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Abstract

AnzriW isasol%varesystemforautomatingnumericalinvestigations.Thesystemisdriven
usingitsown powerfulscriptinglanguage,Arnri@whichfacilitatesboththecomposition

andarchivingofcompletenumericalinvestigations,asdistinctfromisolatedcomputations.

Oncearchiv~anMtJz investigationcanlaterbereproducedby anyinterestedparty,

andnotjusttheorig@dinvestigator,forno castotherthantheraw CPU timeneededto

parsethearchivedscript.Infacethisentirelecturecanbereconstructedinsuchafashion.
To do this,thescripticonstructsa numberofshock-capturingschemesrunsa seriesof

testproblemsgeneratestheplotsshown;outputstheET= totypesetthenotes;performs

amyriadofbehind-the-scenestaskstoglueeverythingtogether.ThusMttz hasallthe
characteristicsofanoperatingsystemandshouldnotbemistakenforacommon-or-garden

code.InthisfirstlectureIwillattempttodescribeAnzritafromthegroundupwhich if

successful,willbeno mean featgiventhescopeofthesystem.Particularly,sincemuch

ofthematerialstmysquitefarfromtraditionalcomputationalfluiddynamicsintoareasof
heavy-dutyprogramming.Hopefidly,my secondandthirdlectureswillconvincereluctant
programmersthattheexcursionisworththeeffort.

1 Introduction

~t~ wasoriginallydevelopedasameansof drivinganAdaptiveMesh Refinement(AMR)
algorithmso as to provide an interactiveteachingaid which would allow studentsto explore
thepracticalaspectsof ccmqmssible,computationalfluiddynamics(CID). Hencethename–
Adaptive&&shllefinementInteractiveZeachingJ&I. Overtime, however,~ta’s mandate
hasbecome farbroaderandso itsnameis now besttakenatface valuel.

In the contextof this lectureseries,ibzrita can be viewed as a sofhvme systemfor au-
tomatingCFDinvestigations;rightdown to thelevelof constructingdocumentswhichexplain
both thepurposeandthe outcome of a particularexercise. Automationis seem as thekey to
improvingnumericalreliability,repeatabilityandproductivityto the point where algorithms
could be impmvedthroughmassedscrutiny.To reachthiside~ Amrita strives to provide a
computationalframeworkwhich is sufficientlyattractiveto both novice andexpertalikethat
it mighthelperodethepresentcottage-industrymentality,andits concomitantvagaries,where

‘Bycoincidenceamrita(anz-n?”th)alsohappenstobetbedrinkoftheHindugods!
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CFD codes arecraftedon a onedf basis. Specifically,themanylatitudesintroducedby mun-
daneactivitiessuchasp~paringinputfilesandpost-processingnxmlts,togetherwiththesheer
drudgeryof orchestratinginvestigationsby han~ ensurethatthereis no convertien~watertight
basisfor theexchangeof practicalinformationto feed back andimprovetheunderlyingCFD
algorithms.As a Esult importantobservationscan be slow to pexcolatethroughthenxeaxch
communi~.

In anearlierwork[18],I highlightedseveralpathologicalfailingsof Riemannsolverswhich
took severalyearsto become common knowledge,despitethepopularityof theschemescop-
cemed. Hence,personallyspeaking,I amn3uctantto embracenew “improved” algorithmson
thestrengthof resultsfmm one or two selectedtestproblems,as typicallyappearin ajournal
article,for fearthatthe “improved” schemescontaintheirown asyet unidentifiedpathologies
(%etter the devil you know, thanthe devil you don’t!”). Ideally,all new schemeswould be
subjectedto a completebatteryof appmv~ acceptancetestsbefore anyclaims aremade on
theirbehalf,therebyshwdining theprocessof determiningg whenit makessenseto employ a
particularnumericalscheme.Butmanydii%culties,bothpracticalandideologic~ would have
to be overcomebefore thiscouldhappen.Oneaimof thisIectmeis to demonstratethat2mr&z
removesa sufficientnumberof thepracticaldifficulties,in a sufficientlyimpartialmannerthat
you mightbe penmadedto helpoutwith~tzz’s furtherdevelopmentfor thecomputational
benefitsthataproperly,supportedsystemwouldbringto theCFDcommuni&.

1.1 What isAnritn – Animal, Vegetableor Mineral?

-tz is a systemwhich not only spansseveraldisciplines,but one which is designedto
operateat severallevels of sophistication.Gmsequently,it is impossibleto describethe sys-
tem’s constructionin an orderwhich will keep all partieshappy. Fret-off, Amrita is driven
via its own scriptinglanguage,Amrita3. At one end of the spec~ too early an introduc-
tion to Arnrita’spower leavesreluctantpmgrammemwiththeimpressionthattie languageis
too sophisticatedfor theirneeds. At theotherend too lateanintroductionto itsarticulateness
runstheriskthathanlenedprogrammerswill dismissAmritaasyet anotherscriptinglanguage.
Similarly,in some quarters,too pmninent a descriptionofAno-ita’s educationalvalue,leaves
theimpmssionthatthesystemis ameretinker-toy.Ontheotherhand to underplaythisrole, in
favourof emphasizingArm_sol’s4 meshrefinementcapabilities,leavesAmita open to accu-
sationsof algorithmicbias,whichundermineitsrole as a neu~ numericaltest-beds.

Whenallis saidanddone,%ta standsor fallson itsutilityasalaborsaving device. For
thisreaso~ no claims aremaderegardingits algorithmicoriginalityor efficiency; nor should
you feelJlnn&a is tryingto undermineyour intellectualcreativity.Anrr-ita is an open-ended
systemfor composing numericalinvestigations;in much the sameway thatE?T@Iis a open-
endedsystemfor composing documents. In view of this, it makesno senseto ask ‘What is
Anrita?’ or ‘What canJkzrita do?’ Inste@ you shouldask “What do I needto provide,
to enableAmrita to do such d such?” To makethisdistinctionclear, and also show that
An?ita is not vapour-wm, thesenotesrely heavilyon workedexampleswhich you can run
for yourseW,AppendixA explainshow to get started.
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‘Bydesign,allpartsofAnzritaareconsideredripeforimprovemen~tothepointwheretheultimatedevelop
mentofthesystemrestswiththegenerosityofitsusers.

3ThetypographicdfierencebetweenAnz&zandAmritaisdefinedonp.41.
4ArnrSOI isthesubjectoflecture2.
‘Do;otbefooledintothinkingthatAm&a’s horizonsstartandendwithadaptivemeshrelinemen~just

becauseofitsname.



To gear up for this%twzz odyssey, the next sectionprovides a gentleintroductionto
zlnuitaprogrammingusingtheexampleof a shockdiffractingarounda comer. Do notbe put
off if you fid the earlypace slow, because the pace will soon quicken. However,to avoid
losingthewaytoo often,manyof thedetailsasto howAm-ita goes aboutitsfull businesstue
consignedto Appendices. Forexample,AWendix B revealshow%tzz conjuresup a CFD
code for you to runtheshockdiffiaction simulation.Giventhisinformatio~plusanappropriate
amountof effoti on your parGthereis no intrinsicmasonwhy you could not eventuallyre-mn
theself+ame simulationin conjunctionwithyourownhand-cmftedsolver.

Hereis thecompletemad mapfor thelecture
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2 An Amita Primer

Amritais aninterpretedlanguageandso does notrequk separatecompiling,linkingandload-
ingphases.Givena scriptfile, the interpreteris invokeddkctly by typing

unix-proxnp t> amrita [options] scriptfile

where [options] isa list of switcheswhich finetunethe behaviourof the interpreter(the
option -h liststheotheravailableoptions).

2.1 my.script

ThisfirstAnuita scriptpnxlucestheresults

TasteOfAmrita

plugin amr_sol

CornerProblem Ms=2, XS=1O

logfile logs /my.script

solver code/ roe_f 1

shownin I@uIe 1:

amrqp Chp2/iqy.script
amrita -htazlW. script &

-S ps/grid.ps
anum3 ps/schlieren.ps

do phase=l, 5
def RefinementCri.teria

DensityGradient

if ($phase>l ) ContactSurf ace

end def

march 30 steps with cf1=0.8
flowout i.o/Corner$phase

end do
autoscale

postscript on

plotfile ps/schlieren.ps

ShadeCorner

SchlierenImage
plotfile ps/grid.ps

ShadeCorner
plot grids

Providedyou havefollowedtheinstructionsinAppendix& you can@e:

unix-promp txamrqp C@2/.. script
unix-promptxuurita -html my. script &

to generatea directorycalledps which containsthe two PostSaipt iiles needed to produce
the htmlcopyshown (my.script also produces directories: io, code, logs and htmJJiZes, but
more on these later). Try runningmy.script now, and check the resultantPostScriptoutput
usinga previewersuch as Ghos&Sm”pt The scripttakes90 secondsto runon anSGI Indigo2
machine(195 Mhz Mips R10000 pmct%sor)with 384 Mbytes of memory,butyou may well
haveto waitlongerfor theresults,dependingon thepowerof yourmachine,relativeto mine.If
my.scn>t failsto wow, consultwithyourlocal UNIX expertto comet yourshell-setupbefore
proceeding,becausethenxt of thislectme assumesyou areableto runworkedexamplessuch
astheabove.

%Jnforhmatelythevagariesof UNIXprecludethepossibilityofmy.scn”ptworkingfirsttime,foreveryuser,on
everyplatform.Somecommonteethingproblems,listedinorderofincreasingdifficul~tofix,arcztheenviron-
mentvariablePATHissetineornxti~thefile.cshrc(orequivalent)containsanerrorwhichcausesittoterminate
prematurelyauserhasthewrongfleaccessrigh~titfi hasnotbeeninstalledproperlyPer] hasnotbeen
installedproperly,orisbuggyonaparticularcomputingplatform(ifindoubtusePer14inpreferencetoPerH).
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(a)

Figure1: Outputfromnzyscript depictingshockdiffmcdonarounda90°comen ties (a)and(b)are

producedbythefilesps/gridps andpshchlierenps, respectively.Ifdesired,thesolutionscheck-pointed
usingflowout canberetrievedforpost-processingusingflowin.

2.2 Autoload Procedures

Despitebeingonly 21 lineslong, thisfirstAmritascriptorchestratesacompletesimulationand
is mpmsentativeof the effort reluctantprogrammersneed expendto usetits profitably.
Anuita scriptstend to be short-and-swee~because a line such as TasteOfAmri ta is not
strictlyasinglecommandbutacallto aprocedurewhichcontainsthecommandsto be executed
Whenaproceduredefinitionis missingfromanexecutingscnp~ Arnritaautomaticallyattempts
to load it following some specifiedsearchpath. By convention,autoloadprocedureshavethe
firstletterof everywordcapitalizedto distinguishthemfmmbuilt-inkeywords(i.e. commands)
whicharenecessarilywrittenin lowercase. Althoughtechnicallyprocedures,autoloadroutines
arelikecommandsinthattheyoflen come pm-suppliedanddo notappearin auser’sscript.The
generalidea is to haveone individualcrafta procedurewhich thewider~tfi community
can thenbenefitfrom. Here, for example,thebasic flow problemis set up by theprocedure
CornerProbl~ leavingindividualsto decide thechoice of solverandthetimeperiodover
whichtheproblemis marchedusingthecommandssolver andmarch.

Arnrita’sprocedureloadingmechanismis a convenientmeansof buildingcustomizedli-
braries,theonly rule is thatthereis just one procedureper file andthatthe filenamematches
theprocedurenamewiththeextension.anzr.Thus,theprocedureSchlierenImage, which
renderedtheschlienmimageshownin F@ue 1, sitsin a filecalledSchliererzImuge.amr. Them
is nothingspecialaboutthisprocedureandgiven a littleknowledgeof Arnritayou could well
havewrittenit youme~, it is suppliedmerelyas a convenience.As anotherconvenience,i4zn-
n“taprovidesa commandshowproc whichcanbe usedto obtainboththeIoeationandsource
listingfor anautoloadproeedum.

Here,you cantype:

unix-promp t>amri ta -c

to enterArnrita’scommandmode, followed by

atnri ta>shoqproc Schlieren~ge

to obtainthelisting:
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autoload procedure:

source listing<<

#

$AMRITA/stdlib/flowviz/SchlierenImage .amr

# Canned procedure to draw a schlieren image

#
proc Schlieren=ge {

exposure [0:1] = 0.8 # darlmess of image

amplification [0:?]= 15 # magnification of weak features

grid = {G} # select grid

}
DrhoDx ::= (R.HO[+i]-REO[-i])/(X[+i]-X[-il )

DrhoDy ::= (RHO[+jl-RHO[-jl)/(Y[+jl-y[-jl )

schlieren ::= sqrt(DrhoDx[] **2+DrhoDy[] **2)
minmax schlieren[] -> rein,max

Wt ::= (schlieren[]-$min)/($max-$min)

greyshading ::= $exposure’e~(-$amplification’wt[] )

plot image $grid mqceyshading[]>

end proc
>>end listing

Youcanthentype

atnrita>gzzi t

toexitArnri@on

amrita>Show proc=SchlierenIinage

toproduceanHTML listingoftheprocedure7.
‘lleabovemutinenicely demonstratesseveralfeaturesoftitaprocedums. Specifically,

aprucedurecan beendowedwith oneormorepararnet.m, eachofwhichcan begivenvalid
rangeboundsand sensibledefaultvalues,shouldan explicitvaluenot beprovidedwhen the
procedureisinvoked. Thusexposureis aparameterrestrictedtolieinthemngeO toland
defaultsto 0.8, andamplif ication is mstrictedtobeing greaterthanzem,buthasno upper
bound anddefaultsto 15. Whena procedureis invokd parametersaresuppliedby nameand
so theirorderingis unimportant.Therefore,all thefollowing calls areacceptable:

SchlierenImage grid= {G1-G2 }
SchlierenImage exposure=O. 5

SchlierenImage exposure= 0.6, ampli fication=l O
SchlierenImage ampli fication=5, exposure=O. 9

SchlierenImage grid= {G1-G2 }, amplification=5, exposure=O. 9

23 String Tokens

Arruitahas no variablesin the sense of a languagelike Fbrtranor C, a parametersuch as
exposure is nothingmore thana tokenwhichidentifiesa stringwhichis accessedby prefix-
ingthetokenwithadollarsymbolse.g. $exposure. Stringtokenscanbe givenexplicitvalues
usingthecommandset, andcan be viewed as containinganythinghorn a numberto a com-
man~ dependingupon thesituationin hand. Consequently,althoughcontriv~ the following
scriptis valid

7YoucanalsotypeSzow keywords. *to obtainacompletelistofthecommandsavailable.The*istreated
asawildcard,thusyoucoulduses*tofmdallthekeywordswhichbeginwiththeletters.

8Sfrictlyspeaking,$ iaanoperatorwhichexpandsatokewfordetails,seeChapter3 ofAn introductionto
Aln?-itJz[21].
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. . . preparatory script

set procedure = LatexLabel

set number = 2000
set string = an Amritan oddity!

amr~ Chp2/odaity.l
amrita nu.space.oddity

=QrRS Ps/2ool.ps I
set number #= $number+sin($number) **2+cos ($number)**2

set parameters “= label=$number $string

$procedure $parameters .’. .

‘l%e=operator(sometimes wdten”=)dhectly assignsthestringon itsrighttothetoken
on its Ie& atlerstrippingaway leading andtmiling white space, as distinctfrom #= which
evaluatesthestig thenassignsthenxndtto thetolm. Thushere $number is immmentedto
2001, andsinceAruifa attemptsto expandall stringtokensbefore executinga line of scripL
thelastlinebecomes:

LatexLabel label=2 001 an Amritan oddity!

Thisversionof thescripfi -

. . . preparatory script
set procedure = LatexLabel
set number = 2000 EzzEEzl
set string = an.Amritan oddity !
set number #= $number+sin ($number) **2+cos ($number) **2
set parameters “= label= $number $string
$procedure $ parameters

generatestheemm

Error at line 14 of file run_space_oddity:

expected string token !

Line 14 is:

$procedure $ parameters

error near:

parameters”

becauseAnuita does not Wow a spacebetweenthe $ (i.e. thestringexpansionoperator)and
thetokenuponwhichit is supposedto act.

Progmmmersbroughtup on strongly-typedlanguagesmightbalk atAnuita’s lax approach
to things,but theirfearsaregroundless. Genemllyspeaking,Am&i scriptsdo nothingmore
thanfarmoutrequeststo a plugin engine(hereAmr_sol) to accomplishtheirtasks;theydo
notinvolvelow-levelcode suchasloopingovertheelementsof anarray.Consequently,because
thecontextof a requestis alwaysclear+u~ theinterpreterhasno difiicukypinpointingerrors
@st asitdid above). Inthecaseof thepmcedureSchlierenImage, only twocommandsare
requiredto do thework Theminmax commandexpectsto be given an expressiontemplate,
whichif W@ ispassedto theresidentengine.Theenginethengrindsawayto findtherelevant
minimumandmaximumvalues,which it spitsback as two stringswhich w thenassignedto
the tokensmin andmax. Hence the notatio~ ->, which is suggestiveof the logical flow of
informationiiom theengineto thescript.Similarly,the image variantof pl ot expectsto be
givena shadingtemplateto render
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2.4 TemplateExpressions

Templateexpressions,suchasschlieren [ ] andgreyshading [ ], essentiallyck%nefunc-
tionswhich some command– furtherdown thetrack– evaluatesover thecomputationalgri~
asit seesfit. Thus:

DrhoDx ::= (RHO[+i]-RHO[-i] )/(X[+i]-X[-i] )

definesatem@atewhichapproximatesthedensityderivative6p/&lj usingcentraldifferences.
The symbol :: = is us@ ratherthana straightforward=, to emphasizethefact thatanexpres-
sion is being definedsymbolically andthatno assignmenttakesplace. Arm--sol pre-defines
x [ ] to returnthex coordinateof thecentre-of-gravityof themeshcell (i, j). Similarly,RHO[ ]
is a systemfimctionwhich returnsthe densitywithinthe cell (i, j); RHO[ ] is defied in the
procedureEulerEquationslO, which is called ilom withinTasteOf~i-ta. AmI_sol
allows expressiontemplatesto takeoffsets. For example,RHO[+i] would returnthedensity
inthecell (i+l, j), and~O [+i-j ] would~turnthedensity forthecell (i+ l,j – 1)11.The
ptecise syntaxof an expressiontemplateis controlledby theplugin engine. Therefore,the
factthatAmK_solunderstands+i- j, hasno bearingon whatanotherenginemightallow.

Once defin~ a templatemaybe usedto help definefurthertemplatesandso complicated
expressionscan be convenientlybroken down into smallersub~xpressionswhich are more
easilydigested.Forexample,in SchlierenImage theiimctionwt [ ] will clearlyonlyreturn
valuesbetweenOand 1. Thereforegreyshading [ ] will only returnvaluesbetweenOand
$exposure, andknowingthatthe image variantof plot shadesthevalueOas black and
thevalue1 aswhite,thechoice of thetokennameexposure becomes obvious: it controlsthe
overalldarknessor exposureof therenderedimage.

Arnritausesexp~ssion templatesin ahostof commandswhichperformtasksrangingfrom
pnxcribinginitialflow conditions,throughselecting~linementcriteri~to extractingdataalong
pathsin space. This approachprovides an extremelyflexible, yet simple meansof control-
ling the underlyingcomputationalmachinery. Many of these commandsaxedeemed to be
specialistin the sense lhat they can only be used within a def $mode block such as the
def Ref inementCriteria block seenin my.script. Some othercommon def blocksw

EquationSet, Domai& SolutionField and BoundaryCondi tions.

Theream no restrictionsregardingthescriptcomplexitywithindef blocks,thatisyou am

freetouse logicalconstructsand invokeprocedures(orevendefinenew ones)and thelike.

They existsolelytoallowilnnitatomaintainsome semblanceof controlovertheorderin

whicha simulationissetup.Forexample,it makesno senseto pmcribe boundaxyconditions
before a flow domainhasbeenspecified.Nor does it makesenseto sprinklerefinementcriteria
atarbitraryplaces in a scrip~sincethemechanicsof grid adaptionrequire thatall thedesind
criteriabe specifiedup front. Thereforedef $mode commandscan be viewed as interlocks
whichturncertaincommandson, andswitchothersoff. Thusitis notpossibleto integrateaflow
solutionfrom within a def Ref inementCriteria block using the march command
sincethiscould resultin thegridbeing adaptedusingonly a subsetof theintended~finement
criten~ leading to unexpectedresults. However, since def blocks can be repeatedly,it is
possibleto changerefinementcriteriamidwaythrougha simulationwhendesired.Itjusthasto
be done explicitlyas is done in theprogrammy.scnp~ the reasons for doing so hem aregiven
attheendof thenextsection.

