees of freedon1. Degr·ees of' fr·eedo111 are pa1·a111eterized t,o values of vari
ables i11 the dat,a n1a11age1·. Furtl1e1·111ore, attributes of objects, sucl1 as color 

ol)jects. The 

and linewidt,11, can also be pa1·a111eterized. 
111 run-111ode, a two-way co1111nu11ication • 

1S l)etweer1 re-
searcher a11d t,he si111ulatio11. Data is 1·et.rieved t·ro111 tl1e data 111anager and 
111apped onto t,he properties of tl1e grapl1ics objects. Text ca11 be e11tered, 
and objects can be dragged arid picked, wl1ich is tra11slated into cha11ges of 
tl1e values of variables i11 tl1e data 111a11ager. Hence, tl1ere is auto111atic sup
port for tl1e usually tin1e-co11sl1111i11g a11d er1·or-1)1·011e di1~ect 111ar1ipulatio11 of 
grapl1ic:s object,s. 

6. APPLICATION 

Several applicat,io11s a1·e 
Here we b1·iefly descril)e 

u11derv.ray i11 t,l1e Co111put,at,io11c1l St,eer·i11g p1·oject. 
011€ of t.l·1e11.1. Resear·cl1ers at t,l1e de1)ar·t111er1t of 
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1ntens1ty measurements on 
the surface of the planet Venus, made during one day by the Pioneer satellite. The balls 
represent the degree of polarization. 



ctst r·ophysic·s of t.l1e Vr·ij E: lJ 11i V(\1•si t.<\i t s t 11< l;\,. t 11 c· s t 1·11c·t, 111·c· of' t l1c' ,1.t,11t()SJ)l1c'1·e 
of· Vt~llllS ( c\.g. t,o cl<::\t,e1·111i11E1 tl1c• \i'<)r•tic·,·tl ,111cl l1c>1·izo11t,1l size" clist.1~il>l1t.ic·,11 c)f' 
S11l1)ltl11·ic'. .. A.<·icl cir·oplets i1·1 tl1(• ,tt 111()SJ)l1c\1•c-..) l>)' C'()1111>ct1·i11g tl1c·i1· (·01111>ut,cl

tio11c1.l 111oclels wit,11 111c:•c1st11·c111c'11ts t,c1kc"11 l>\r tl1E) Pic)11c•c·1· s<ttc,}lit.e. l-:>io11c·~e1· 
• 

t.1·c1c·es t.11 e ctt1110SJ)l1c)1•e c)f. \,re\ 1111s ,111 cl t. ctkc•s 111c)c:ts 111·c-.111c)11t.s c)f. J> olc:t1·iz et t.i 011 c>f 
tl1e r•c)flec·t,ecl s1111 ligl1t, \\1 l1i<·l1 is 1·c·lc:1.t,(:'<l t.<> t.11(\ st1·11c·t,111·<_• c)f. ,1,t,111c>s1>l1e1·e. Ho\v
ever·~ c·c>111J)ct1·isc)11 l)et.,vee11 tl1c) 111c'c1s111·e111c)11t.s cl,11cl t,l1E: ('<>1111>t1tctt.i<)llctl 111oclels 
is 111aclt) ver·.),r cliffic'.111 t tlec:c111scl t,11<:•y <11·e 11c>t i11clt'l)e11cle11t,: t.l1e 111E·:::1.s11r·e111E~11t.s 
a.re l1sed l_)y tl1e 111c·)clels t.c) esti111i1.te 111c>clel l)cll'cl111et.c=-r·s i11 011e cli111e11sio11 ( et 

l)a1·tic:t1lc1.r v.ravele11gt,l1) 1)1·io1· tc) c·o111pcl1·isc)11 of· 1·es11lt,s i11 a11c)t,l1er· cli111e11sio11 
( a11othe1· \Vc:tvele11gt,l1). 

Lac~ki11g itp})l'C)l)1·ic1te tools, t.l1E:~ Vlf 1·esea1·c:l1e1·s vver·e fcl1·c'.ed to r·ecl 11c·e t.l1ei1· 
01·igi11c1,l goal of 1r1oclelli11g t,l1e c:01111)lt~t.c? Ve1111s c1.t.111os1)l1er·e t,o fi11di11g tl1ose 
1)oi11t.s 011 t.l1e J)lc111clt, wl1e1·e t.l1e 1·11oclel J)ar·c1111ett)1• vc1lt1es a1·e c·lc)sest. t,o tl1e 
111E',ts11r·e1·r1e11ts t:l11cl cletE~1·111i11t:~ t.l1ose vc1lt1es. Off-t,l1e-sl1elf soft,wc11·e t.oc)ls l1c1.ve 
e11al)lecl t,l1e111 t.o 111c1ke 111ct11y te111po1·c11·3, ft11cl s111c1ll c·o11c:lt1sic>11s l)clsec·l 011 
cc1lc'.l1lat.io11s ctt, 1·elat,ively f'E_)vv pc)i11t.s i11 t.l1e at.111os1)l1e1·e. 

R,esea1·cl1e1·s at, (;\\TI ar·e clJ)l)lyi11g ge11er·c1l c:c)1111)11t,at,io11c1l ste<:~1·i11g C'.011c:e1)ts 
to J)rovide r1101·e glol)ctl a.11cl bet.ter· i11sigl1t t,c) tl1is ct1)plic·atic)1·1. Figt11·e 4 sl1ows 
C~SE s11clJJsl1ots of t.l1e ,list1alizc1.tio11 of' t.l1e i1·1t.e11sit,y 111ec1,st11·e111E~11t,s f1·0111 t.l1e 
Pio11eer. 

Tl1e CSE c1llo\vs dir·ec·t 111ar1i1)11lcttio11 of 111c)clelli11g/si11111latio11 pa1·a111ete1·s 
at i11te1·ac'.ti\.re sr)eeds. \\irl1ile tl1is t,ype of' i11te1·ttctiC)ll is a Vl~r·y iill})Ol"ta11t 

C'.apability, cu1·1·e11t 1,esect1·c'.}1 is foc:11ssecl 011 t.l1e dE:~velop111e11t. of l1igl1er level 
i11p11t ar1cl 11avigat.ior1 t,ec·l111ic111es. Tl1ese tec'.l111iq11es will l)e cleveloped arid 
pac'.kagecl as sat,elli t,es. 
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