‘Thiswillonlyequaltlp/dzlVonauniformmesh.
10TheconstructionofanEquati.onSetisdescribedinlecture2.
1%e maximumallowableoffsetdependsonthenumberofghost-cellsusedbytheengine,andwillbediscussed

inlecture2.Butshouldyoumakeamistake,Amritaissuesaninformativeerrormessage.
12Themaresomerestrictionsconcerninghowdefblocksarenested.
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AlthoughAmtita has the usualprogramflow-controlconstructssuch as do, while and

foreach looping commands,and logical constructssuch as if and switcQ thesearenot
whatsetsit apartfrom otherprogramminglanguagesandso havebeen left out of thisprimer.
Amrita’susefidmss stemsfrom its abilityto mix numericaltaskswith documentpreparation
tasks,andit is not intendedto be a replacementfor the likesof C++. Therefore,althoughthe
wisdom of endowing~tw withits own pro-g ~-might not be ~~ately
apparentespeciallyto reluctantprogrammm, Anuitadoes fillanichewhichis notwell catered
for by otherlanguages.He~, in caseyou havenot alreadytwigg~ @e -htnil optionusedin
therunning of nzy.scn’ptcauses the interpreterto generateanHTML listingof my.scnpt andany
autoloadpmcedumit activates.Thisprovidesuserswithaveryconvenientmeansof examining
Amrita’s stamkudlibraryin actio~ andso theteis no excusefor not being able to follow the
innerworkingsof theexamplescriptspresentedin thesenotes.

If you havenot alreadydone so, trytyping

unix-promp t>netzrcape htmZ_files/zqy.script .htd

andyou will seethatCornerproblerninvokes:

proc ShockWave Ms=l. O, statel=quiescent,

m ::= GAMMA’ $statel

99 ::= (gm[l+l) / (gm[l-1)

state2=post_shock

cl ::= sqrt (gm[]*P’$statel/RHO’ $statel)
p2 ::= (2*gm[]*$Ms*$Ms-(gm[l-l) )/(gm[l+l)
r2 ::= (99[l*P2[l +l)/(99[l+P2[l)
U2 ::= $Ms’(1-( (9m[]-1)*$Ms*$Ms+2)/ ((gmL[]+l)*$Ms*$Ms
W’ $state2 ::= W’ $stateld?HO*=r2 [],U+=U2 [],P*-~2 []>

end proc

)*C1[]

to computetheshock-jumprelationships%

I-?2= 2’y@ – (’y– 1)
E 7+1

: =[(s:+ 11’[(s3+:1
U2

[

~~ l_ (7–1)%+2—=
c1 1(7+ w%! .

For thetimebeing, thesyntacticdetailsof ShockWave areunimportant.Of more signifi-
cance,is thefact thatAmritais equallyathome executingsuchequation-basedroutinesasit is
executingthetypesettingroutinesin thenextsection.

13Whenusingexpressiontemplates,Rn-tranaficionadosshouldnotethemisnocomputationaladvantagetobe
gainedfromreplacingconstantsub-expressionsexplicitly,becauseAmrifaautomaticallyreducesthemdowntoa
numberaspartofitsinternaloptimization.Forinstance,donotintroducegml[1 ::= gm[1-1inthebeliefit
willsavethecostofthesubtractioninalaterexpression.Here,gg[]wasdefinedsolelytoimprovethelegibility
ofShockWave.Onceyouhaveread54,youcanrunthisscript(a.mrqpvki/qym.1):

plugin amr.sol
W’one ::= <RI-ml,U.o,V.o,P=l,GAMMA.1.4>
Shockwave statel=one,state2=two,MS=2
exprA ::= P’two[]
W‘one ::= <RHO=l,U.O,V.O,P.l,GAMMA.X[]>
Shockwave statel=one,state2=two,MS=2
exprB ::= P’two[]
~ort exprA[1,exPrB[1

togainabetterappreciationofhowexpressiontemplateswork.AlthoughAnri2ishappytouseavariable~
theC!FDsolvermaynotbesoforgiving.
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3 Document Preparation

On a couple of occasionsI haveremarkedthatthesenotescanbereconstmctedusingJlmr&.
Thissectiondescribestherudimentsof howthisis doneandthenpments tworealisticexamples
for you to cutyour teethon. Thekey new concepthereis thenotionof aprogramfold

3.1 Program Folds

To facilitatetheconstructionof top-downinvestigations,Armitascriptscan employ “program
folds” along the linesusedin the Occarn1%-g Syskm (OpS)[51. me new twist~~
Amritaaddsis to allowfor mukiplefold-types. If Amritacan’tpnmessthefold itself,it farms
thefold outelsewhere.Thus,if theapplicationwarrantsit theAmritaexpertcango so farasto
utiliseseveralprogramminglanguagesin thesamescript(a nice exampleis givenin ~ 7). This
nextscrip~illustrateshow you canuseprogramfolds to embedsectionsof J61jjXwithinAmri@
theendresultbeing Figure2.

PotentialFlowEquations

plugin amr_sol

... generate figures
Latex2eHead

... typeset title and background

... typeset tabular of figures
Lat exTail
Latex

amrqp vki/pOtential.1
amrita petantial_flow

ms c3dindar/psi.PS I

The scriptbecomes moreilluminatingwhenit is unfoldedonce

PotentialFlowEquations
plugin amr.sol

fold: :amrita { generate figures

... look in here for some more folds

}
Latex2eHead

fold: :print { typeset title and background
foltbq-wrd= I,dollar=*

\pagestyle {empty}

\vspace I*{-40pt}”

\centerline {\Large
*text: :potential

*text: :ref

}
fold: :print { typeset

*text: :title }

tabular of figures
fold>guard= I,dollar=*

\begin{ center}
\begin{ tabular} {ccc}

*fig: :kappaO & *hsep & *fig: :kappal \\ \\ [*VSep]

*fig: :kappa2 & *hsep & *fig: :kappa3 \\ \\ [*VSep]

*fig: :kappa4 & *hsep & *fig: :kappa5

\end{tabular}

\end{center}

}
LatexTail

Latex



Streamfimction@ forflowaroundacylinderwithckculadon

BATCHELORj G.K. 1967Aa Imnxfmon“ toFzaidDynamiu,caIiXidgcuOiVmayRcss.

6 = 4/3zaV x O K = 4/37raVx 1

K= 4/377aVx2 K= 4/3uaV x 3

K= 4j3raV x 4 K= 4/3xaV x 5

%ge 424Onward.5,forthe1583ppabackeditim.

L

1“ F@re ~ Pageproducedby thescriptpotentialjbw. If youalterthetitleusedbythescriptaudthen
re-runi~you willnoticethatpotentia15w doesnotwastetheeffortofregeneratingtheplots.One1,
interestingexperimentyoueantryistorunpotentiulJ70w usingacoarsegridandobservetheresultant

nwir~ interferencepatternsbetweenthestreamfunctionandtierastersamplingofplot image;delete

theoldPostSmiptiilesfir%otherwisethescriptwillsimplyreusethemandignoreyourinvestigation.,,



The fold: :print constructworksmuch asa “heredocument”inslqcshor Perf[28],in
thatit allowsa texttemplate,withunexpandedstringtokens,to be e*ded withina scriptL
Lineswhichbegin with fold>14 containdirectiveswhich fine-tunethebehaviourof thefold.
Odimrily, Amritaemploys\as a guardcharacteqthus&nrita would attemptto expand$%
butnot \$a. But withina f old: :print block thedirectiveguard can be usedto change
theguardcharacterto 1, therebyeliminatingtheneedto type \\ for everybackslashintended
for Ii4T@LSimilarly,thed.inxtivedollar can be used to changeAmrita’s stringexpansion
operatorfmm$ to *, whichcomesinusefidwhentypesettingmathematics. Thefoldingeditor

q“ (shofi for~~::ofig=”) facilitatestie ~mtruction andviewingof foldeddocuments, e “
16To seethe utilityof am@ type:butitsuse is notmandatory .

unix-promp t> anmgi potential.flow

Once you arein theeditoryou cantypeAlt-T to obtaina walk-throughtutoria117whichwill
explainhow to browsetheprogramfolds withinpotential~w18.

If you havelooked aheadto Figure8, you will notbe surprisedto learnthatthisscriptcan
be usedto typesetpotentiaZJlinvin them&er shownear.liw~

set script = potential_flow

set level = amr::Ll
amrqp vki/folc!i.it

fold: :file $script (to $level) -> listing
amrita fold.script
cd latex_files

Lat exHead

fold: :print { latex script–listing
-S amrita.ps

fol&quard= I,dollar=*

\begin{verbatim}
*listing

\end I{verbatim}

}
LatexTail
Latex

The scriptobtainedwithamr~ v-ki/grab.it performsa similartrickto typesetthefold
whichdefinesthecomplexpotentials:

fold: :amrita’potentials { define complex potentials

set a = 15 # radius of cylinder
set V = 1 # velocity of free stream
set alpha = rad(30) # angle of free stream

z ““= {X[]-$XO, Y[ ]-$Yo} # centre cylinder in domain..
free_stream ::= -$V*exp( {0,-$al@a}) *ZII
cylinder ::= -$V*$a*$a*exp( {O,$alpha}) /Z[l
circulation ::= -{0,1 /(2*pI) }*ln(Z[l/$a)

... typeset formulas

}

Now if you arewonderingwhe~ all thisis leading,thenextsectionmightconvinceyou that
thereis atleastsome methodtoAm-ita’s typesetting-madness.

14Asamnemonic,viewfol~ asapromptforadirectivewhichindicateshowthefoldshouldwork.
151nC parlance,anAmritastringtokenisapointertoastringwhosevaluecanbeobtainedusingtheindirection

operator$;hencetheuseofthestandbynotatiow*for$.
%%en constructingafoldusinganormaltexteditor,justmakesuretheclosingbrace}isinthesamecolumn

asthefinfold::print.
*7Thisisspawnedasaseparatewindow.
IgProgramfoldsareanadvancedAmrirafeaturewhichreluctantprogrammerscantakeorleaveasthey~ fib

AnrMn isdesignedtoallowanindividualtoiindhisorherownlevelofprogrammingcomfofi

13
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3.2 A Montage of Flow Solvers

One reasonwhy thereis littleconsensusof opinion in the CFD community– concerningthe
relativemeri~of thevariousshock-capturingschemesin existence–restswiththesheernumber
of schemesto evaluate.Withoutsomeform of automatio~no onepersoncanhope to testmore
thana smallsubsetof schemes,on a smallsubsetof problems.Consequentlyit is notsurprising
thatdiffiwentworkm, form dil%erentopinions,from differentexperiences.Thisscripc

. . . redirect latex output . emr~ Chp2Anontage. 1
Latex2eHead pagesize=problem-sheet emrita nm.nwntage

... typeset title cd dbc/.tage

... typeset figures ~ Solvers.ps

... typeset footnotes

LatexTaiI

Latex

Summa&e some of my experiences.The scripttakesaround25 minutesto runlg,andgener-
atesthreedhectory tnxs: code, results anddbc, the lastof which containsthe PostSm”pt for
figure 3.

If you browsethescriptwith -“, you will notice thatthe shock-diffractionsimulations
arerunby asub-foldof thefold whichtypesetsthefigure,butonlyif themsukshavenotalready
beengenemtedby apreviousinvocationof thescript(aswasthecasewithpotentiaZJow). The
Am&i expertis not fetteredby artificialnotionsof p~- andpost-processing.Tasks,whatever
theirnatme,can be deaItwith in the order dictatedby the investigation.Here, for example,
run.montage goes so farasto callthelibraryroutinel?asicCbdeGenerator(seeAppendixB)
to crafttheindividualflow solversneededfor theinvestigationgodunov.kq roe_fl ausm_a
hlle_km andefln_km. Thesesolversarenotstand-aloneCFD codes, butshanxiobjects which
amsuckedinto themeshrefinementengineAmK_solusingdynamic-linking.

A briefintmductiontotheprogrammingbenefitsof dynamic-linkingisgiveninAppendixD,
heretheessentialfmt to graspis thatdynamic-linkingallowsa separationof theclassicalwork
of integratinga diwmtizedsetof partial-differentialequationsii-emthedrudgeworkof crafthuz
aninvestigation.Forinstance,tl& scripb

. . . redirect latex output
Latex2eHead pages ize=problem-sheet

... t~eset title

... lead in to body of article

... describe flowfield

.-. describe how images are drawn

... describe sensitivity study
LatexTail

Latex

Umrqp chp2/schard.in.1
amrita run_schardin
cd “dot/ausm_km

-s s~ “ .ps

generatesthe two pages of Postscript shownby FQures4 and 5. By defaul~the scriptem-
ploys thesolverar.zsm_lq butthescript-writerhasmadeitpossiblefor a differentsolverto be
selectedvia a commandline__ent, say

unix-promp txmrita -a efiu_ku

BULgiventhe wondersof dynamic-linking,anyAmK.sol compatiblesolvercould be chose~
evenone thatwas notin existencewhenrun_schardinwascraftd

l%WU Iam@ug anSGIIndigo2machine(195Mhz MipsR1OOOOprocessor)with384Mbytesofmemory.
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A Montage of Solvers~

MS= L2

MS= 1.5

MS= 2.0

MS= 2.6

❑
- . ..= —- -——.——=~—

~.*=>_=r

MS= 3.5

❑✃❉❉
Ms = 1.3

MS= 1.6

MS= 2.2

MS= 2.8

Ii& = 4.0

M.q= 1.4

h’fs= 1.8

MS= 3.0

solver cede/godunov_laa

●ThissolveristhelmstqtCStsivcOftk

dvecodcs,lmtitwaks acrmstbemnge

Ofh’fachnumks.

● Nc?ethemllmtomteriteriahaslmtaaclc
ofthe&akmlAshocknwrtbeRau.

solver code/roe_fl

● ‘I& SOIV=hasthetestresolutitmofthe

livecodes.

● Unf@unatdy roe_fl cannotcopewith

M numbersmuch above2.

solver codelau~tms

● ThissolverisSsguablytheehcapestoftbe
dveCo&s d hasgoodresolution.

. Unfmtunatelvausm moves fartlomaw~

●

●

●

●

som2 forh&hnus&m lessthan1.S.

solver code/hlle_km

This solveris muds more robustthan

ausm audahssost-ascheep.

Unfmtunat@ theinspmvenrntintolmst-
SESSisoffsettypoorresolutionofcontact

smi%ces~.

solver code/ efikm

ThissolverisverySinsilarinperfol’Immx

tohlle.

‘4Msoua m SOOE ~=s (e,%
dowlysmvingsheds)efns pesfcnns
markedlybstterthanhlle.

MS= 5.0

‘CFDs6ckasdosDkaw notetheobiedofthememstewscisek tolookkwnd thekiedns-“eddwkofwhichnumaical
scheneisbest(Am it&m& m thed&umues fima~-=wmtieti~ofa~~~tiae

$W ~~w w theOIIMS on tf& page,isads inthecmtat ofthepmt dmckdiffrwdmproblem~ WY not
qplyinotbasilwtiom~Alfgeaaakadmsamdmgmw,,ewnthisom.”jikAksn&—sDun@.

$Jfyo”W theaboveimsgesmntdict thisstatenmt,you hsve fO@tm toaccountfortbeimmsseintkStMI@ Oftk.
aWtiawti~mk tiestigaamnW tiemkitktomlW tie*ti*ms~ha~

F@re 3: Outputproducedby nu.montage. The accompanyingpkhy remarksarenotintendedto
diminishthepresentedschemesinanyway theysimplyreflecttheauthor’sviewthrttcompressibleCFD

canbeanextremelytitratingbusiness.
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Comparison Against Experiment~

Bfi@,ti~f~&tiflm fieM~mfoUws ‘llediffmtionoftkhxidmtshockwavc
(1A) ammd theecsnczgiws riseto enexpansionfanwhichemmatesfmmtheapex(0).‘l%eshapeof
this&l’sleadeksetmm- “c(OQA)suggeststheflowupstreamoftheshcckismildlysupczsonicThe
~mofti_mtitititi ti**ti&6riw ba&ti*ti*(@~*&
ismd A~*(Q_tich- timtidti&k ktiAkmm&m~
titi&ti*dfltidti& kk~d~tie~*titi hflowtitietiti~
oflheccsnecisdetachdandsoaslipstrcam(OS)sqamtesthcexpmdedflowhomaregionofalmost
tioq~dtibd oftifip~m~ uptiavti(~. Twosecomkyshockwaves
(T$d(@m*m*tipmof tiflwAti&ti-mti mtiof*
dece!cratedilowbchindtbedifiktdsbcxkfmnt.Observelmwtksecomkysheck(TS)iskinkedasa
resultefitsintemcdonwiththeslipstream. A lidshockwave(R)isneedcdtodeeelsmtethereverse
flow,withinthesepamtdrcgion(OVR), downtom vekcity atthepointofdifkwtion.

NowtheabovefigumwaspmduccdusingtbeAm@~oce&se

proc Scbardinnnsge xo=-81.8,yo=-4.25,&83 .7,drawkey
pusbnmtri%

rotate “-90 ‘.
paste s&herdin .jp9 ~ box SXO.$YO.$~. ?

Pm-
if (token(drawkey)) SChsrdi.KeY

enaproc

Thefiledonfin.jpg containsascaonedimageofthe -qemmmtd shadowgmplLbuttheimageisinpcntrait
mode andlaeksIabels(tryviewingitwithNetwape).Sbardinhge invokesAmi_sol’sgqhics engine

todrawthisjpgfikmtatedby90°top’odueeakndsmpeimage.Thein boxpartofthecmmnandcasums
tbeshadowgsaphispositioxrdandssaIcdtomatchthecodimtesyskmusedbyCornerProblemThis

‘SCSAIUMN,IL1%5,Pmc WM. Cong.IiighSpeedPhotog.196S,Ikmmbd,Gmnmy. PP.lt3-119.VsrlsgO.Hdwidu
pichxecourle5y0fDLHRs- icbmbe% Also,appeas kc An Alhan ofPhddModon(Platc243),-bkd byMiltonVsnDyke,
PsmbokF1’csq1%2.

, I@um 4 Fii pageofoutputproducedbynu.schardrn.
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thatallowsSchardinKey tocpclateinthesatinway asCornerSchematic. M examp~ (0)is

Welled Witlu

LatexLa&l lahel=\$O\$,xo=26, yo-Al,height=$ht

Similarly,itispossiblctooverlaytb axnputedfrontpeaitims mtop oftheexperimentalimage$,However,
forrcascasgivmbelow,wcchoosetodothisforM~=2.34mtbeztbantbe~ - “llyrepmted
MS= 2A

Comparingnunrzkalresultsagainstexpcrirmntisnota cutaud driedexemiseand ofteninvolvesa
oxasum ofjudgetmntbasedon ecunmensenseandphysicalmasonin~ HerG forexamplq a closeexam
inadonoftk expmhmntd imagesuggeststi comerisbluntedButthisisanopticalillusionmud by
therefmetmtoflightinthevicinityofthecomaapcx~.Atanotherkve~theinviseidflownmdelusedfor
thesinmlationcannotbempectedtomimicthefullviscousbehaviouroftheexperinmLWhifetkiscan
ktidmadtitism oftiemdq itm&ktiti mati*dtiea@- ViSCCUS
dragactstoslowtheincidentshcckdowndiningtkcourseoftheexpaixwn~eoosequcntlytheeffective
incideatMaehnomberisalmostmztainlydiiTerentfromtherqortedvafue.

Fmmes(i)-(v),bdow,showtheresoltsofanumrkalsensitivitystudyainrdat&termMngthevaria-
timtiti~m_ msd-~btietidti*n_

(i)MS= 226 (iiiMS= 2.30 (ii)MS= 2.34 (iv)MS= 2.38 (v)MS= 2.40

❑EE H-•

%-&.F:-

Observehowthesecondaryshock(2’S’)movesawayfromtheapex(0)withkrmsingMachnumber,
whiletlmfoot(~oftbedifikkdskknwvesclosertotheapexwithincreasingMachnumber.Basedon
thisstudy,arguablytheclosestagreementbetweennumericsandexperimattoecxrsfcrMS = 2.34, which

W%* ~ -m WU’h@ inshodcS@ of2&%.

$~~ ~~& - ~l~yN-=ic~F~~t~~s -plothge &M& negsti.fem (e.g.me-l>, MC-1>,

Xgl%-1, o,O>,RGW-1, o,O>*) asmnspamlt.
W you arcnotswayed by thisSIWma asinine pti 243ofAn AfbmI ofFftidMonk ItShWS thee sm@nts ofOK.

Wfnxtionx eachwbhadiffermtammntofbluntingMormveT,thebluntingdexwsesm tbeflowdewlopsrntimesndsn
Omvaiation-t bebtanoionsanebb.aneformofIow-tonpastumsblstinn

Figure5:Secondpageofoutputproducedby run.sch.mdin.
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303 Startup-Errors

Both run_nwntage andnu_schardinweigh in at around300 lines of Arnri@ andso arenot
particularlyonerousto eonstruet. Nevertheless,they are sizable enough to put an Arm&t
noviceoff, especiallyonestrugglingto getto gripswithstringexpansions(seep. 52). Therefore,
thisnextscriptdropsdowntheprogmmmingscaletodhstrate anotherproblemwhichbefuddles
CFD:

.,. . obtain shock-diffraction solution amr~ @l@?/Bt&Z’tUp- 1

... ~ke interferogram sch’&atic amrita startup.errors
LatexHead cd startup
... output raw latex for title ~ ~=*Rs ‘
LatexNupFig iup=2, jup=3

foreach shift (0,0.2,0.4,0.6,0.8)

set file = shift $shif t.ps

plotf ile $amrita:latex:: d&/ps/$f ile
etc ..

Evenwiththebestwill in theworI&thereis genetiy insufficientroom for theCFD author
to dcseribe all the small innocuousdetailswhich might affeetthe reader’sperceptionof the
qualityof thepresentedrmultsn. For example,considertheshock-diffktion resultsshownin
Figure6. Therawsolution-dataisthesameforeaeh interferogramimage[14];allthatchangesis
thereferencedensity.Butone’sperceptionof thequalilyof thesimulationvariesdramatieally21
dependingon the depietedsttengthof the tram-linesbehindthe shock. These tram-lineswe
“startup-errors”whicharisebecausetheshock-capturingschemeusedfor thesimulation~ot
propagatethe perfeet discontinuityused to prescribethe initialflow conditions. Therefore,
insteadof propagatinginformationsolely on the (u+ a) characteristic,smalldipsin thedensity
fieldareintroducedon the (u–a) andu characteristicsastheshocksmearsto thenaturalprofile
dictatedby thenumeries.

Startup-ermISam self-similarwith mesh spacingandso do not disappearundermeshre-
finement.As such theyarezemth-ordererrorswhichcsnnotbe elirninatedmby increasingthe
orderof theaeeuraeyof theintegrationschemq nor, for thatmatter,cantheybe eliminatedby
movingfrom a worhtation to a massiveIy-parallelcomputer.Forinertflows, startup-armsare
an annoyancewhich can be toleratedbecause they aresn@ localized glitches. For matting
flows, startup-errorscan prove catastrophic,as the small deereasesin density,corresWndto
smallincreasesin temperatum.These glitcheseanevolve underchemicalamplificationlead-
ing to “blow-up’’[l9] wherethereaetionproeeds manyoxdersof magnitudefasterthanif the
initialtemperatureperturbationwem absen~givingrise to dmsticallydifferentbehaviourthan
expeeted.Thusa smallIoealerror,givesriseto a largeglobal error.

Interestingly,adaptivemeshrefinementdiminishesstartuperrm in a naturalway, so long
as the refinementcriteriado not home in on the densityglitches, as in [7] or Figure9. It is
for thisreasonthatmy.script does not employ Contactsurface forthefirstphaseof the
simulation.Wartuperrm arelow fiequeneyerrors,which explainswhy theyarepreservedso
well by shockapturing schemesth~ universally,aredesignedto damp only high-frequency
errors.In thecase of my.scnpt, the low-fiequeneystartup-errors,which appearon thetie grid
astheshockrelaxesto a smeamiipmfile,beeomehigher-~uency errorsastheydropoff onto
thecoarsegridbehindtheshock+Theyarethendampedin a naturalfashionby thedissipation
of theintegrationscheme.

‘L.& aloneallowthereadertoreproducetheresldts!
2*Atleastforthosewithacriticaldi@osition.
‘Iliveinhopeofbeingprovxwrong..

‘.
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Shock-capturingschemessufferhorn ‘&mtup-errom”

p.= OxAp p.=02x Ap

p. = 0.4x Ap

p.= 0.8X Ap

p.=0.6X Ap

F@ure 6: Pageproducedby thescriptstartup_ermrs. The tram-lines donotappearforthepO = 0.6

andpO= 0.8cases,becausetieerroneousdensityvariationassociatedwiththestartup-errorliesinthe
region1>1 andplot image shadesallvalues>1 aswhite.Thedepictedstrengthofthetram-lines

intheremainingcasesdependsontheslopeof1 forthenominal,densityplateaubehindtheshock.If

youm-runnzy.script with the refinementeriteri~setflags [000Ioxo I000 ] 1 toforcerefinement

everywhere(Le.auniformgrid),thestartup-errorswillbemoreprominentthanhere.
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4 System Overview

I

.,

You now have sufficientknowledgeof~ttz, put to everydaygood use, for me to be able
to presentan overview of how the systemworks. The basic”designtenetscue repeatability,
accessibilityandextensibility.For example,repeatabilityrequiresrobustness.In thisrem a
simplewell-engimxmxli- outpdorms thesophisticatedappmaehwhichtripsup on itsown
cleverness.Thereforedo notbe afraidto code-up a “spade; in place of a “manuallyopera@
earthmovingimplemen~”if it sufficientto do thejob. Equally,havethecommon sensenot to
usea “spader whenthejob callsfor a “JCB excavator.”

4.1 AmritaSyStem

Thisone line script%

AmritaSystem

callstheM@ libraryprocedu&

... prograrmner notes

proc AmritaSystem {

plugin = amr.sol

workdir = AmritaSystem

alnrqp vki/systam.1
amrita Bhm.systam
cd Amritamtem
amps AmritaSxstam.ps
amzw AmritaSsl.RS

}
. . . define internal

#

# Depict Amrita system
#
pushcwd $workdir
plugin $plugin

RunUserScript

postscript on

procedures

using the above intemal procedures

SetPage size=USletter, orientation= landscape
plotfile AmritaSystem. ps

DrawAmritaLogo
DrawUserScript

DrawScriptOutput

DrawIsl

DrawPipeLine

DrawLibraryScript

EndDrawing

SetPage size=USletter
plotfile AmritaIsl .ps

DrawExplodedI S1
EndDrawing

popcwd

end proc

togenerateF@.ues 7 and8.

‘An in-jolwamongstBC!PL.programmerswasthatthelanguage’sonlyusewastowriteB(2PLcompilers[22].
Similarly,acriticcouldsaythatAmrita’sonlyuseistodocumentAmita.A packagesuchAdobeIllustrator
couldhavebeenusedtopreparethetwofigures,butthenthetie-upbetweentheschematicandthesystemwould
likelysoonbecameoutofdate.Here,becausethesystemgoestothetroubleofdocumentinghself,changesmade
tothesystem(sayarestrictingofISL) areautomaticallyreflectedintheschematic,thenexttimeitisrequested.
Theonlythingworsethannodocumentation,iswrongdocumentation.
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lSL – Intermediate Scripting Language

&18:La iak:Ll *L2 idXL3 iab:L4

DoeumentPreparation– tits style

amr::LO

Lataxlie.xd
grab::isl amr.sol:plot::flags frml Usc?sipt.isl-> id
... output title
foreach hvd (LO,Li,L2,Ls,L4)

fOl* :tokenisl (to isl::$level)lines {m} -> listing
... mltpnt listing

end foreach
LatexTail
Latex dvips=-E

amr::il

LatoxSazvi
grab::isl mur-sol:plot::flagsfrom IIXript.isl-> isl
fold::print{ output title

folqplami=I
boiadant\Large\muprog{ISL>--
ratmmediate scriptingLmlgImge\\c20ptl

}
fOrOti lWO1 (LO,Li,L2,LS,L4)

fold::tokon isl (to isl::$Ievel) lines {~} -> listing
fold::print { output listing

folbpyrd=l

\pagestykknpt y}
\tiny
\begin&Adpage} [t]{2.8cd

isl::$lwml
\b@n{verbatid

folocol=l
$listing

\end[{verbatid
\endWnipage}

3
andforeach

LatexTail
Latex dvips=-E

3
nuz{

000
011
000

}

iml
-10
real
000
.X3
f lm
Teal
O*O
Tan
000
bil
b19
Vsm
010
TM
000
.i9
f 100
.Km
-10
.583
000
b12
b16
b21
.ml
010
Tml
.00
m19
f Im
.ml
010
Vml
.00
b12
b 16
m 0.002
b?l
b26

010
000

3
=apr{

1
. ml
C.ol
.ml
000
.is

F@ue 8: TheXZ.instructionsforthenext-tcAastlineoftheuser-scriptinFigure7providetwopieces

ofinformationforAnEsol to getthejob done a gridlist to fixwhichpartsof thegridtheengine
shouldworkon, anda shopping-listof Ref inementCrit eria by whichto flaganindividualcell.
HeretheuserinvokedContactSurf ace to set-upa shopping-listof justtwoset f lags tes@ each
of whichneedsa gridlist to restricttheextentof itsoperationanda mask of cellsto flagif the
symbolicexpr is true.TheISL tree structureallowsinformationintheleaf-nodestoberevam~ say

anoverhaulofexpr,withouttheneedtochangetheoverallsequenceofevents.
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4.2 llZ - IntermediateScriptingLanguage

The basic orchestmtionof Ano-&z folIows the classicalconstructionof a compil&. In the
caseof a compiler,a front-endparsestheuser’ssoumecode to form anintermediatesyntax-tree
which a code genemtorthentraversesto produce a targetexecutableconsistingof a sequence
of machinecode instructions[4].In thecase of-Zmrita, theAnxita iiont-endparsestheuser’s
scriptto form anZISLsyntax-treewhichis travemedby anZS’L.parserto scheduleworkfor a set
of user-suppliedcall-backmutipeswhichhavebeen~mpiled to formaplugin engin@. Ap-
pendixE revealshow you canuse theArmitalibraryroutineClonePluginl?oo to generate
thebofier-platecode neededto constructanew plugin. HereI will restrictmyself to two con-
creteexampleswhich demonstratethedesignadvantagesof employinganEZ. layerbetween
theuserwrittenscriptandtheenginewhichdoes thework.

Changeto thedirectorywhm you ranrun.mntige andnutthisscript%

EulerEquat ions

plugin amr_sol

logfile logs/solvers

foreach scheme (godunov_km,roe_fl, \ w

ausm_km, hlle.km, efm_km)

solver code/$ scheme
end foreach

to gettheISL listing

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

fold: :isl copyright message

amrita :plugin: :amr_sol

fold: :isl amr_sol defaults

amrita: :logf ile

amr_sol ::solver
amr_sol: :solver

amr_sol: :solver

amr_sol: :solver
amr_sol: :solver

amrita: unplug:: amr_sol

Noticethatthescriptkeywordsolver is reallyacontractionfor amr_sol: : solver, mean- -

ingthatit is a keywordwhich belongs to (Le. will be decoded by) Arnr.sol As explainedin
AppendixE, whenanengineis pluggedinto Arnritait addsits own specialistkeywordsto the
system complete with the requisiteparsingmachine~ to generatethe specialistISL for the

‘ThissimilarityisnotcoincidentalasI originallytaughtmyselftoprogrambydissectingthesourcecode
forvariouscompilersandinterpre~K!PL[22],C[13],&fOUSE[ll]andPASCAL[3,1(5J.Irecommendthis
routetoanyonewho wishestoimprovetheirprogrammingskillsandriseabovethedebilitatinglanguagewars
whichrageon USENET “l%rtranbd C gd C++ better,Java best!” If youappreciatethebasicsofhow
programminglanguagesarep- youwillhavenodifiictdtyinmixingandmatchinglanguagestosuittheend
application%asisdonein$7.Besides,externalinfluencescandictatethechoiceofprogramminglanguageover
andabovepersonalpreference.Backin1988,theforerunnertoAmz.sd waswritteninFbrtranatthebehestof
thesponsoringgovernmentagency.Ttiay,in1998,largechunksofRx&an remain,butbecauseofitsdesign,
Arq_solisnonetheworseforitssyntactically-humbIestartinlife.
‘Inviewofthis,onecouldlegitimatelyrefertoAmritaasacompileqonewhichproducesIST_.code.Thus

circumventingthenotionthataninterpretedscriptinglanguageisinferiortoacompiledprogramminglanguage.
Moreover,keeneyedreaderswillbynow@ve noticedthatAmritaisapukkabImk-structuredlanguagewhich
allowsprocedurestobedefinedwithinproceduresandsoismoreadvancedthanC insomerespects.
26Hemthe\actsasalinecontinuationmr(d(=.
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newkeywords,andaddstheassociatedcall-backroutinesfor theparserto callwhenit stumbles
acrosslSL it cannotdecode by itself. Thus,in principle,Am&i is infinitelyextendible.a The
lSL parserdecodes a sufficientnumberof systemlqwords (e.g. amrlta: : logf ile) thata
newplugindoes nothaveto xeinventthewheeL

Try expandingthe five solver folds, andyou will see theydo nothingmom thanlocate
sham&objectfiles% “

amr_sol: :solver { .

file -CWD/code/-AMRSO/godunov_km. so
.
k
amr_sol ::solver {

file -CWD/code/-AMRSO/roe_f 1.so

}
amr.sol ::solver {

file -CWD/code/-AMRSO/ausm_km. so

}
amr_sol: :solver {

file -CWD/code/-AMRSO/hlle_km. so

J
emr_sol: :solver {

file -CWD/code/-AMRSO/ efm_lan.so

}

which theLSLparserloads andlinksdynamicall~gatruntime. Here,the only evidencethat
tbe solvershaveindeedbeen activatedis thelog-iile bgslsolverx

● ☛☛☛☛☛ ☛☛☛☛☛ ☛☛☛☛☛ ☛☛☛☛☛ ☛☛☛☛☛ ☛☛☛☛☛ ☛☛☛☛☛✎☛☛

● SOLVES~29 BY BCC ●

●*********************,****************
s@2 ID:euler-codez :Zd-c-km-on
SOLVER: godunov~

C$WES : J8mes J. Quirk (ah jjq)
MTS : lion F& 2 14:46:11 PST 1998
● ***** ***** ***** ***** ***** ***** ****..*.
● SOLVES ~ BY B@2 ●

●**************************************

● ☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛✎☛☛☛☛☛☛☛☛☛☛☛☛

● SOLVER G— BY B(2Q .

●***..**..******,****************** ****

W ID: euler-code: :2d-c-fl-os
SOLVER: roe-f 1
CQmER : James J. guirk (aka jjq)
MTE z non Feb 2 14:46:21 Pm 1998
............... ........................
● SOLVES Qm?ERATEn BY Bco *

●************************.*************

e.tc ..

Priorto being passedthe filenameof a solver, Azru_sol has no knowledgeof thecode,
thusit would view BCG’S effortsandyour hand-craftedeffortswithequaldisdain30.Conse-
quently,thesystemcan accommodatecodes: pas~presentandfu~ all on anequalfooting.
NotealsothattheISL parserreceivesa logical iilenameandnotaphysicalfilename.Internally,

27Bu$aswithanysoftware,thereareanumberofpracticalreasonswhythisisnottobetakenliterally.Never-
theless,thestatementstandsinthatArnritacanbeextendedseamkssly,wellbeyonditspresentboundaries.
28TheAmritaparserhasdoneallthehardworkofcheckingthatthefilesexitsetc.
29DynamiclinkingisdwussedinAppendixD,butyoumightalsoliketotypo

unix-prompt>man dlqpen d.lsysm dlclo8e.
‘This doesnotimplyyoursolverhasnointellectualemtentitsimplymeanslhatAmr.sd viewsasolver

asalumpofobject-codeitmustlinkwithintheUNIX senseofresolvingexternalreferencesinalink-loadtable.
Onceloaded,Arnr_solinterrogatesthesolver tocheckthatitiscompatiblewiththeresidentequationset
therebyavoidingtheanarchywhichwouldensue,say,ifaShallowWaterEquationssolverwereusedona
problemsetupforBurgersEquation.A solveristheonecomponentof~ta whichcanbeequatedto
aclassicalC!FDcode.Inlecture2,IexplaintheconstraintsontheCFD codesAnqscdcanaccept

.
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the -C’WD partis expandedto be your currentwodcingdirectory,andthe-AMRWpart is ex-
pandedto theamhitectumof themachinewhichrunstheparse~For example,on my machine:
-A.MRSOexpandstoAMRSOAe “rz&QUX764,butifI we~ runningon a clusterof workstations,
thenmpi would be substitutedfor serial?l The principaladvantagethoughof havingtheISL
parserexpand-AMRSO, is notto distinguishbetweenserialOrmpibutto takeaeeountof be
f~ thatone sessionyou maybe logged in to a Soiiwiwkpamrnaehine, butthenextsessionyou
could be usingSoZarZMfi6,or ZRZW32,or whateve~2,and%t~ automaticallyinsulatesyou
from theunderlyinghardware.Thereby~owing you to workinan unin@rup@ fashion. .

Jlmrita is constructedin layers,not to bamboozle reluctantprogrammers,but to buildin
thenecessaryflexibilityto alIowthesystemto grow,whileremainingeonsideratetotheneedsof
its less computer-literateusers.Thisscriptdemonstrateshow anArmita expertcan replace,
or overloa&a keywordwithhis or herown customizedcockz

EulerEquat ions amrqp vki/overload.1
plugin amr_sol ~ anrritaz’un_ovez’luad
set dir = your/very/ own/keywords

fold: :aIIKCCC { ISL call-back routine

fol~amrso ?= $dir/keywords
folbsrc ?= $dir/keywords .C

#include “AMRITA/isl. h“

AMRVOID solver () {

fprintf (stdout, ”solver: %s\\n”, ISL: :get_file ());

}
}
fold: :print { Amrita interpreter

fol~file ?= $dir/solver. pl

folbguard= I,dollar off

sub amr_sol’ solver {
unless ($line =- /“\s*( [A\sl+)\s*/) {

$error[l] = “expected name of a solver
&amrita’ report’ error ();

}
$line = $’;

&isl’put_ltag(O, ‘amr_sol: :solver’ );
&isl’put_file (1,$1) ;

&isl ‘put_rtag (O,‘amr_sol: :solver’) ;

}
1;

}

❑✛

replace amr_sol: :solver with $dir/ {keywords: cc: :solver, solver .pl}

foreach scheme (godunov_km, roe_f 1,ausm_lan,hlle_km, efm_km)

solver code/ $scheme
end foreach

31AcomputerscientistmightaskoftheEL communicationchannetdoesitusea“thickpipe”ora“thinpipe?’
ConceptuallyAmrhadoesnotcarewhatformthepipetakes,asitonlycsniesasmallamountofschedulingdaw
theheavydutyinput-outputishandledbytheoperatingsystemm thenormalmanne~Ckmequently,seriuland
mpiplatformscanbothusethesame12Z.‘l’heinternalworkingoftheISLparserfimctionadifferentlym thetwo
cases,butitsinterfacetotheback-endofAnuitaremainsthesame.ThereisnoneedfortheArnritainterpreter
itselftoruninparallel,becauseitsworkalthoughlogicallycomple~isnotIabouiintensive;Amritaprovidesthe
brain,thephgin providesthebrawn.
32Lookinthedrectory$AMRLWSYSTW to see whatplatformsyouubnrita -on issetupfor.
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Do not worry,if you cannotunderstandthesoumecode for the aboveexample,as it is tar-
getedsquarelyatsystem-levelprOgrammeI@3.Thekeypointto graspis thatbecausebothends
of the XSL pipe-linecan be overload@ an expertcan develop andtestincrementalimprovem-
ents to~ttz, in si@ withoutimpactingon anyoneelse. Thenwhentheupgradeis readyto
ship,it canbe slottedseatnlesslyintoplace. At thatstage,a conscientiousdeveloperwould not
discardtheold code, butwouldpackageit up in such a way thatuserscould easilyback-track
to the old-vemion,shouldthe needever aris~. For instance,supposeamr_sol: : f lowin
and amrfisol: : flowout wexermmnpedso as to takespecialadvantageof an upgradeto
theinput-outputhardwareof aparallelcomputa A sma.llpenxmtageof theusers,mayactually
be negativelyafkcted by theupgradeandwish to dropback to theold way of doing thing~s;
replace would allowthemto do so in arelativelypain-h fmhion.

Althoughfar simplerthanrun_overZo~thisnextscriptshowsanimportantdesignadvan-
tageof employinganZSL pipe-line:

EulerEquations

plugin amr.sol

solver amrita: //www.amrita-cf d.com/vki/godunov

LatexHead

grab: :info LatexDocument from solver

parse token LatexDocument

LatexTail
Latex

BecauseAnofta employsanexplicitcommunicationchanne~asdistinctflom directmemory
accesses,it canreadilyexploittheworld-wide-web.The above scriptusesanamn”ta.%/URL36
to obtaina flow solver to link withArng_so~andis no more onerousfor theuserto write
thanhadthesolverbeen stmedlocally. At thesystemlevel however,thestoryis quitediffer-
ent. Insteadof using NFS to readthe solver straightfrom dislGan H2TP xequestis sent
to theremoteserverwww.anztita-cjiicom which repliesby sendingback a PGP-authenticated
Amrita script (see QC.1). This script if it comes from a busted useq is thenrun silentlyin
thebackgroundto producea share&objectco&/godunov whichis suckedintoAmLsol in the
usualmanner.Once the solver isinstall~thegrab: :inf o comman d obtainsan Arruita

scrip@7togeneratea14T% documenttoproducethePostscript outputlatexjletiamrz”ta.ps.

33Thefold::amrccconstructsafourlineC programandcompilesittoasharedobject.Inthefolddmtives,
the? prezediigthe=isoptionalandrequeststhatnoworkbedoneshouldthetargetfilealreadyexist.Observe
theuseofthenamespacedprocedure4 ISL::get.fi.le().Amrkz employsapm-processoramrppwhich
mapssuchnamespacedcallstostandardFbrtranorc dependingonthelanguagebeingU* AMRVOID isa
garden-variety,typxlefwhichisdefinedintheheader-tieAMWTA/iiLh.A detailedexplanationtotheworkings
ofamrpp, andwhy itisneeded,canbefoundinanyofthedocumentscreatedbyBasicCbdeGenemtor. The
fold::printcreatesasmallPed file whichissuckeddiredyintoArnri@usingPerI’srequire command,
sotheinterpreterknowshowtoparsetheoverloadedversionofsolverintheuser’sscripctheshared-objectfile
issuckedintotheplugininthemannerdescribedinAppendixD.
~~~a s~v= ~ enWe thatUW scriptsarebackwardscompatiblebetweensofhvareRIM.SM,butitf~ls

undernoobligationtodothesamewithallitssysteminternals.Forthisreason,anycodeyouwritetolinkwith
Jinzritaisbestrecompiledwhenyouupgradetoanewreleaseincasethegluewhichbindsuser-codeandsystem-
codetogetherhasaltered.Astiesourcecodeforthisglueisgeneratedautomaticallybythesystem,thisdoesnot
createworkfortheuser.
351tispossibleforasystemtoimproveitspeakefficiency,atthecostofloweringitsoff-designperformance.
361ntemallyanamnta:// URL is translatedto an hnp:// W andthetilereceivedisrejectedunlessithasa

validPGP signaturefromatrusteduser.ThereforetorunthisexampleyoumusthavePGP installedonyour
system,andJinzt-itz’spublbkey(seep.53)mustbeinstalledonyoupublickeyring.
%’hisscriptisembeddedintheexecutableatcompiletime.Theparse commandexecutesthecontentsofa

token,orafile,oranamrita:// u as if itwerein-lineAmritascript.
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5 Repeatability

This nextscript whichoutputsFigure9, offers somelightdief fimmthesystemstodgeof the
previoussection

plugin amr_sol

postscript on

... typeset title m

set eccomas = http: //www. amrita-cfd. com/vki/eccomas .ps.gz ,..
set vki = http://www.vki.ac.be/images/vkifront.jpg

.-

set galcit = http://www.galcit.caltech.edu/relief.gif

set icase = http://www.icase.edu/images/transparentlogo.gif

set chester = http://www.chester.org/gif/chester-city-council.gif

paste $eccomas inbox 10, 20,125,?
paste $vki in box 144,180, 60,?
paste $galcit in box 155,120, 40,?

paste $icase inbox 150, 80, 50,?

paste $chester in box 150, 20, 50,?

Akhoughlight-hear@ anumberofcommon-sense observationspertinenttoCFDsoftware-
designcanbemade. kfw6tietitidmotivtionforHta isepitomizedbythe flowin
Figure9: theflexibility ofmy’’xesearchcodes” hadgrowntothepoint whereitwasdifiicult
for metoreproduce38 pieces ofworkiiom wcektowee~ let alonemonthto month,oryear
toyear. ’fhealgorithmbehindAmr_solis sufkientlyintricateth~evenwithstringent quality
contm~’’features” (akabugs)would cqinanddestmy mycofidence inthemethodas ap
investigativetool.

The lintstepto improvingrepeatabilityis automation if you envisagehavingto do ajob
more thanonce, automateit! Doubly so, if thetaskconcernedhas anythingto do withtesting. ~
The more a CFD code is tested thequickerthatbugsareflushedOUGthemore likelyyou ~
to spot conceptualerrors;thesounderyou sleepin bed atnight. Testingby-handis both time
Consumin&gandprone to humanerrorswhich rendertheresultsuseless. The timesavedvia
automationcanthenbe usedprofitablyon theotherimportanttasksyou needto getdonea.

The secondstepto improvingrepeatabilityis self+ufiiciency: themore you rely on third-
partysofttwm, the more often you will come unstuckwhen said items go missing41,or am
upgradedin a backwardsincompatiblewa#2. For thisreason,Anrita only uses thid-partj
softwue whichis eithera de facto standard(e.g. Per~ LaTeX and GhostSctipt) or hassour&
whichI ampreparedto maintainmyself (e.g. Oiig-”). Evenif you do nothavethesoftware
skillsto be fully self-sufficien~you canhelpyourselfin two simpleways: avoidusingvendor
suppliedcompilerswitchesandlanguageextensions,whichmaybe hemtoday,butgone tomor-
row; do notupgmdeapiece of softwareatthefirstsightof a newrelease,letit bed downbefore
takingtheplunge43.

Thethirdstepto improvingrepeatabilityis simplicity.The HTTP protocol[2] usedto drive
theweb is a good exampleof how relativelysimplesoftwarecanproverevolutionary,whereas
sophisticatedsoftwrue– aheadof itstime– canalltoo easilyfall by thewayside4.

38’1’’hisisused inthe strictestsense,thatixbitforbi~byteforbytqwordforword.
390ftentothepointwhereitisignoredasbeingtoomuchtrouble.
4At leastoneofmy colleagueswouldarguethatIonlyautomateprogrammingjobssoastofreeupk time

neededtoautomateyetmorejobs!
41Youmightchangejobsandfindyournewplaceofemploymentdoesnothavethegraphicslibraryyou need. “ .

42TheimplicationsofthisadviceinregardtoyouusingJinrritawillbediscussedattheendofthelecture.~
43Perl,thelanguageusedtowriteAmri@ underwentrevisions5.000+5.001+.5.CKK2+ 5.003~ 5.004rna

matterofafewmonths.Althoughtobefair,Amritawentthroughmanymorereleasesinthesame period.~,
‘A goodexampleisAlgo168whichintroducedoperatorover-loading,afeaturenowlaudedinC++-.
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Figure9: Pageoutputby thescriptpus?e.h~, -hta was initially &velopedtoreducetheeffort
neededtomaintaintheintricatesoftwareysed,tiqchyx ‘AMR@ECCOMAS94’’[2O]. Theright-hand

images,fromtoptobottom,are:apaintingofthe’voriKZumanInstitutqafalse-dourimageofarelief

sculpturelocatedoverthetintentmnceof~ Guggenhciim‘AeronauticalLaboratory(theoriginalhome

ofGALCIT);thelogooftheIhstituteforCornpt@rAp@ationinScienceandEngineering(wheremuch

ofthespadeworkforJ%z?ftizwasdone);thekity-cxmn~coatofarmsforChester@rnrfta’sspiritual
home).
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6 Accessibility

AppendixC describes–HtJz ~“lit ties – a simpleidea whichwill likdy out-livethemst
of thesystem.Thismailitwastheveryiirstone to seethe lightof day:

Amrita3fai3it::run_ce3393.sx{
origin {

Ar5ri’Gav1.35R93-07-97
w es JamczJ. Quirk(- jjq)

,. dztte Sun Jul. 6 14:10:31 PDI 1997.

}
Jx.zourcell{

disk 57. o9 wsytea
cpu 3br634mins24secz

)
operztion (
amritz-msi3it-a 3Btep/A ruu_ce33u3zz

1

mriptc

X,XL(. SD\P#, $‘W)U;E]C9SQL=6QACBYT87(S [3D]41L2=I_V7Z&% 3SMM/WR0
ISA$Z&=*>3+.6F[48~~LWm+%>F5F6>~;AH~;0- :%3!02

m2-Y8-3m(@2’, J7318-ml, *. W:-0:ZmZ,6W+~~
WW\lV.3iV-S9n (_:,F5 (8T3FSZMU4, ,u]oQPD/O_$lS=JS-Y70Z*22J_SJX5*
mC9F* ,1CSOA2FD5 [/,lk26$BL5~6AB, B; /V7Y3U9*23@_YGRFP[W?W+Q\Q
WW*$6; .V%IIQ* 81B*%[KBB+2LT-ZQ SC,Rx, (7.-6 I<_OZ-7C) /6FEAZS72JS
M’e$w(X44(.BfJ$Ti7’4&V#,3XOVSQRBW=6W4 (?L%@DXC-8wrQ3sau22 ).8E7R
M*-$ZN101PE~3 ;lM(/: ‘2-9. .31SQ)SS~,0U8X, =[&%7,2AO(Or (%RV<8-W5
NQB@OB51$9L%2CLCQ?300 D=, SW300L$I 7?K\C-t~?C\S SJll[-8-Z[OZBW,

WA/ 17N\7_vYT-1 /JmKu3Ja T_T[7J?s-.(2IF-54=-]fY*6Nu9 [6ZS9-7MOFXA
304WWZK4Y3xl ,9U=NW=Y.Xl.J368T, ML4*+lW- :1685 /c3NcF2Y W<- [?ti

ML1367AK$$.?#D7%_C5f 9+x3xQ[~)O; &[TcI._ti,t\W[61W~YP) k<~
SfCKDR;[AL5, ;,(V=3DES IWJ5PP9=9DK=4Q4+ (3)97C8EVVOW, 9+9$+F600EU
31’4-\D>2JAD’41/?51SGR30JA1,ZD3RAI$, )FS42F.=-0$3AX41(9)A0 ‘L1-1%E2
WLT3 (4az7Lf .69x4L3768T<F$+D: 3WZ)5N;4CFLRK: !>>: \)OSn+YPO\T\, _
MO?K<C<● lN,Y2e;KA.1M) 7~:S(2R-U4B (/*12JlTQ5(D-XB, &: :3,xB2

~>~”%@\J“.:>’W)*,N5GP?@.9F2’,31XQ$V3AD’S/@7544[5*4WP: ,Z]Pt?~
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it runsa simulationto investigatethe cellularinstabilityof a detonationwave, see FigureIQ
thereeipientwas Dr.MarkShoti (mshort@tam. uiuc. edu).
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Figure 10 Post%mpt imagepsfCel120.psproducedbynu.celluhmm”lit. Thebottomimageshowsthe

extentofthecomputationaldomain.Thenotionrdresolutionof thegridis3200 by 256,butAmI_sol’s
meshrefinementskillsrestricttheexpenseof thishigh-resolutionto thelocalvicinityof thedetonation
fron~thatisthedarkerregionsof thezoomedimage.

Althoughthemailit was gmeratedunderAm-& v1.35, it runsfiiultlesslyundervl.38, thus
illustratingAmrft~hassome measureof baekwmdseompatibili~s. ThisnAiabilityultimately
stemsfromJkno-lttt’shighlevelof automatio~whichftitates repeatedtesting.Anotherben-
efitof automationis thatit improvesaccessibilityto specialistfields. Hem, insteadof simply
readingabouttheeelhdarstruetumof detonationwaves(e.g. [24]), you am able to gain first-
handexperienceof how thephenomenadevelops. If you havenot alreadydone so, examine
thefilesptiCelll.ps to psJCeU20.ps. The simulationwas startedby pmeribing a planarZND
wave[8] nearthe left-handend of the domain. At the time shown in psKelll.ps, the wave
hasjust ingesteda hot-spotlocated on the domaineentre-line.The hot-spotseeds a physical
instabilitywhich leadsto a highlydynamicwave-patternof whichF@ue 10 is iustone snap-
sho~. Thisnextstipt gener&s-a 120 frame-g
involve&7:

. . . preparato~, script

screeri on ‘

do n=l, $nframes

march 1 step with cfl=O.5

AmritaBlue

filled rectangle $film: :area

SchlierenImage
savescreen $film: :area [snap 2x2] to

end do

animationto ilhxi-ite thewavedynamics

amrcp vki/cell.1
amrita -a 120 ke.movie

aetscage cell.zqpg I
sch/ frame$n. jpg

EncodeMpeg nl=l, n2=$nfrarnes,mpeg=cell mpg, dir=sch

45D0notbefooledbytheclosenessoftheversionnumbers,becauseover2,000codinghourswerespentre-
vampingAmritabetweentheserekases.AlthoughtheIimguageisnow sufficientlymaturethatno wholesale
changesareplannedtodisruptQ intheinterestsofconsistency,changesareoccasionallymadewhichforce
minorscriptalterationsbemade.Forinatancqthev1.35commandssplurgeandslurphavebeensuperseded
inv1.38byfold::printandfold::fil~ theutilityamrsearch-viisusefulformakingwholesaleedits
followingasyntaxchange.A softwmepro@tthesizeoftita isneverstatic,evenifthelookandfeelsuggesta
otherwise.
‘iRound-offerrorsaresufficienttotriggerthephysicalinstabti~thehot-spotmerelyspeedsuptheprocess.
471fyouareunsurehowlongthisscriptwilltake,doa1frameanimationandscalethetimeup.
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7 Extensibility

Onp.2,1wmtcz ~

it makesno senseto ask‘WhatisA.nzrita?” or‘WhatcanAnu+ta do?” Insk@ you

shouldask “W@atdoIneedtoprovide,toenable%ta todosuchand such?’

~ttz - like UNIX – hasno set limits: it providesa foundationto buildon. Consequently,
theultimatescope of thesystemrestswiththeind@ry, andperspicacity,of its users. In this
reg@ theflow over “YlMR@ECCOMAS94” exampleis not asgratuitousasit firstappeam.

The solid-bodies for the computationin Figure9 were obtainedusingthe same constmet
whichWOWSthisscriptto OU@ltfi~ 11:

plugin foo

def Path’bodies

... use PostScript to define bodies

parse token postscript: :output

end def

postscript on

plotfile ps/swirl .ps

extent of Path’bodies -> xo,yo,dx,dy
set r #= sqrt (($yo+$dy) **2+ ($xo+$dx) **2)
autoscale on -$r, -$r,2*$r,2*$r
do n=l,36

rotate 10
HLs<$n*l(l, 128,128>

stroke Path’bodies
end do

—

Figure11: Outputproducedby thescriptmak.e.swirl. Forbesteffecttheimageshouldbeviewed

on a 24-bitcolourdisplay.‘Ikyappendingthelineecho $postscript: :output toseewhatthe

programfold produces.
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7.1 def Path

Amritaprovidesa def Path constructwhich allowspaths(i.e. segmentedcurves)to be de-
iinedusingtheRxnWm@-styleoperators:newpatlq moveto, rrnoveto, lineto, rlineto,~ me Pmq fold
curveto, rcurveto andclosepath .

fold: :postscript’bodies { use PostScript to define bodies
f ol&token=postscript: : output
IPrint-pa+ {. . ..

/prime-conund { /~ O clef’ O exch } def
/print-comma { (, ) n O gt {print} {pop}

i.felse m 1 add /n exch def } def
/print-segment { print prime-conma dup -1 2

{print-comma index 100 string cvs print} for
1 sub {pop} repeat (\n) print } def

{3 (moveto ) print-segment} {3 (lineto ) print-segment}
{7 (Cumeto ) print-segment} {1 (closepath ) print-segment}
pathf oz-all

} def
/F1 {/’J!imes-Roman findfont 80 scalef ont setf ont} def
/F2 {/Times-Italic f indfont 80 scalef ont setf ont} def
/C1 100 def /C2 180 def /C3 260 def /L1 420 def
/L2,340 def /L3 260 def /L4 180 def /L5 100 def
/M {moveto} def /P {true charpath} def
F1 CIL1. M (2LMR) P
F1 Cl L2,M,(@) P
F2 Cl L3 M’(E) P F2 C2 L3 M, (C) P F2 C3 L3 M (9) P
F2 Cl L4.M (C) P F2 C2 L4 M (0) P F2 C3 L4 M (4) P
F2C1L5M(M)PF2C2L5M (A) PF2C3L5M(S)P
priht~path quit

}. .,,

containsa small~ost!kzi-ptprogmm49whichunravelsthedrawingoperationsusedtos troke

theoutlineofa chArpath[l] andstoresitslindings50inthetokenpostscript: :output.

The coti’ntsofthistokenisthenparsedby tits todefinethedesiredpa~ exactlyasifyou

had typedthemoveto, lineto and curveto commands by hand.

Do not worry, if you cannotunderstandthe machinationsof the above PostScript fold.
The importimtpoint to grasp is thatAm&i has hooks which allow expertsto embed spe-
cialistprogrammingg languagesinto a script. Thus, insteadof the presentfont-outlines,the
fold could just as‘easilyhavecontaineda CNC programfor machininga wind-tunnelmodel.
The expertmay need to fashiona fti amountof glue-code to incorporatesuch a fold butthe
wo~ is done as a onedf, allowingusersto benefittime andtime again. He~, for instance,
fold: ‘postscript can be tied in conjunctionwith a solid-mechanicsplugin called
AdZib to p@.lCO~gUrC 12

48TheseoperatomtakethesameargumentsastheirPostScript caunterpar@butuseinfixratherthanprefix
notatione.g.100 100 moveto iswrittenmoveto 100,100.Attbetimeofwritingarq arcq arct

andarctohavenotbeenimplemented.ThedeciskmtoreplicatePostScript’spathmodelillustratesthatAmrita
doesnot@nventnewkeywordsforthesakeofit.Regardingtheflexibtityofthepathmodekifyoucannotdraw
i~youe@ainIycannotcompu@theflowaroundit!
49Theprofi isfhrmedouttoGhostScri@top= audtheresultsarestoredinthetoken specifiedby

~e fol~ directive.GfIostScriptisalsofedanerror-handlerwhichallowsAmri@toassumecontrolshouldthe
Postscript programabort.

‘The PosfScriitpathforalloperatorallowsthedrawinginstructionstobeunraveleddirectlyintoArurita
script.ThefactAmritaempIoysthesameoperatornamesasPostSm”pGisnotcriticaltotheconversion,butitdoes
reducethec@e involved.- ‘-

,’, ,“
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Fix 12 Pageoutputbythescriptunzrita(i?vki,when runwithplugin Adlib.Notewhenyourun
@e scriptWithpluginl%o,onlytheoutlinesofthelettersp produced.Evenifyoudonotunderstand
how thescriptworks,youshouldnotfindittoomuch lr6ubleto~sti- yourotimessageinplaceof
thecurrentone.Ifyouarewillingtohelpdotsomeof~tn’s i’s,thereisasign-upsheetforvolunteers
athttp: //www.amrita-cfd. tom.
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7.2 plugin AdJ!ib

Adlib employs an advancing-front@d generationtechnique[61which allowsthefont-outlines
to be meshed up with an unstmc~ triangulargridsl. Therefore, althoughAdlib comes
out of the solid-mechanicscommunity,its softwareorganizationis very similarto thatof an
unstructuredgri~ CFD code. Consequently,the~tfi glue writtento driveAdlib could be
re-cycledto drivetheequivalentCFD code, shouldone be madeavailablefor distributionwith
Awtft’fi52. Pleasenote,Adlib is notbundledwiththetita installationkit andso you will
not be able to reproduceF@ue 12, in its entirety.Howeveq thisnuu”litsubstitutesa plugin
calkxlFbo, see AppendixE, so thatthescriptcanatleastbe seenin action.

AmritaMailit: :amrita@vki {

origin {

Amri.ta v1.38 R07-01-98

etc .. ~

Althoughplugin Fbo haslimitedfunctionality,ithastheexact samestructureas Adlib
(or for thatmatterArm_sol). l%erefom, if you can undmtand the constructionof Fbo, you
will see why~ta need not be too concernedwiththeinnerworkingsof Adlib to be able
to drivei&3. In pa@ thisis becauseeach plugin bringsits own specialistkeywods to the
pqramming table.The firstsetof Aollib keywods% .

KEYSPACE adlib: : {
autoscale
extent
plot
DEF BoundaryRepresentation {

*addbody
space
globalspacing
DEF Body {

edge
*edges
name
node
*nodes
DEF SubBody {

path “
loop

*loops,
material
name

}
}

}
}

wem chosento reflecttheengine’sinternalnotionof a BoundaryRepresentation(BREP)grid.
A BREPgridis viewedasa collectionof bodies, whereeachbody is madeup iiom a collection
of sub-bodies. Each sub-body is thenthoughtof as consistingof a set of loops of edges, and
eachedge is definedby a setof nodes.

51Adlib can alsoproduceunstructur@tetrahedralmeshes.A.nzrita will drive any softwarewhichcomesits
way,andsoitmakesnosensetoask.‘WWzrita 2D or3D?”
52CFDphilanthropistscancontacttheauthorviae-mail.
531nfacgIhaveneverseenthesourceforAdZib.TheAmrita wrapperwas writtenwith knowkdge ofahandful

ofsubroutineentrypointsthenlinkedwithtwoarchivedlibraryfiles.
‘Theplugin isstillunderdevelopment.
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Once theparsingmachinerywaswrittenfor thenewkeywords55,theinformedArmiti user
could thenwritethisprocedureto meshup arectangularblock

proc MakeBRep {

theta = o
globalspacing = 0.04

}
def BoundaryRepresentation

space 2D

globalspacing $globalspacing

def Body
name simple

nodes {

vl < -1.0, 0.0>
V2 < -0.58 0.0>
V3 < 0.0, 0.0>
V4 < 0.5, 0.0>
V5 < 1.0, 0.0>
V6 < 1.0, 0.5>
V7 c 1.0, 1.0>
V8 < 0.0, 1.0>
V9 c -1.0, 1.0>
Vloc -1.0, 0.5>

1
edges {

El <VI,V2 ,V3>
E2 <V3,V4 ,V5>

E3 CV5,V6 ,v7>

E4 <v7,v8 ,v9>
E5 <V9,V1O,TJI>

1
def SubBody

name loopl

material unknown

loops {
L1 <E1,E2,E3,E4,E5>

}
end def

end def

addbody simple {
rotate $theta

}
end def

end proc

55AfairlystraightforwsrdtaskforsomeoneproficientatPerLNote,however,thattheAmritakeywordsusedto
driveaplugin arewrittenasone-offs,bysomesuitablyqualifiedindividu~inmuchthesamewaythatEW~
stylefilesarewrittenasone-offs.Theusefulnessoftheplugs totheend-user,nxtsinthechokeofkeywords
andtheamountoferrorcheckingtheyemploy.Thekeywordsnodes,edges andloops,enqdoycopious
amountsoferrorcheckingsoastopinpointtheuser’sexactmistake.NeverthelSthekeywordsaresimplytoo
cumbersomefortheusertotypeinthedescriptionneededtoproduceF@re 12,andsoItookthetroubletoadd
akeywordpath whichwouldallowtheusertosimplyspecifythenameofanArnri@PastScri>t-styIGPath
andhavetheplugin do the work of deducing the loops, nodes snd edges. Amrita’s golden mk themore
troublethesystems-levelprogrammergoesto,theeasierprogramming-lifebecomesfortheapplicationsspecialist
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andthrowin a driverscriph

autopath +lib
plugin adlib
postscript on
set bbox = -1.5, -1.5,3,3
Lat~ead file= $amrita: :script. tex
Late@JupFig iup=3, jup=4
forehch ’theta (10,20;30,40,50, 60,70,80,90,100,110,120)

plotfile latex_files/ps/$theta.ps
autoscale on $bbox
rectangle $bbox
l@lceBRep theta=$theta degrees
plot grids
plotfile
LatexNupFig {

file = ps/$theta.ps
width = 4.5cm
caption = \$\\theta=$theta’’{\\nn o}\$

}
end foreach

*.. output title
LatexTail

Latex

toproducetheoutput showninFigure13.
Thereisnoquestion thattheseremdtscould begeneratedindependentlyofAno-i@since

Adlibdoesthebasic workHowever#rm&a streaml.inestheoperationtomaketheAdZib user
moreproductivdb. TheopemtionalinflastructuredevelopedtodriveAmr_sol transfersdinxtly
toAdlibbecauseit ckxdswithday-to-day,prozgn~~d is~l~vely~concem~ by
algorithmicissues. Thisinfiastructwegmwfi0mabeliefthatmodemCFDispoorlyserved
bytraditionalmeansof scientificcommunication.TheAMRmethodbehind *.so1 does not
have a pnxise mathematicalformulationandits implementationnecessitateswritinga large
piece of sophisticatedsoftware. Consequentlythe “algorithm”cannotbe reproducedexactly,
by a thirtl-p&tydeveloper,becausenumemussmallbutnonethelessessentialdetailsaremissing
fhm theopen literature.Therefore,in theabsenceof purloininga code andreverseengineering
it many detailshave to be laboriouslyreworked. But given the inevitablevariationsin the
successof specific AMR sofhwue implementations,a body of anecdotalevidenceis boundto
accumulateregardingthemeritsof thegeneralapproach,asit becomes morewidespread.

To combat this malaise,~tt.z is designedto provide a genericmeans of disseminat-
ings@ butimportantalgorithmicdetailsin anunequivocalmanner,so thatthewiderCID
mnrrmnitycan benefithorn thehardwon skillsandexperienceof individuals.In thisreg@
@re is no differencebetweendeveloping a CFD code, such as Amr_sol, and developinga
solid-mechanicscode, suchas AoZb. Mta’s soillvwm designprinciples– repeatability,ac-
cessibilityandextensibility– canbe putto good useno matterwhatthetargetapplication.

,’
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% asimiive~ theargumentforusingAmri@ inpreferencetoPerl, is thatitstreamlinestieconstruction
of acertainclassofpro- thesameargumentcanbeemployedtojustifyeitherusingPerl, inpreferencetoc
orusingc inpmfemme tomachine-code.AmricaisnotanattempttooutdoPerl(tryusingthef old: :perl

construct),itjustgrewfkomadtierentnecessity.
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Figure 13: BecauseAdZib’sadvancing-tintalgori@mmarchesin fromfixedpointson theblock’s
). boundmy,itwouIdbeexpectedtoproducegridswhichareinv&ant to theorientationof theblock.The

aboveoutputshowsthatthis‘k indeedthecas&Howevw,theiirsttimethescriptwasrunitunearthed
aremnantleft-overfromapre-tits exereisewhichbroketheinvariance.Programswhichneedre-
wiringbetweenuser-problems,no matterhowinnocuousthechangesinvolv~ alwaysruntheriskof
such“coderot.” ,.. . . . ,-. .
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8 An Open Invitation

These notesdescribebut a smallpti of%t~, andpropound an even smallerpartof the
underlyingphilosophy. However,enough of tie systemhas been exposed for you to judge
whetheror nottheapproachhasmerit.Therefore,to close, I exploresomepossibtities for how
interestedpartiesmightcontributetoAntrita’s furtherdevelopment.Butiirs~I buildon some
remarksmadeon p. 2.

Anrit’n standsor falls on its utilityas a htboursavingdevice. For thisreason,no claims
am maderegardingits algorithmicoriginalityor efficiency. The scope of the @stem is such
thatit touchesupon a numberof active~earch areas. Consequently,althoughthesenotes
ate undoubtedlyself-absodx& I nxognize ~t~ has much mom for”improvement?7.The
systemis designedto aUowexpertsto contributespecialistcomponents,whileatthesametime
remainingaccessibleto non-experts.The dangerof thisapproachis thatone-halfof thetarget
audiencedismissesAnOita asbeiig overly complica@ while the otherhalf dismissesit as
being old hr&8.

At a practicalleve~ this makes it difiicultto locate individualswho are willing to help
maintaina systemthatrunsto over 220,000 linesof coddg. Half thetarget-audiencemembers
feel theydo notpossesstheskillsto contribute,thenmaining audiencememberswouldrather
reinventthe systemwheel for themselves. This second responseis fully consistentwith the
adviceI offeredon p. 27. If you developyour own software,you shouldalwaysbe reluctantto
utilizeunsuppoti thid-party software.Unfortunately,atthetimeof writing,Amr& is not
a supportedproduct,becauseits developmentandmaintenancefall squarelyon my shouIders.
Onemotivationfor developing~ttz, in thefirstplace, is thatI believe CID hasprogressed
to thepointwhereit is no longerpracticalfor one individualto develop andmaintaina com-
petitive“code.” Evenif you disagreewiththissentimenttoday,giventhedevelopmentsof the
last decade, it is clearthatCFD is becoming relianton ever largerandlargerpieces of soft-
ware. Consequently,unlesssomethingis done,you will eventuallybe forced to concurthatthe
cottage-industryapproach- one worker,one code – is outdated.

Therefore,althoughAn@a is currentlyunsuppo~ I f-l a casecanbe madefor athird-

‘Thesecurityconscious mightbeconcernedwiththecombinationofdigital-signaturesanddynamic-linking.
SincethesourceforAmtft~ isavailableforscrutiny,thereisnothingtostopa maliciousprogrammerfmm
circumventingthebuilt-insecurityfeaturesandwreakinghavoc.Thisproblemisnotuniquetotita andwill
undoubtedlyreceivewidespreadattentionwiththereleaseofNekwape5.0,whosesourcewillsimilarlybeopento
publicSCllltilly.
‘8Acomputerscientistmightclassify~tfiasaproblemsolvingenvironmentorPSEforshort.Butinmy

mind,havingafluidsbackgnmnd,PSEstandsforparabolizedstabilityequation(e.g.[17J).Thebasicstructureof
-ta hasbeeninexistencesince1989,andsocanlegitimatelybeconsideredoldhaLHta wasdeveloped
tocopewithday-to-dayprogrammingneeds,withoutregardtocontemporaneousresearchactivities.Byreleasing
thesystem,nowthatithasbecometoousefultokeepproprietary,insomequartersIexposemyselftoaccusations
ofselectivereferencing.However,atthislatestage,Ifeelitwouldbedisingenuoustoprovideapost-natalPSE
review.Instea4Mtzz willsoonfeatureadatabaseserverwhichwillallowindividualstosubmitpertinent
referenceentries,andtherequiahedocument-preparationkeywordswillbeaddedtoArnriratoallowusersto
accessthisbibliographyinatransparentfashion.
591fitwerenotforamrpp,thisnumberwouldbetripled.However,toquotetlomp.7ofTheC*programming

hmguage[25J:“C++ wasdesignedtoenableIargerprogramstobeconstructedsothatitwouldnotbeunreasonable
forasinglepersontocopewith25,000linesofcode.”- skiptwosentences-‘Naturally,thedifficultyofwriting
andmaintainingaprogramdependsonthecomplexityoftheapplicationandnotsimplythenumberoflinesof
programtextjsotheexactnumbersusedtoexpresstheprece&mgideasshouldnotbetakentooliterally.”–skipfive
sentences– “However,asprogramsgetlarger,theproblemsassociatedwiththeirdevelopmentandmaintenance
shfifrombeinglanguageproblemstomoreglobalproblemsoftoolsandmanagement.”2mritJzfunctionsasa
genericcode-developmenttoo~assuchyoushouldlookbeyonditspresentincarnationtoenvisagewhatitcould
becomewithyoursupport
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partydeveloperchancinganarmin thehopethata sufficientnumberoflike-nindedindividuals
bandto forma criticalmassof “%w-its++” developers. Formyp~ I amhappyto modi&
anypartoftitw to facilitatetheprocess. Monmveq if you fml you have a systemto tival
tit~, andamwillingto entertaintheideaof asofhvammager, I wouldbehappyto consider
howthismightbe done. If thenxearchcommunitycontinuesto go italone,thepace of sofhvm
developmentis suchthata ccmunercial~productin themannerof AZathematicaorM%%b will
eventuallyhold sway,andCFD will be alltheintellectwillypoorerfor it

Below I indicatecontributionswhich would benefitAwrita as it stands.today.-This is by ~
no meansanexhaustivelis~andso shouldbe considereda iirst-cuteffom

i.

ii.

...
m.

iv.

Beta-ReleaseTesters
Theprimarydevelopmentplatformfortitt.z is anSG11idigo2 machirtenmninglZUX
6.2. The~fore, althoughthesystemrunson otherUNIX platfimrns,htdlation teething
problemsoften give reluctantprogrammersa bad first-impression.For instance,when
v1.38 wasreleas~ theSolm”svemionranfineon a SunSpam$lation 5, butchokedon a
SunUlm. Theproblemwaseasilyfixedby adding-Isocket tothelistof Iirdclibraries,
andwas a genericSunUltraproblemfor programswhichused -lxLl –lXext. Nev-
ertheless,in theeyes of theuseL~ttz was mistakenlycondemnedas non-robust.To
circumventsuchproblems,vohmtwmareneededto testbetareleasesoftita umkx
AIX, HPUX, lXVUX61andOSFI.

Amlifa script writers
Few people in theCFD communityarepreparedto learna newprogramminglanguage
for thesakeof it. Hopefully,thesenoteswill convincesome thatthetimetakento learn
Amritawill be Houped manytimesover by theimpmvedproductivityit brings. How-
ever, otherswill need more convincing. Thereforevolunteersare needed to firstlearn
ArmitathencroftCFDapplicationsto thestandardof theIinear-advectionstudyobtained
by typing ,.

unix-prompt>iunmp Ch7/la.mailit

It is impottantthatsuchexamplescriptsbe of a reasonablyhighstan~ becausethey
will beheld up asaprogrammingstandardfor othersto aspireto. At thesametime,if the
scriptsaretoo sophisticatedtheyruntheriskof losingtheirtargetaudience.

plugin Developem
To demonstratethat%tfi is trulya neuti numericaltest-b~ volunteersareneeded .
to developtheequivalentengineto h_sol in otherCFDareas.Forsuitablecandidates,
I amwillingto helpwritetherequiredsystem-levelcode. .

BCG Contributors
Agr@ to demonstrate~t~’s algorithmicneutrality,volunteersm needed to both
solicit andinstallCFDcodes intoBas icCodeGenerator.

‘To clearonecommonmisconception,the.com domainextensionm www.m”@@com doesnotsignify
thatMta isacommercialventure.Atthetimeofregistering,tie.OWextensionwasinappropriateforan
organizationconsistingofjustoneperson.Similarly,@irkResearchobtainedbytyprn~

unix-pzompt>whois amrita-efd. cam
residesonlyinthemindofoneDr.AureProchazka(aformerGALCIT student)whowaskindenough~ register
andhostthedomainnameforme.

61~ta’s Fortran code requirestheuseoftheAbsofiorPortlandGIuzrp,commercialcompikr.
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v. ‘ikchniCalwriters
Many thankless,but nonethelessimportantjobs need doing if~ta is to become a
supportedsystem.Therefore,althoughtheinfrastructurefor anon-linemanualis inplace

unix-prompt>zmuita -c
amri ta>S&ow keywords= *

voluntem areneededto helpproduceclearandPre@e, keyworddocumentation.

vi. GUI DeveIopem
AlthoughMttz wasdesignedto be batchdrivenusingAnri@ theeventdrivenmture
of itsplugin enginesmakethemidealcandidatesfor being drivenby a GraphicalUser
Interface.Volunteersm neededto exploretwo approaches:(i) theGUIgeneratesAmzita
scriptto drivea plugim, (ii)theGUIgenemtesJ!X to &ive aplugin.

Volunteers,for any of theabove, can finda sign-upsheetatM@.z%vwanztita-cjfiiconz.
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A Getting Started

Ad SystemRequirements

Amrita runsunderthe UNIX operatingsystems:HPu ~ OSF, Solaris andSunOS,and
is self-containedapartfrom itslanguageinterp~terwhichis writtenin Perl ConsequentlyPerl
mustbe installedbefo~~ta canbe used.Now themis agood chancethatPerl is already up
andrunningon yourcomputersystem(checkwithyoursystemadmigistrat.or)asithasbecome
ade facto standardon UNIXplatforms.Ifno~ consulttheUSENEXnewsgmupcomp.kmg.ped ‘ “
to seehow Perl may be obtainedvia anonymousftp. Foritsp@Xta is availableviafimrc

http:lhvwmanuita-cfd.com

andcomes completewitheasyto follow installationinstructions,writtenin ~ anda setof
acceptanceteststo ver@ theinstallationprocess.

Jkmritadoes notrequheanythid-partysoftware(otherthanPerl) tobeusedprofitably,but
to follow theexamplesin thesenotesyou will needaccessto h.te~ Dviis, Gho~”ew, Gnuplot
andIVetscape.Again,giventheirpopukuity,thesepackagesshouldalreadybe installedon your
system.

A2 ‘&pographic Conventions

The followingtypographicconventionsareusedin thesenotes:

Am&a is used to meanthecompletesystemknownas AMRIT&
. .

&laptiveMeshlleiinementinteractiveXeachingMd.

Anuita is usedto meanxta’s language inteqmXer.

Slant Font is used for thenamesof third-partysoftwarepackagesand
Jbnrlta’s pluginengines.

Italic Font is usedfor iilenames.

Constant Width Font isusedformiscellaneouscodefragmentssuchasAmrita

listingsand ~ commands, andalsoforprogramoutput. , ..
,.

Constant Width Font is used in examples to identify variables which take
context-specificvalues. For example, filename would
be replacedby theactualnameof a fde.

Constant Width Font k usedbothfor commandsthatyou aremeantto type in
verbatimandalso for syntacticentitiesin thedefinitionof
commands.

A.3 New Users

To use2no-ita from a csh window,addthesetwo linesto your .cshm file

setenv AMRITA installation

setenv PATH n$ {PATH} :$AMRITA/ tools n

where ins talla tion is thefidl pathnameto thedirectorywheretita is install~ say:

/kw/loca144MRlTA
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Oncethisis done, andyou havetyped

unix-promp~source . cshrc
unix-promp t>rehask

you cancheckwhich~t~ versionis availableby typing

unix-promptxanrita -T

This shouldproducea rmxymgeaIongthehws ofi

Arndta version 1.38 (release 28-01-98)
Copyright (C) 1988, 1998 James J. Quirk

Send bugs and suggestions to help@amrita-cfd. com

Ifit dots nog or you rueusing an alternativecommandshellto CS4such as bash,check with
your systemdmhMmto r asto how you shouIdaccess~ta.

ZJ-L4Worked Examples

Thesenotescontainsanumberof wodcedexamplessuchasthisone takenfromp. 14

. . . redirect lat= output amrqp Chp2/montage.1
Latex2eHead pagesize=problem-sheet amrita nm.nvntage

... typeset title cd doclnmntage

... typeset figures

... typeset footnotes
WS Solvars.ps

LatexTail

Latex

In eachcase, a textframeprovidespertinentinformationsuchas thecommandsneededto
runtheexampleandtheoutputfilesto lookout for. Thustheabovewouldbe runby typing

unix-promptxamrcp Chp2/montage. 1
unix-pronipt>a+ita run_montage

The firstcommandis a utilitywhichunpacksthenamedfile fium~tiz intoyour iilespace,
to saveyou havingto type it ~ andthe second invokesthe Amritainterpreterto executethe
programstoredin the iiIe starfup.enzws. Once the scriptis finishd themain outputfile of
interest(dative to thedirectmyin whichyou ranthescript)wouldbe:

ddinontagel.solvers.ps

which you could then view with the Postscript previewerof your choice (by defaultamps
invokes GhostScript). Becausethe numberof iiles produced by a single scriptcan be quite
huge,you mightwantto considerusinga separatework directoryfor eachsectionof thenotes
so as to facilitatesubsequentiiIe management.Hem, for example,you could use a directory
CdkXiChp2a.

The scriptexamplesweretestedusing-t~ 1.38 (release28-01-98) runningon anSGI
Indigo2machine(195 Mhz Mips R1OOOOprocessor)with384 Mbytesof memory.

‘ThisexamplecomesfromChapter2ofAnrntmduction?o%ta[21].
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B BasicCodeGenerator

Whereas classical CFD doctrinehas the computationaluniversenwolving aroundthe flow
solver, h.sol views solvers as disposableitems. For instance,if a code such as roe_fi
does not meetyour needs– mall thiswas usedby my.scnpt on p. 5 – itcan be replacedby
anothercode more to your likin@, withoutdimuptingthe geneti omhestrationof the inves-
tigationsin which the substitutedsolver appears.This is possible, becauseAnu.sol takes
care of all thegenericwork neededto performa simulation,such as: iik-handlin~ applying
physicalboundaq conditions; applyingmesh-dinemen~ post-processingresultsetc. When
suppliedthe discretesolution {T3%] for an isolatedrectangularpatcha, the solver is ex-
pectedto performone of just two tasks:(i) returna stabletime-stepfor theintegrationprocess;
(ii) @urn a discretesolution{W~~} atthenexttimelevelfi. If needsbe, the solver couId
readthe new solutionin from a iile, or even grab it fim the intemet. As far as Arru_sol is
concern@ theprecisedetailsof theintegrationprocessmstsolelybetweenthesolver andits
maker(butseebelow).

Giventhedivisionof lsbour,a solver is a light-weightpiece of Softwaxeti.Forinstance,
the source for roe_fl weighs in at a shade over 300 lines of Fodran. If you changeto the
dinxtory whereyou ranmy.script, you canview thissoumeby typinfl:

unix-promp t>ccl eocie

unix-promp t>amrgi cOcZelroe_fl. src

He~, folded using:

fold: : file code/roe_f 1. src (to f 77: :LO) -> listing

thesourceappearsas’%

#include “AMR_SOL/MEtITAn
SUBROUTINELOG_BCG_ID

#clef ine HARTEN_entropy_fix
#define phi 2.0 DO

SUBROUTINEINIT_BASIC_EULER_CODE
AMRDBLFUNCTIONPATCl_DT(IM,Jlf, NG,DX,DY,W)
SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE
SUBROUTINE

SUBROUTINE

SUBROUTINE

PRIME_I (GRD,J,IM,JM,NG,DX,DT,W)

Iti(GRD, IM,JM,NG,DX,DT,F,W)

PRIMEQ(GRD, I,IM,JM,NG, DY,DT,W)

JSWP(GRD, IM,JM,NG,DY,DT,G,W)

CALCULATE_WAVE_STRENGTHS (KI,X2 )

COMPUTE_EIGENVECTORS (KI,K2 )

MODIFY_WAVE_STRENGTHS (K1 ,K2 )

CALCULATE_DISSIPATION (Kl,K2 )

c31nturn,itmrit~viewsAnu.scdasadisposableitem.However,giventhesoftware-engineeringinvolv~it
wouldbeimpracticaltoreplaceAmr_solwithsameregularitythatsolversareswapped.
‘DetailsofhowAmr solorchestratestheintegrationprocesswillbegivem lecture2.
bsAmrsoldecidesti~sizeofa mastertime-stepbasedontheindividu~patchtime-stepsreturnedbythe

solver.Againdetailsaregiveninlecture2.
‘%’hisdoesnotimplythattheintelkctualcontentofthesolverisslighL
b7AmrgiautomaticallyfoldsFortranonFUNCTION andSUBROUTINEprogramunits.Thereforeyoucanuse

ittoviewyourownfolded-Fortranwithoutneedingtointroduceexplicitfolddirectives.
c81”hefileme-jlsrcisprocessedtwicebeforeitisactuallycompiledme~sm + ji’7sm/..eJtF +

j77sn7iveJZf. The secondofthesepm-processingphasestakescareofthe#include and#clefine dire-
ctivesandexpandsthetypedefAMRBBL totheappropriateFor&antype foradoubleprecisionvariable.
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B.1 Solver ltoe_fi

If you arewonderingpnxisely how you beeame the ownerof thefile roe~sm, the ti line
of my.script invokestheproeedme TasteOfAmrita which in turncalls the Anuita library
pmeedumBasi.cCodeGenerator (BCG for short)whichconstructedthe solver for you.
Ifinstruetedto do so, BCG will alsodbenmentthecode it produces. Forinstanee,tryrunning
this Seripc

EulerEquations . . .. .
plugin amr.sol

BasicCodeGenerator {

solver = Roe_f 1

stheme = flux-limited’ operator-split

document = yes

}

amrm chp2/solmr. 1
emrita xmke_Roe_fl
cd code

_ ROe_fl.src
cd code/doe

-S Roe_fl.ps

to cnmtea clone of roe_fl calledRoe_& completewiththe131jjXdocumentRoefitex, the first
two pagesof whichareshownoverl& -

—

The scheme parameterinstinctsBC!Gto builda so-ealldflux-linzite~ operator-split code.
Internally,BCG usesthe scheme specificationto traversea treeof Am&i procedureswhich
constructsource code, subroutineby subnmthie,using the documentpreparationskills de-
scribedin $3. This providesfor far greaterflexibility,andease of systemmaintenance,than
if thecode were merelyregurgitatedtim a sipgle,pm-pleparedfile. The solver parameter
allowstheuserto selecta nameby ti-ch to refm to theresultantcode andso hasno bearing
on thecode content. Herethenamewas chosento refleetthetheoreticallineageof the solver
(backgroundreferencesaregiveninltoefipis), butanyfilenamewould doe.

To iindout whatotherl?CG codes canbe usedto integratetheEulerE~ations, type:

r.rmix-prompt>amrita -C

arnri ta>BulezEquations
amri ta>plugin amq_sol

amri ta=-BasicCcxleGenerator sclwana=?

this willprodueesnHTiMLdoenmentwhichyoucanbmwse to findanarning-conventionwhich
revealstheavailableschemes.At thetimeof waling @e allowedschemesare70:

def NamingConvention
convention for

where space =

where grid =

where recon =

where recon .=

where evol =

euler-code is space’ grid’ recon’ evol
{Id:one-dimensional 12d:two-dimensional}

{c:cartesianlb:body-f itted: curvilinear}
{fo:first-order IIun:kappa-muscl Icm:char-muscl}

{f1:flux-limited}

{0s:operator-split [fv:f inite-volume}

exclude names id-b- *-*
end def

... BCG latex documentation

b9Trynxunningthemakt_RoeJl scriptwith solver setto your initials(e.g.jjq) then checkfordifferences
betweenthesourcefilesRoejZsm andjjq.smusingthe UNIX utility,diff.
701nkeepingwiththerestof~ta, thenahdng-cxmventionforeuler-codeispmgranunableandsocanbe

widenedtoaccommodateuser-suppliedcode.Thusreconcouldbeextendedtoincludeeno,andevolcouldbe
extendedtoincluderunge-kutta.Becausethenan@g-conventionfixestheschemenamesusedtotraverse
BCG’Scode-generating tree,and not the hard deiaikofthecodesthemselv~itsextensionistrivial.
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BasicCodeGenerator

Msde: Roe-jl

For : JamesJ. Quirk(akajjq)

on : Mon Feb215:4434PST 1998

CorrectUsage

EulerEqu.atione
plugin Smr.sol

logfilelogs/Roe_fl
solvercode/Roe-fl

Preamble

Tbk documed dissects theeourcecodefortheAmrfiolcompatiblesol-

Rocjl

Se.eiccodefkrlerator {

solver = Boefil
scheme = flllx-limited’operator-eplit
document= yes

}

Itisa%emmdyouhavecomefmnihmitywiththeoperationofBeeicCodeGeneratorandlmderstand
howflowtdzerearebolmdtoAmr~ol. If thisiinotthecase+yousholddreadClmptere6snd7
ofAn introductiontoAnu-ita beforeproceeding.

.

‘IIyou spoten error in:&document,or theAM sourcerodeI&#.srq pkasstakethetimetofileabug
Xepmtsotbstitmnbecomded.

1

F@ue 14 Pageoneofthedocumentproducedby13CGforsolverRx@.
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WM thisknowledgeyou can thenchoose a scheme(or schemes)to suityourpreferences.
Forexample,therun_montage script(seep. 14) essentiallyrum

EulerEquations &llW~ ~2/BOIV=. 2
plugin amr.sol amrita make.km.solvers
foreach flux (godunov, efm, hlle, auam) ‘.

BasicCodeGenerator {
solver = $flux’_lan

. . . f nix = beg/ $f lux ..
.,

scheme = kappa-muscl’ operator-split
3

end foreach

to producea collectionof MUS~based solvers’1.
BasicCodeGenerator isdesignedtoproduceflowcodestomeet thegenetineedsof

thetita community.As suclLit operatesat severallevels, and leavesusersto find their
own level of programmingcomfofi At the lowest leve~ you can use BCG blindly, safe in
theknowledgethatit will craft a serviceablecode. In this lecturethe focus has been on the
EulerEquations, butit is only a“smallleapof ftith to runthisscripfi

ShallowWaterEquations
plugin amr_sol

~BasicCodeGenerato.r {
solver = my. swe. code

}

@ acquirea codewith which tointegratetheShallowWaterEquations, and so on for

72 The% ifyou amcuriousasto theinnerworkingsof aparticularsolver,othersetsof equations .
13C’Gwill produce a code dissectionto slakeyour curiosity;if you havenot alreadydone so,

‘ now wouldbe a good timeto view thePost%zi”pt file Roejlps (all 30 pluspagesof it!).
At a mo~ active leve~ the outputfrom BCG can be used as boiler-platefor creatinga

customizedsolver. But as itsnamesuggests,Basi.cCodeGenerator hasno p@ensions
to representingthelastword in solver sophistication.Therefore,if you area CFD die hq
you may well feel you can do a betterconstructionjob thanBCG. If thisis thecase, you can
stilluseme ou@ut fium 13CGas a templatewithwhichto buildyour own Amr_sol-compliant
code from thegroundup. Inparticular,adocumentsuchasZtoefi.ps will explainhow to deiine
therequhedsolver bindingsn.

B.2 def Solver

Before Amr_sol canusea solver, itmusthavesomeknowledgeof thecode’s internallayout.
Specifically:whichroutineshouldit call to initialisethe solver; whichroutineshouldit call
to computethestabletime-stepfor anisolatedmeshpatc~ whichsubroutinecallsneedit make
to integratethe solutionheld by an isolatedmesh patch. ThereforeAm&i provides a def

711fyou arenotfamiliarwithMUSCL schemaactivatethedocumentparameter.
‘Formaximumflexibility,eachEquationSetemploysitsownBCG naming-convention.Inthecaseofthe

LinearAdvectionEquatio~ whichprovidestheclearestsetlinginwhichtolearntobuilda solver,the
naming-conventionevenallowstheusertospeci@achoiceofprogramminglanguage(f77orCC).
73TheamplexityofthebindingsisindependentofthemathematicalcomplexityofthetargetEquationSet.

ThuslessonslearnedusingtheLinearAdvectionEquationtiSfmdireCtiytocodeswrittenforfidlsystems
ofpartial-differentialequations.
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Solver block to allow the solver authorto furnishAmc_sol withtheinformatiohitneeds,
and a 13CGdocumentsuch as Roefips provides a readymade exampleof its use, as do the
documentsfor thekappa-muscl schemes.

The Solver block for Roe_@ takenfrom RoeJlhzkk

def Solver
gridreq, :

symmetry :

startup :

timestep :

cartesian (NG>=2 )

slab I cylindrical , “.. ”
INIT_BASIC_EULER_CODE
PATCH_DT (IM,JM,NG,DX,DY,W)

step Isweep (aka Li) : ISWP(GRD, IM,JM,NG, DX,DT,F,W)

step Jsweep (aka Lj ) : iLSWP(GRD,IM,JM,NG,DY,~,G,W)

integration: Li*Lj

end def

andis dissectedin 51.4 of Roe_fZps.
If you compilethecode manually

unix-promp t> amrita Roe_fl .mk

you will see a message:

creating Amrita bindings

The CompileSolver callattheendofRoefimkuses the def Solver informationtocr@

anumber ofsystem-leve~bindingroutineswhichallowAIDLSO1 tocallRoe.fl atrun-time.The
outputiiom thisconstructionphase,&7srdRoe_lZE

#include “AMR_SOL/AMRITA”
SUBROUTINE LCX_BCG_ID

#clefine HARTEN_entroPY_fh
#define Phi 2.0 DO

SUBROUTINE INIT_BASIC_EUL~_CODE
AMRDBL FUNCTION PATCH_DT(IM,JM,NG,DX,DY,W)
SUBROUTINE PRIME_I(GRD,~,IM,JM,NG,DX,DT,W)
SUBROUTINE ISWP(GRD,IM,JM,NG,DX,DT,F,W)
SUBROUTINE PRIMl_J(GRD,I,IM,L3M,NG,DYtDTtW)
SUBROUTINE LX3WP(GRD,IM,JM,NG,DY,DT,G,W)
SUBROUTINE CALCULA’Tl_WAVE_S_G~S (Kl,K2)
SUBROUTINE COMPUIT_EIGENVEcTO~ (Kl,K2)
SUBROUTINE MODIFY_WAVE_STRENGTHS(KI,K2)
SUBROUTINE CALCULATE_DISSIPATION(Kl,K2)

***********************************************************************

* THE FOLLOWING AMR_SOL BINDING ROUTINE(S) WERE GENERATED BY AMRITA *
* USER: James J. Quirk (aka jjq) *’

* DATE: Mon Feb 2 15:44:37 PST 1998 *
***********************************************************************

#include “AMR_SOL/AMRITA”
#include ‘AMR_SOL/BINDINGS.H”

SUBROUTINE AMR_SOL::VA.LIDA~_SOL- (-)
AMRDBL FUNCTION AMR_SOL::PA~H_~ (LrGRD)
SUBROUTINE AMR_SOL::INTEGRATE_GRID(L,Nt)
SUBROUTINE AMR_SOL::G=~O (cm)

***********************************************************************
* THE ABOVE AMR_SOL BINDING ROUTINE(S) WERE GENERATED BY AMRITA *
***********************************************************************
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is thenpre-processedby aimpp to produce a fiIef17snYRoejLf which can be compiled by a
standaKiFortmncOmpiler’4.

Reluctantprogrammedneednotbe phasedby theabovemachinations,becauseallthehard
worktakesplaceaiItomaticaUy.Forexample,someof you mayhavenoticedthattheintegration
sequence:

integration: Li*Lj

is not formallysecon@@er accumte.Fo~tely, all thatneedbe done to get pukkaStrang- .
splitting[23],is tibstituti theke.

integration: l/2Li*L~ *1/2Li

thenrecompiIe:

unix-prompti amrita Roa_fl .mk

andtheinnardsof thebinding-routineAMR.SOL: :INTEGRATE_GRID automatic~yadjust

tothexevisedintegration sequence75.

Practicalexperienceshows thatStrang-splittingisa mathematicalnicetyfor the shock-
dijhzctionprobkm run by rny.script76andso anEngineermightnotbe happyputtingup with
theextmcost of theintegrationfor no tangiblereward.Fora uniformgrid thesequence:

integration: ‘Li*Lj *Lj *Li

combinestheeconomy of Li.*Lj withtheaccumcy of 1 /2 Li*Lj *1 /2Li. However,when
used with Amr_so~ it has the side-effectof halvingthe numberof grid adaptionswhich in-
creasesthe risk of introducing0(1) emm, should a shock escape across a tie-coarse grid
boundary.Such subtletieshelp explainwhyMta is endowedwith a programmableinter-
face ratherthana GUk Arrnitaallows a widerrangeof tastesto be cateredfor in a seamless
fashion.

I&e, theexpertpmgrammerneednot feel fetteredby BCG’S way of doing things.When
all is saidanddone, withthecurnmt%ta releaseanAnK_sol solver is a shaed-object
file whichprovidesfoursystem-levelcalls’:

i.

ii.
...
in.

iv.

AMR_SOL::VALIDATE_SOLVER allowsA.tnr_soltocheckthatthesolver iscom-

patiblewith thecurrentEquationSet. Thispreventsthesortsofchaoswhich would

ensueliom integratingtheEulerEquations witha solver intendedfora different

EquationSe~ s,aytheLinearAdvectionEquation. .

AMR_SOL: :PATCH_DT returnsthestabletimestepforanisolatedmesh patch.

AMR_SOL:: INTEGRATE_GRID updatestheflowsolutionfora collectionof mesh

patches.Lecture2 willdescribesome ofthesubtletieswhich dictatetheinternalmachi-

nationsofthisroutine.

AMR_SOL: :GETINFO servicesllnufta’sgetinf o command andisnotmandatory.

74Thisstatementisnotstrictlytruesincetwoindustry-standardextensionsaremedal (i)abilitytocopewith
longvariablenames;(ii)abilitytocopywithPOINTER variables.ButthestatementstandsinthattheFdrtran
compilersprovidedbyallmajorworkstationvendorshavetherequiredextensions.Unfortunately,atthetimeof
writing,theFbrtransuppliedwithLinuxdms notcopewithPOINTER variable%andsoyoumustpurchasea
commemialcompilerwhichdoes(e.g.PortlandGrouppgf’77).

75Anexplicitintegration sequencecanbespeciiiedwhenBCG iscdkxiandsothereisnoneedtofeel
inumveniencedbythedefauItLi*Lj,shoulditnotbetoyourliking.
7GPleasereadtheDumasquoteonp.15.
‘Future-a Aeasesarenotobligedtomaintainthelow-levelbindingstructure.Therefore,unlessyou

havegoodreasonfordoingso,donotcircumventthedef Solvermechanism.
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C Avnr&t mailit files

,

The primarypuqose oftita mailit files is to allowAnd% scriptsto be distributedvia e-
mai~ hencethenatne“mailit”. For instance,supposepmsonA sets out to “developanAmzritfi
applicationfor drawingfractak;withtheexpressintentionof showingthx despiteitsheritage,
AnztftJzis not restrictedto gas dynamics. WelL once the necessaryscriptsare writtenand
teti A needonly invokeAmri@ thus:

u.nix-prompt> amrita -mailit fractal”

to producea iilefiuctakuzilit whichcanthenbe e-maileddkctly to personB, completewith
aPGP[1O] digital signature, courtesy of ammaili~ to authenticatetheoriginof themessage.

AUB needdo, uponreceiptof the-“lid
‘BXQ31S FOP S3GSED 3LEssm3E—————

AmritaMzi3it ::frsctsl {
origin (

Auuita v1.38 R07-01-98
Usez JSMW J. Quirk (sksiiu)
dste. Tbn Jsn 8 14:17:00 PST 2S98

} m
resources {

disk 221 ssytez
CPU 34 sees

)
iperation (

zmrits -mi.3it fraclxd
)
Oriptc
3VXL (=(13M30 $VJSR86-86PW=L%R’ .D7;5/S3 !4>SLSVKSWK%C2”$QEQ*>, 6
M(-*5J (wYxLM34F’4T233$s”“W?YWE\ [-9 ‘$UITINWMU=>D-9WA= X39Z :[
MS”PQ/6f 6FYI)L33S7SU6@U38K@:04:V$;4J.F’4mnumJz3xe.zNJ7, Tk\D-u
M*J:It S*/3;F1>W@=Yl P[=~. :+XI%28-0”2XA-’’’C)8’);D3z3Z$:OSSE
wPRicsP/-9E[ IK23u 1))cLYsPQFi 0~F’JXFLOL-S36PP8-S=LOl-_Bv3J6x
3S28.‘>Y+-/’ZIBBP)S’P’)3))~ZGZN;S@SC~<lTlQ’Q’.JA31V+OX5WZ
M76E1=OT-S)ZF’4,1.VWW8-:TTf3S-A:;LRM*$F[>30%.JTS>”)<@BL/;14\W
WS(-112%>%L2K(0’4YSQ.B”SItIWS+-J\632@Dl .!U4P_Fi3)AUS35’D4T737BRC
M6R045==+M(5,-1 -!=[S~~(=--Nl -47[O\S@t=-Al ~~A-1W\

M+9=w25BF8>I;X; 85D~FOB;5 [ZS~L==3Wi, A .%0[ !OW7101-) ;M7Z98E-lV
MY$9A_W\6W9 [04R?SJ1-?_=4 lT&! ;+:L2?Y1F*A5ZQ+=F”+ .4FAI ‘Q%-) lT\
WL-X@R=-1444-7F, _V, A64TS2+lt\L_l$L6?JSCK2/Sl? ‘91YLS3 ‘SPOSH/Ll+
MPl PX6W.7fCA%OV.UTZF* *P@B#H63k~~47m”@3~4J1’X~ [SV49V.-
%CfLL24°_8DI&Tf @*sI”Y7$1 \\lWF8&8. S;SYFwAL.88/13\5E\c@u\:=76
36u~1L:@5-UmXS1461L(4sw*[4)w00~-~6>A3’Tu4MA2 SD979-:2RS’
M02s37JZX-SZ3MB*F:‘sWL7(O>3SC-”Z4/S-lB’-C@Kk‘QZ:4:<PC8+-]
MSUrmZL?SGR*F93-7;0APSL(.))OA”=OP5RSFZC[O[_.76w3?87\[?10fZC3[+%
nt4~*”m. m4\7=*0:mt\timti4’~ex. ex’”s(\’<0f7P”.
SELS31D2QS8?3i-19Z\+I”El6Z1=S-\+E9_WCVF\T7~ULl F1WRCV8 )f@*41
14431)9-S~_3’:8PK08TlM4<83W-=Y’5P+2DQ0Z4K:/OLWl\.,D8FV2+LW;69=*
=+$L4LV’09J+)K6<: SAISH’‘7=46*(12\OAZIZ” “3”/(5_o?[3-z-07[Y
WGF6~~+-%”M-ZC-KWm-7TWL”4_7$) 6.QLF@:KlXlT1-I!.(A
WI $C/OCIWS?-LAYSR5?X40‘Al[l\=us;3=T20Bn8&l[‘Y8W)74SQLW IE4Y
WOAX.,>;ss46TQ”!1QIEVWX%XDLZP’N$-IX8X620Y6Z,W5RT43.8FIA:$!YF
sf/P>P21[AOL\-fi)~KG==. ‘lQC:G.TZ+) B5;SC.%Q8FJE@;J-‘18R\>*,3f-PI
M)_]n6’LYXnQ7CEK:R.IW[[AF-=0’f+WMO?”9~X;?4..R<~_;-!\;S5+[V$
M27Yl;F22SC;7/K”l::F?9Q[T11*3>:>LJ7:,@s->SE.Z15m9+l/STAWR(BB
3161*SV2FS<=<~Z@0WL2C= \/D’[KtCHEOV, E\lU*+l ]>;U5CL[<-19f
M%sz,*%\7K40Fs4u9+Y; --N=Eclw*L’ eoz>784) :>1XIoP3E=P:7_: 6!3N_F
=]~l~@E1)B, ~-~l"$+ZF$Q~4E# Q8U-X?&Y`>, -5~.D; O$@O+X.C
M\>! 1: ILF9B\?Y9EUS.<lCLV4 @3Z (-4–V155X. Q?-”8W$: ]7”=’ )MZ :C19
<?w1 i?l$J<i?IJ;●im”(lYi2YW5<+OU$%6_\3.‘#O/*]i,s3(*46.OF+V
MS>8&lB=143\*OU.70Z%S) IW;89LX29CI\_u40xKDl:%Y9BBl)Q/=90&[$-<1
34*F;*9W147J23?XS@t51. (\/zOWD”LILXV%S.8 Z#9XR%”97 [_V_OUYORF53V
XJ-+**:XCLSIIYORRBF30 ,+*z>?l/_vm37\.*...

}
)

--—-BZOIWEQPS30WATOZZ-----

Version:2.6.2

iocvAwR?MLvQ4x!nz’fLsjP/xJAQEC?lUP/_3S5 0W8C4QMRQZAXfX2 +7FbSNcBssF
njwfQnOSqS2H~9xmz_S8=+smE~ w7TGvylemwm7a
8g1OmFK2CQ77O3RWS5J/Qlrqajin8Z5YfOv4SJ7Z0?@Ib1Zl6u52Qfu5T7dYEdJz4
xQ6FFkY+4kA=
=ds4+
-----zND PQP SIOWATORB -----

is type

unix-promp t> amrita fractal .mailit

andArm&i will automaticallyunpackthearchivedscript,checkitsauthenticity,andinvokethe
interpreterwiththeexactsameoptionsusedby personA. Thus B endsup withthesame set-up

asA, qyudless of thecomplexityof thescriptinvolved78.

78’i’hesystemisnotcompletelyfoolproof,thatisdetermineduserscanbreakit!
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Figure16: Outputproducedbyjkzctul.mailit. The imageisbestviewedona 24-bitcolour,computer

screensothatthefullaffectoftheHLS colourshading[9]isseenneartheiiactalboundary.A Postscript
previewersuchasGhosm”ew willalsoaUow you tozoom inon theboundarydetails.This~tfi

examplewasinspiredbytheunwieldysourceneededtoproduceFigure5.9ofUsrngMPf112]. Here–
thethreelistings,barringthehiddenprogramfolds,constitutetheentireArnritascriptneededtoproduce
thepageshown.Thelargestof thehiddenfoldsusesthedynamielinkingtechniquesdiscussedin SD it
weighsinat4 ArnritascriptIinesplus24linesof For&an.

51



C.1 Digital Signatures

Garfhkel[lO] provides a thoroughintroductionto the generaIneed for tamper-proof,digital
signaturesandexplainsthebasics of public-keyencryption thetechnologyupon which DSA
(digitalsignaturealgorithms)arebased.Thisscriptsufkes to illustratethebasicproblenr

set ob n= obfuscated

set obfuscated #= “\162\155”

set fu . “= Obfu

set Obfuscated ~~ ‘s~%~~~~~~052”

set seated

clarify on

execute $$ob.$$fu.$scated

amrw m3/obfus. 1
cd Bafeguard
eruritarua.abfirscate

It outputs,courtesyof Amrita’sbuilt-inclarif y command

<<
SCRIPT: execute $$ob. $$fu. $Scated

execute
execute
execute
execute
execute
execute
execute
execute
execute
execute

>>

$$ob. $$fu. {$scated}

$$ob. $$fu. seated’

$$ob. ${$fu}scated*

$$ob. $Obfuscated*

$$ob. {$Obfuscated} *
$$ob. *.*

${$ob} *.*

$obfuscated *.*

{obfuscated} *.*
rm *.*

andillustratesonegoodmsonwhyyoushouldnotuse(orwrite!) obfuscatedscripts:youcan
neverbesure(or recall! )preciselywhattheydo.

Programminglanguageswhich employ stringinterpolations,such as PerlandArnri@ w
inevitablysusceptibleto TrojanHorse attacksthroughvariabletainting.Hem, the clarify
commandrevealstheintricateexpansionprocesswhichleadsto thedevastatingbottom-line79.

“It also indicatestheextentto whichAnrita is happyto caterfor reluctant-programrne~so.If
you fall in thiscategory,do notbe putoff Amritaby theaboveexample:you runthesamerisk
of suchanattack everytimeyou runaprogramexecutableyou did notmite yourse@l.

There are two basic methodsfor safeguardingagainstmalicious attacks. The firstis the
so-called“paddedcell” approach favouxedby .Tava[26] andTCL [27j, wheresuspectprograms
(e.g. ones executedstraightoff theweb) arerunwithdraconianaccessrestrictions,to prevent
themnmningamok.ThesecondapproachasusedbyAwzrita, is basedontrust.WhenAnrita
receivesa muilit from .lohnDoe: it runsi~ if andonly if, you trust.TohnDoe not to sendouta
TrojanHome82andtheattacheddigitalsignatureverifiesthatthemuilit was not tamperedwith
in transit.Neithersecurityapproachis entirelysatisfactory,butthe“paddedcell” style,because

791ufac~asa precaution againstnovice programmers shooting themselves in the foo~ execute isdisabled

when clarify isactivated:execute launches a ~oume sheu and so csh users who have sensiblyaliasedrra

to ma -i would stillhave theirtilesdeletedby thisobfuscated seriptjifitwere not for clarify.

‘%ven the ckrif y command, thereisno excuse forbeiig unable to get to gripswith Amrita stringexpan-

sions,otherthan plainsloth.

*lTrytypingunix-prompt>man unlink.
‘That is,JohnDoe’s PGP publbkeyisonyourPGP key-ringoftrustedassociates.
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ithampersboth good andbad scriptsalike,appearsto be losing favofl. Ultimately,however,
thesecurity-buckstopson thedeskof theuse~

Forthosewho areintemst~j%ztakailit was sent outby%

Amri.ta Mailit-Master <help@amrita-cfd. COD

usingthepublickey
-----B~IU EGP POBLXC H BUJCK -----

Version:2.6.2

~p156~i~~8~~ 6Huu~ -2pRYQtlUu4k6
. .

ftPjKU41fZ+s4M9 VFi2sCTSqoW3V22MBEVCS/xO4zzo9@279OfhluHuuM “ +Xnw

jE/=h42gti-moWX4 m~l-~/L8~U~-j PIxJMVB
w~mlo~=cfisams cEBbbXJ@3EtY2ZkIat?vbT6JAJ00
EU7Az92MpuaB8uyMl l~SMo~-6X4~F~78c45jwmSww

ZX3UYJlCKN19pDF29 9s9P3z=lmu3racE61vS 0a1?23A0CSS3110JC@w4UCP+=D%
wylZX7E9cr+WU+eZ5c9 L3WKoP3K++OEz20RD~

fw/lQ==

Iosmb+hmcf+bebm

=SVU7
-----mm PQP POZLIC K2Y zmcK -----

whichhastheMD5 fingerprint

D4 33 F8 7F IF 80 C7 3A 00 13 FF A5 C9 l?! 70 34

C.2 Bug Reports and SystemUpdates

At anotherleve~%tw mailits were developedto fdtate thefilingof bug-reports.Someone
strugglingto get to gripswithAnuita stringexpansionsmightbe convincedthatthisscriph

set x #= 10 a.mr~ Chp3/error. 2a
set y #= -5 amrita run.careless
set z #= $x-$y

whichOUtpUt.S:

Error at line 3 of file run_careless:

error evaluating expression ‘10--5’ !

Line 3 is:

set z #= 10--5

.-’
error near:

10--5

unearthsa bug in the interpreter.Iistead of bemoaningthe fac~ the individualcau fire off a
mailit to amomexpertprogrammer,witharealistichopethattheproblemwillbe trackeddown.
At leastmom so thanhadtheyme~ly submitteda vaguewrittenreport~. In thisinstance,the
pmblemlies withtheuser’sscript.BecauseAmritafidly expandsascript-linebefore attempting
to executei~ theusershouldhavewritten

set x #= 10 am.rqp Chp3/error. 2b
set y #= -5 amrita run_correct_wey
set z #= $x- ($Y)

831Ve&wapebelatedlyoffersa .TavaScript signing toolcalled“zigbert’’[l5lwhichproducesJARfilesthatwork
alongthesamelinesas~ta -“lit files.

‘The libraryroutineGetPGPkeyscanbeusedtoobtainacopyofJbmita’spublickey.
‘Nevertheless,youshouldahuystakethetimetodistiIlabuggyscriptdowntotheminimumwhichcharac-

terizestheproblembeforesubmittingthemailif. The smallw ~enwifit, the quickerthebug-fixercangettogrips
withi~thequickeryougetyourproblemsolved.
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At thesystemlevel,amrmakeautomatestheprocessof pmducingnuu”litlileswhichupgrade
one versionreleaseofAnr-it~ to another.For example,following a bug-fix, a “softwaretzaf’
runs:

unix-prompb amnuake carfile

to generatethedefinitive%ta instillationkit%

AM.Av1.38.J?24-01-98. tazgz

plusa seriesof mailit files whichupgradepreviousreleasesto thenewrelease,say:

AM.UIZAvl.38_Rl 7-11-97_to_@4-01-98.mailit

The upgrademailit can thenbe shippedout to~ta’s existinguser-base,for recipientsto

w

unix-prompD antnuake AUIUTAvl. 38_R17-11 -97_to_R.24 -01-98 .mailit

to make the appmpnateupgrade. As the whole process is completelyautomatic,theupgrade
canbe ptiormed by individualswho amblissfullyignorantof theworkingsof patch andother
UNZXsystemutilities.

Forthosewho areinterest~ hereis thefirstpartof theupgradeiik

AmritaPatch: :header {
upgrade AMRITAvl.38_R17-11-97_to_R2&Ol-98
instigator James J. Quirk (aka j jq)
date Sat mm 24 12:27:44 @.1’r1998

}
AmritaPatch: :delete { Amrita/keywords /gl/pasteimage .P1

file Amri.ta/keywords/gl/pasteixna9e .P1

}

AmritaPatch: :delete {
file examples /Chp2 /Schardin/LatexSchardin. amr

}
AmritaPatch: :delet e {

fi.leexamples /Chp2 /Schardin/Schar~f o
}
AmritaPatch: :delete {

file examples /Chp2 /Schardin/schardin .ps.gz

}
AmritaPatch: :edit {

fi.le include/ cc/AMRITA/isl .h 58759
4a5,9
> #include
> #include
> #include
> #include
>
22a28
> AMRVOID

}

<Stdio .h=-
<String. ~
“AMRITA/typedef.h“
“AMRITA/errors.h“

ISL ::unplug (AMRSTR ‘plugin) ;

AmritaPatch: :add {
file stdlib/systexn/GetPGPkeys. amr 14312
proc GetPGPkeys

... anuci.ta:pgp: :id

... amrita :pgp: :fingerprint

... amrita :pgp::publickey
foreach token (id,fingerprint, publi.ckey)

chop amrita:pgp::$token
etc ..

*bThisisfarfmm beimgassimpleasrunningtaron~ta’s rootdirectory,whichiswhythetaskisautomated.
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D Dynami&Linking

Dynamic-linkingenablesa code to performopen-heartsurgeryon itself– as itruns – so as to
fix a bug or obtainfunctionalitythatwas not availablewhenthecode was constructed Under
~g’, the dynamic linker(i.e. the surgeon)is controlledusing four roe dloperq
dls~ dlerror and dlclose 88.%tzz buildson theseroutineto provideuserswitha
painlessmeansof exploitingtheprogramming-powerof dynamic-linking.

. . .
D.1 Hello, World!

Onmy machinethesetwo Forhansubroutines:

c
c OUTPUT CLASSIC MESSAGE
c

SUBROUTINE MSG1
WRITE (6,*) ‘HELLO, WORLD !‘

c
c OUTPUT AMRITA’ S MESSAGE
c

SUBROUTINE MSG2
WRITE (6,*) ‘RELLO, AMRITA! ‘

arm- Vkvdl .If
cd code
amrf77 greetings. f

canbe compiledto form a so-called“dynamicsharedobjecti”

A.MRSO/seriaMRl%64/greetings.so

On your machine,as explainedon p. 25, the filepathbetweenAMRSOandgmetings.so might

reflecta diffenmtarchitecture,butthenetresultis thesame thefilegreetings.so is ready to be
suckedinto anyexecutingprogramwhichcamsto makeuseof it.

Forinstance,changeup outof thecode dkctorygg andrunthisthreelineAmzitascripfi

plugin foo
call code/greetings: :msgl
call code/greetings: :msg2

elnrqp v.kvnm.dl . lf t
I amrita print_greetiags [

to Output

HELLO , WORLD !

HELLO , AMRITA !

The Anuitakeywordcall hasthesyntax

call [<path>/ ]<gackage> [:<language>]: :<procedure>

The optional<path> locatesa directo~ containinga shad-object <package> which con-
tainsa <procedure> to call, in anoptionallydeclared<language>go (bydefaultf77 is
assumed).

‘At leastundertheH variantssuppliedbythemajorworkstationvendorxdynamic-linking(DL)isnot
availableunderUNICOS!DLisnowsopervasivemthedesignofoperating-systemsthatyoushouldno~notuse
DLoutof somemisplacedfearthatitisnon-standard.If tJMCOSsurvives,afiturereleasewillsupportDL.

88fZZfXprovidesasolidintroductiontotheuseofdynamicsharedobjects:irix-promptxaan DSO.
89Asamatterofgoodfile-managemen~unlessusedforcompilationpurposesIrecommendyoukeepAmrita

scriptsseparatefrombothFor&anandC source-code.
‘Currently,<language>isrestrictedtof77orCGbutthegeneralizationtootherlanguagesisstraightforward.
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#include <stdio .h>

I*
output classic message

*/
void msgl (void) {

printf(”Hello, World! \n”);

}, ’.’
/*

output Amrita’s message

*/
void msg2(void) {

printf(”Hello, Amrita!\n”);

}

andrunning

plugin foo
call code/greetings:cc::msgl
call code/greetings:cc::msg2

tooutput

Hello, World!
Hello, Amrita!

TheAmrit.aexpertcouldevenrum

. . . tie hybrid-package
plugin foo
call code/greetings:cc::msgl
call code/greetings:f77::msg2

f

tioutputgl:

Hello, World!

HELLO, AMRITA!

amr~ Vkudl.lc
cd code
amrcc graetings.c

amrqp Vki/nln_dl .lC
amrita print_greetir3ge I

amrqp V./nm_dl .1 i
lamrita priat_greetings [

D.2 Compiler Options

-t~ is designedto work transparentlyacrossmultipleplationns. Therefore,unlessyou
92 theonly compile optionsyou shouldemploy with am3f77have good nxisonfordoingso ,

andamrccanx -O or -G, and -serial or –rnpi. The firstpair of optionstoggle between
productionmode (i.e. bestpossible optimization)anddebugmode (see nextsection).The sec-
ond pairtoggle betweentheserialandparallelversionsof2nnft~. Thisminimahstapproach
works93,becausetools such as anuf77 and arnrcctunethemselvesto your local platformby
in-liningcode from thedirectorystructure$AMRZTA/SYSZl?i@.Forinstance,on my machine
thebottom-lineFortraucompilationuses$AMRZZIUSYSZEWZZUW64/am@7.

‘lTheF’or&anWRITE introducesaleadingspace,hencethemismatchinthejustificationofthemessages.

%1’hereisnothingtostopyoufrombuildingshared-objectsindependentlyofAnzritausingwhatevertoolsor.
switchesyoursystemprovides. .
93Manyofthereluctantprogrammer’swoesstemfromusingcomputersystemswhichareoverlyflexiile.Here,

thegenericoptions-O and-G areautomaticallymappedtothespecificoptionsm@ed bytiehardware.
‘Ifpresen~thedirectorystruchke$AMRLCA_HOM&SYSTEMtakesprecedenceover$4iUR.lT.’.STEkf.

l“herefo~ifyoufindyoumelfswimming”againstAw.rittt’stidejchangetheflowdirection!

. .
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D.3 Debugging

AlthoughJIw&z is designedto insulateusersfium theharsheraspectsof ~ it does not
pnwentyou from workingwiththeoperating-systemwhenthe needarises. For instance,this
FMran subroutinecontainsa delibemtefloating-pointem~

c
c GENERATE FLOATING POINT ERROR
c

SUBROUTINE FPE
x = 1.0 m

Y = 0.0
z = x/Y
WRITE (6,*) ‘z = ‘,Z

whichcausesthisAm& scripb
plugin f00
call code/example: :fpe

tooutput% ~’

output :plugin: :f00 {

z = Infinity

}

The -dalnzg optioninstructsAmritato savea copy of theZSL sentto Fdo in a file debug.isk

. . . fold: : isl copyright message

. . . anrrita:plugin: :foo

. . . fold: :isl foo defaults

... amrita: :call

... amrita: unplug: :f00

Thisfile canthenbe fd dkctly intoa symbolicdebugger%

unix-promp t>amrdbx am-ita:plugin::foo
dbx version 7.0 May 28 1996 00:47:28

Executable $AMRITA/bin/ serial/ IRIX/ 64/G/ foo/amrita :plugin: :foo

(dbx)&

Process 16531 (amrita:plugin: :foo) started

amrita:plugin::foo {

str ok:23 :3:62

}
Process 16531 (emrita:plugin:: foo) stopped on signal SIGFPE:

(handler _catch) ‘at [FPE:7 +Ox8,0xffffe0834] 7 z=x/Y

(dbx)guit

to findtheexactlocation oftheerro~7, therebyeliminatingthehit-or-rnissapproachofdebug-
gingwithprintstatements.

950nyoursystem, ~finitymay appear@erentiy e.g.Inf,NaN, *****etc.

‘Amrdbx isaPerl wrappertoastandardsymbolic-debuggersuchasdbxorgdb. Underu amrdbx
setstheenvironmentvariableTRAP_FPEtoDIvZERO=TRACE(5); 0VERFL=TRACE(5), ABORT(1OO);
DIVZERO=ABORT,toensurefloatingpointerrorsaretrapped.
‘Ifamrdbxcomplainsthatitcannotfindumn”~:plu~”n::foo,getyoursystemtimismitor torum

unix-promp t=—emunake -G emrita thentryagain.
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D.4 EJL Call-Back Routines

To gainanappreciationof themle oftit%’s IntermediateScriptingLanguage,it is instruc-
tiveto follow thesequenceof eventsactivatedby thecall command inthelastscriptexample.

AmzitAparsesthescriptli.n&’8:

code/example:: fpe

to producetheE1.L:

amrita::call { ‘ . “
file -CWD/code/-AMRSO/example. so
str fpe_

.
k

whichis thenfued downthepip-line (seeFIgme7) to plugin FM.
Internally,theplugin relieson anISL parserto decode theincoming stnmmof instruc-

tions. This pamerworks much like a GUI call-back interfacein thatit maintainsa list of
event-activatedroutines. Howeveq insteadof keyboardpressesandmouse clicks, the events
whichinvokethecall-backroutinesareISL tag-names.For instance,thisC codel~ primesthe
parserto recognizea seriesof tagsin thekeyspaceamrita: :, one of whichis call:

#include ‘AMRITA/isl .h”
AMRVOIDAMRITA::keywords (AMRvOID){

AMRVOID CC:AMRITA:: call ( ) ;
AMRVOID CC:AMRITA:: command( ) ;
AMRVOID CC:AMRITA:: export.expr ( ) ;
~VOID CC:AMRITA::export_path ( ) ;
AMRVOID CC:AMRITA:: export_token ( ) ;
AMRVOID CC:AMRITA:: import_token ( ) ;
AMRVOID CC:AMRITA::replace ( ) ; .

AMRVOID CC:AMRITA::plugin ( ) ;
AMRVOIDF77 :AMRITA::PRINTFILE( ) ;
-VOID F77 :AMRITA::LOGFILE( ) ;
ISL: :add_keyword ( ‘amrita: : call” , CC:AMRITA:: call) ;
ISL: : add_keyword ( “amrita: : command”, cc :AMRITA:: COlllmaIl d) ;
ISL: :add_keyword (“amrita: export: :expr” , CC :AMRITA: :export_expr) ;

ISL: :add_keyword (“amrita: export: :path” , CC :AMRITA: :export_path) ;

ISL: :add_keyword (“amrita: export: :token” , CC:AMRITA: :export_token) ;

ISL: :add_keyword (“amrita: import: :token” , CC:AMRITA: :import_token) ;

ISL: :add_keyword (“amrita: :logfile n, F77 :AMRITA ::LOGFILE) ;

ISL: :add_keyword (”emrita: :plugin” , CC :AMRITA: :plugin) ;
ISL: :add_keyword (“amrita: :printfile”, F77 :AMRITA: :PRINTFILE) ;

ISL: :add_keyword (‘amrita: :replacen, CC :AMRITA: :replace) ;

}“

‘*ThelocationofthePerlscriptresponsibleforparsingamrita::call,relativeto~ta’srootdirectory,
isAmritd.eywordw3asidcaUpl. This youcouldhavefoundby typing

amrita>locatiom &eywoti> amrita::call ~ $amrita::AMRITA -> sro

amrita>echo $8rc

‘The sourceforthisparseris locatedinthedirectorytree$AMRZZWpluginAamritaAm.
*mThissourceis pre-processedbyamrppbeforeitiscompiledby anANSIcompiler.Thispre-processingphase

manglesthenamespacesISL:: andAMRITA:: down toaname,A14RXWL toreducethepossibilityofname
confllctswithroutinesusersintroduceviadynamidinking.ThequalifiersCC: andF77: allowthepre-prmxssor
totakecareofthecallingcanventionsbetweenlanguages.Thecall command doesasimikirtriclGwhichexplains
why fpe intheAmritascriptreadsfpe. intheISL.
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WhentheLSLparserrmdsthetagamrita:: call, it skipsovertheopeningbrace’ {‘ and
thenewlinecharactq theninvokesCC :AMRITA: :call topamethebody of thecommand.
The C procedureis shortenoughto be listedhere:

#include “AMRITA/isl .h”
AMRVOID A.MRITA::cdl () {

AMRSTR *package, *procedure;

package = strdup (ISL: :get_file ());

procedure = strdup (ISL: :get_str ());

DL::call (package,procedure) ;

free (package) ;

free (procedure) ;

ISL: :done(”amrita: :call”) ;

}

becauseit utilizesthe ISL:: routinesget_fileo andget_stro tograb thepertinent
informationneededby thepmcedurewhichdoes thedynamic-linking.Thecall to ISL: : done
sendsinformationback downthepipe-lineto inform Amritathattheoperationcompletednor-
mally. The lSZ parserthenchecks for theclosing brace’ }‘, before moving on to dwode the
nextkeyword(hereamrita: unplug: : f oo) to come downthepipe-linel”l.

D.5 hnport-ExPoti control

By design,thetwo endsof thelSL.pipe-lineneednotnxide on thesamemachine. Therefore
a plugi% and any code linkedto i~ does not have dinxt access to the stringtokensof an
Amritascript.Insteadanimport-exportcontrolmechanismis usedto exchangeexplicitpackets
of informationover andabovethatexchangedby theplugin’s built-inkeywods.

Thisscriptshowshow you cangeneralisetheprint.reetings exampleto outputanarbitray
stringtoken:

fold: :amrcp { user instructions
type {

amrita export_msg ~
}

“}
fold: :amrita { make package

pushcwd code
... compile some Fortran
popcwd

}
plugin foo
set message = The quick brown fox ...
export message
call code /package: :print_token

1°IAcall-backprocedureisfreetopamethecontentsofonanISL.commandinanywayh seesfit.Itsoxdy
obligationistostopattheclosingbrace’}‘toallowtheparsertocheckfortheendoftheISLblock.Consequently
thereisnothingtostopacodedeveloperfromembeddingprogramsources,orevenexecutable,withintheISL
stream.Moreover,becausetheprogrammercontrolsbothendsofthepipe-line(seep.25),heorsheisfreeto
employspecialisthand-shakingshouldtheneedarise.Thissimpledesign,coupledwiththefactthatthelogical
pipe-linecouldbegeneralizedtoseveralphysicallinesconnectingmachinesondfierentcontinents,ensuresthat
Anoitawillstandthetestoftime,atleastoverthenextdecadeorso.Ofcourse,ideascanoftenbecheap,andso
theaccuracyofthislaststatementrestsinfuturegraftandimplementationdetails.Goodsoftwareneverdies-old
componentsarephasedoutasnewimprovedcomponentsarephasedin.
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Here,I havedeliberatelychosento showtheprogmmfold whichprovidestheinformation

usedto typesettheshadow-boxinstructionsin thesenotes*”. Thesecondfold%

fold: :amrf 77’mycode { compile some Fortran
fol&arnrso = package
fol&src = package. f
c
c OUTPUT AMRITA STRING TOKEN
c

Subroutine PRINT.TOKEN ‘ : . ‘ -‘
CHARACTER* 80 STR
INTEGER AMR_LEN
CALL AMR_GET_TOKEN (‘message’, STR)
WRITE (6,*) (STR(I:I) ,I=l,AMR_LEN(STR))
RETURN.

}

compiles a few lines of Fiirtmnto produce the share&objectpackage. The Amritakeyword

export fetchesthe contentsof the stringtolammessage andfiresan ML packetdown to

Fbo. Upon receip~Foo squirrelsthe tokenawayin aninternalstorage-heap,readyfor when
theFo~ code issuesanAMR_GET_TOKENIW. ‘I’hefonctionAMR_LEN returnsthelengthof

a nullterminatedstring,asusedby M@ the~by allowingtheWRITE statementtoprintout

therequisitenumber ofcharactersinthemessage.

4art fiomthe long variablenames,theForfranusedabovemeetsthef77 standad There-
fore, althoughI mightchoose to wrk

fold: ;amrf77 ‘mycode { compile some Fortran
folbamrso = package .
folbsrc = package. F
c
c OUTPUT AMRITA STRING TOKEN
c

SUBROUTINE PRINT_TOREN
AMRSTR* 80 STR
AMRm AMR: :LEN
CALL AMR: :GET_TOKEN (‘message’ ,STR)
WRITE (6,*) (STR(I:I), 1=1,AMR::~(STR)”)

}

you arenotforcedto do so. However,thisnextscxiptillustrateswhyit is stier to takeadvantage
of thebenefitsaffordedby amrpp:

amr~ vH/vrt .3
. . . make package amrita typedefs
plugin foo
set string = three point one four one.five nine two six five
set number = 3
set single = 3.141593
set double = 3.141592653589793
export, string, number, single, double
call code/package: :print_tokens

lmToreiterateanearliersentiment–tieonethingworsethannodccmnentatio~iswrongdocumentation.For

thoseinterestitheinstructionsaretypesetbyLatexAmrcp.
1°30rdinarily,theFor&ancodewouldliveinaseparate~% buthkreitwasconvenientforme tobundleitm with

theAmritaserip~
lwForconsistencypurposes,ISL::GET_TOKEN may alsobeused
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The tokens string, number, single and double may look like theycontainquan-
tities of diffenmttypes, but to Anrita they are all just characterstrings. ‘l%emfore,when
AMR: :GET_TOKEN isusedtopullthetokensoffl%o’sstorageheap,theonusison thep-

gra.mmer to spec@ thenecessarytypeconversion.Forinstance:

fold: :amrf 77 ‘mycode { compile” some Fortran
folbamrso = package
foltbsrc = package. F
c
c OUTPUT AMR.ITA STRING TOKENS
c

SUBROUTINE PRINT_TOKENS
AMRSTR* 80 A
AMRINTB
AMRSGL C
AMRDBL D

AMR: :LEI?
CALL AMR: :GET.TOKEN( ‘AMRSTR: :string’ ,A)
CALL AMR: :GET_TOKEN (’AMRINT: :number’ ,B)
CALL AMR: :GET_TOKEN( ’AMRSGL: :single’ ,C)
CALL AMR: :GET_TOKEN (‘AMRDBL: :double’, D)
WRITE (6,*) (A(I:I) ,1=1,AMR::LEN(A))
WRITE (6,*) B,C, D

}

The typedefsAMRSTQ AMRINT, AMRSGL and AMRDBL providea convenientmeans ofp-

vidingbothcross-platformandcross-languageconsistency.

Hereishow you cansendinformationback tim a axle, (thistimewrittenin C’):

fold: :amrcc ‘mycode { compile some C
fol*amrso = package
folbsrc = package. C
foldxyard = I
I*

set some Amrita string tokens
*/
#include ‘AMRITA/isl. h“
AMRVOID set_tokens (AMRVOID) {

AMRSTR *A = “three point one four one five nine two six five”;
AMRINT B = 3;
AMRSGL C = 3.141593;
AMRDBL D = 3.141592653589793;
AMR: :set_token (‘AMRSTR: :string” ,A);
AMR: :set_token( “AMRINT: :number”, &B) ;
AMR::set_token (nAMRSGL: :single”, &C) ;
AMR: :set_token (‘AMRDBL: :double”, &D) ;

}
}

to anAmlita Scripfi

. . . make package
plugin foo
call code/package:cc::set_tokens
import string,number,single,double
echo $string
echo $number $single $double

6!

amrqp Vkvilqwrt .1

amrita inpoti_tokans I



To close thissectio~below~ a“= ktip~topmihice thepo”~-giid sho-~in F@& 17*W:

. . . “-’-“‘“EEEg
Creit’eU“code/f77/polar

EulerEquati’ons

plugin aror_sol ‘

def Domain

setgrid::NS=’4 - .“ “ :, ., .,

set grid: :RI = 1

set grid: :R2 = 3

do n=l, $grid: :NS

patch <l,+,w25, h25>

end do

export grid: :{*}

grid code/ f777polar

end def

... plot grid

Fifyue 17: Ancsol polar-gridgeneratedusingdynamic-linking.

The scriptillustrateshow namespaeedtokensl~ canbe exportedenmasse.The limx

export grid: :{* }

allowstheFortrancode to access: thenumberof grid sectors,grid: :NS;theinner-radiusof
thegri~ grid: : RI; theouterradiusof the@& grid: : RI. However,heretheattentionof
focus is thescript-line1°7:

grid code/f 77/polar

The keyword gria or amr_sol :: grid to give the full name,acts as a specialversionof
cal 1. The dynamiclinkerloadspolar in thenormalfashion,butinsteadof invokinga named
pmeedum,itjumps dhectly to abindingroutineANR_SOL: : GENERATE_GRID.T& routine
is a systemwrapper,similarto AMR_SOL:: INTEGRATE_GRIDdescribedon p. 49.

To compilepolar manually, so as to seewherethewrappercomes fkxq ~

unix-promp t>cd polarlf 77
unix-promp t>amrita polar.mk

10%youprefeiprogramminginc useUmrop vti/poze.zc.
l“Fbrtmnprogrammedunfamiliarwithnamespacescanviewthemasglorifiedcommonblocks.
lm’l’hedef Domain blockwillbedescribedinkxture2.
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to runthescriph

NullEquationSet
plugin amr.sol
def Grid

patch: GEN_SECTOR(NG,IM,JII,X,Y, IW,JS)
end def
CompileGrid grid=polar

‘..’ .-.
to compile the iiIep&sd%

#include “AMR_SOL/AMRITA”
suBRouTmz GEN_SECTOR(NG,m, mr,x, Y, IW,Jsl
AMRINTNG,IK, CM,IW,JS,NS
ZWRDBLX (amrVpatch (IM,JM,NG))
AMRDBLY(amrVpatch (IN, LJM,NG))
AMRDBLR, THETA,PI, RI, R2
PI = 4*AT~(l.O DO)
~L AMR::GET_TOXEN(’AMRDBL:grid: :R1’ ,Rl)
CALLAMR::GET_TOREN(’AMRDBL:grid: :R2’ ,R2)
CALLAMR::GET_TO~( ‘AMRINT:grid: :NS’ ,NS)
DO 1=1-IUG,ili+NG+l

R= R2+ (R1-R2 ) *FLOAT(I+IW-2 ) /IN
DO J=l-NG , dIf+NG+l

‘THETA= ( (2-J-Js) /FLOAT(NS*~) +1. 0] *PI
,, X( I,IJ) = R*COS(THETA)

;Y(I, J) . R*s~(~TA)
-DO ~

ENDDO .
~

The def Grid b16ekservesa similarpurposetothedef Solver blockdiscussedin3B.2.

The patch commaud identifiesthesubroutinewhich needsthewrapper.It also identifies
the informationthatArnLsol must providethegridgenerator.The labels~ m etc.am

qmemonics forvariables,thequantitieswhich areactuallypsssedacnxs.dependon thechoice

ofpro-g Ia.ngtiage.:

Hereitjust so hsppensthatfor GEN_SECTORI chose to use variablenamesto matchthe
mnemonics. In practice,you writetheFo~ or c usingwhatevernamesyou want. Then,
afterwards,you write the def Grid block to instructAmLsol what informationmust be
passed acmss, %d whatoder it mustbe suppliedin% One exercise,to try,is to rearrange
the order of the SUBROUTINEparametm. So long as the patch mnemonicsruesimilarly
rearrang@ thecode canbe compiled andwill runjust as successfidlyasbefore. The changes
iq thewrappercw be seenby exmining thefilef77s&polazF.

10%youfeeluneasyIookiugatthisl%rtran,lrytyping
Unix-prhpt> ~ Sroiztq)olar.B= lang=f77 wezn-yes

to:seetheOutputfromanupp.Forinstam%aInrVPatch(IM,JM,NG)dimensionsanarraylargeenoughtostore
~ertexquantitiesforap~h m byw cellssurioimdedbyNGlayersofghostcells.

*wIfAm;solonlyhadtoworryaboutuser-suppliedroutineswritteninC,itcouldsimplypassacrossastructure
containingalltienecessyyinformation.However,apartfmmitsmulti-lingualcapabiliti~thepresentapproach
hasthemeritthattheianardsof Amr_solcanbechangedwithoutimpactingonuser-writtencode.Followinga
newreleasGthevserneedonlyrecompilehisorhercode,keepingtheoriginaldef Grid blockthesame,and
theappropriatebindingsareautomaticallygenerated.,, ,,,. . ,,
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E Anatomy of plugin I?oo

TheAmrita libraryroutineC’loneP@inHoo constructs abare-bonestita pluginwhichpro-
vides two keywonls: cqml and eomZ. Althoughthe fimctionalityis limit~ a Foe-cloned
pluginhastheexaetsamearchitectureas k.sol andso essentiallyprovidestheboikr-plate
code for any new plugi~ regardlessof its sophisticationor tiugetapplication.To see how
thismightworkin praetiee,considertheone lineseripti

ClonePluginFoo name=vki
~

Itproducesa Fm-clone namedW withdirectoryroot dative to yourhome direetory

.amn”tdplugitivki

or if S* relativeto theenvinmmentvariableAMzUz4_HoME.
Oncetheplugin is buil~it eanbe putthroughitsadmittedlyverylimitedpaws:

plugin vki amrqp vki/fw. lb
coml ‘coml’ does nothing more exciting amrita run.clone
coml than echo its string argument to

coml the screen
def VkiInterlock

com2 {
‘com2’ can only be used inside

def VkiInterlock

a:

end def

block, but is capable
entire block of text.

}
end def

of outputting an

Thenmaining sub-seetionscorresponddireetlytoprogramfolds inClonePluginl?oo, which

canbeperusedalongwiththistextby typing:

unix-promp t=-cc? $AMRXTA/stcYliblsystem

unix-promp t>amrgi ClonePluginFoo. aurc

E.1 ClonePlugin2Perl

The keywordplugin instructstheAmrita interpreterto searehthedirectories:

$AMIUMplugin

$AMRLZA_HOMWplugin

for a directorycalledvki.On locatingthemot of theplugimtheinterpreter(whichis writtenin
Perl) parsestheiile vki.pl so as to obtaintwo newprocedmesllO:

amri. ta’ plugin’ vki’

vki’ copymsg

1lop~lficiontiosShouldnotethatAmri?aisPer14compliant.
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whichareshortenoughto be Iistedhercinfidk

sub amri,ta’plugin’vki {
$ROOTTKI = @_[o];
$amrita’plugin{ ”keywords::vki”} = O$ROOT’VKI/keywords/KEYWORDSa;
$amrita’plugin{”defaults::vki”} = “$ROOT’VKI/defaults /plugin”;
&vki’copymsg ();

.
J
sub vki’copymsg {

$-TA’COPYMSG{IIVkin} = <<COPY;’ - “ “
.

plugin::vki Copyright (C) James T. Quirk (aka jjq)
COPY

k
1;

Onlythefirstofthese procedumsismandatmy:j:instmctszbritawhem tolocatethekeywo~
Vkibringstothepqgamming tabIe,seeSE.~ltidenti&s adefauksscrip~writteninArruiQ
whichwill be runonce thepluginis activak@ see QE.2.

The secondroutineshowsthatauthorsof pluginscandaisy-chaintheirown copyrightmes-
sagesto thoseofAmriti.z’sill. Trymnnin~

amrqp vkijc~. right
plugin vki amrita copyright_msg
conunand

toplaceAmritaintoitscommandmodewhe~ scriptlinescanbe typedinteractively;it demon-
stratesthatAnr-ita is lespectfldof intellectualownershipl~.

E.2 clone~faults

The file vkiA&faulttiplugiw

#
# The following will be executed by vki on plugin
#
set defaults = $amrita: :AMRITA/defaults
parse file $defaults /plugin , . “.

defersto a setof masterdefaultswhichfix thesize of thegraphicspage etc. AdditionalAmrita
scriptcould be addedasneeded.

ES CloneIncludes

The iile $AMRlZA_HOMlYinclu~cdVK7MMRllk

#include <stdio .h>
#amrpp namespace VKI f77 {VIU_l cc{vki.}
#include “AMRITA/ isl .h”
#clefine SCREEN stdout

is a headerfile (see $E.5) for inclusionby the C ties: keywordsC, coml. C andcom2.(3 The
#amrpp dixectiveinstructsarmt77 and amrcc to map the namespaceVKI: : toVKI_ and
vki- respectively.Additionalnamespacescmdd be addedasneeded.

11Whenyouhaverunrun.the, yournamewillappearmthecopyrightmeaaageinsteadof mine.
1‘2PleaseM theIieeneeagreementbywhichyouobtainedxtJz: itdoeanotlieinthepublicdomain.
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E.4 CloneKeywozds

The iilevMJqworAKEYWORDR

KEYSPACE Vki :: {

cold.

DEF VkiInterlock {

*com2

}
,.

}

provides Amita with a list of the keywordsthatplugin V&i can pame. Based on this in-
formationAnuita searcheslnthevkilkeywordsdirectorystructurefor threePer. files: (i) a file
named coml.p~ (ii) a file named vkipz, in a directorynamedVki.Interloclq (iii)a tie

namedcond.pl which livesin thesamedireetoryas file (ii). An erroris issu~ shouldanyof
the filesbe missing,butno attemptis madeto parsethePerl until it is needecLThe* against
com2 informstheinteqmter thatthekeywordspansmultiplelinesandso mustbe calledeven
whenit is inactive,asin:

if(0) then
com2 {

1
endif

E.4.1

without the help of vki: :com2
Amrita would not know how to

skip over this inactive command

Ccmll

The file vkMkzywor&hzsickoml.pk

sub vki.’coml {

$line =- s/’’\s;//;

&isl’put_ltag(O, ‘vki: :coml’);

&isl’put_str(l, $line) ;
&isl’put~rtag(O, ‘vki: :coml’);
$line = ‘8;

}
#
1;

is suckedinto A&a as a one-off, whentheinterpreterfirstcomes acrossa script-linewhich
begins with coml orvki ::coml. When thisroutineiscall~ thescalarvariable$line

containsthetextoftheAmzitascript-linefollowingthekeywod coml. The threeis 1 nmtines

outputtothelSL pipe-line and aredefinedin $AMRITAAimtitdi.sl.pl. They are provided as
a convenience,thatis you am free to substituteyour own routinesshouldyou so desire. A
keywod mustset $line to a nullstringbefore exiting,otherwiseArmitawill complainthatit
expectedan end of statement.Normally,$1 ine is whittleddown as thecommand is pars~
buthemit is explicitlysetto a nullstring.

113AIidl-blomsearchis only done,if thefileIocationadepartfromthoseusedhere.Moreover,theKEYWORDS
filecarIcantaind~tives tospecifywheretostartthesearchforaparticularkeyspace.

66



E.4Q clef VkiInterlock

The iile vkiLkeywor&Ai#VkiInterlockYvkLpk

sub Enter ‘vki’VkiInterlock {

}
sub Exit ‘vki.‘Vki.Interlock {
.

L
1;

“. . .,..-,

is suckedintoArnri@ as a one-off, whentheintmpmtertit canes acrossa script-linewhich
beginswith def VkiInterlock The Enter andExit stubscan be used to controlthe
programbehaviourinside the def block For instance,you couId choose to turn coml off
uponenteringtheinterlock andturnit back on againatexit.Armitaautomaticallyrestrictsthe
visibtity of com2 to script-lineswithinthedef VkiInterlock block

E.4.3 COd

The file vkUkeywords/def~Interlock7com2.pk

sub vki’ VkiInterlock’ coti {
local ($active) = @_;
local (@com2’strs) ;
unless ($line =- /“\s*{/) {

$error[l] = “expected ‘{’!“;
&report_error ();

}
$line = $‘;
&check_end_statement () if ($active) ;
undef @com2’ strs;
while (1) {

$n = &get_line ($INPUT_FHDL, 1,1);
etc ..

is suckedintoAnr@ as a one-off, whentheinterpreterfirstcomes acrossa script-linewhich
begins with com2 or’vki. :: com2. The Ped for this’commandis more involv&ithanthat
for coml. The parameter$active is passed fmm Anrita and determineswhethercom2
shouldoutputits contentto thescreenor silentlyskipon by. The routines:report_error,
check_end_statement andget_line aredirectcallsto theArmitainterpreter114.Once
the body of com2 has been gathenxlup, it is a relativelystraightforwardmatterto sendthe
appropriateISL downthepipdine to theplugin.

if ($active) {
&isl ‘put_ltag (O,‘vki:VkiInterlock: :coti’ );

&isl ‘put_int (1,$#com2’ strs+l) ;
foreach $str (@com2’strs ) {

&isl’put_str(l, $str) ;

} ,.

&isl’put_rtag (O,‘vki :VkiInterlock: :com2’ );

J
etc ..

114fi& Cm are Wn @ & cIeaned Up to read amrita’ report_error etc.soastobetterprotectAmrh
from a wayward phgin.
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Es CloneSrc

Thefile VkiZSI&VkiC115:

#amrPp include “VKI/AMRITA”
AMRVOID VKI ::args ();

AMRVOID VKI: :keywords ();

main () {

ISL: :p~ser (VKI: :args,VKI: :keywords) ; . .

‘“}

providesthemaindriverfor Vki. The driverfor a full-blownplugin neednot be anylager
thanthis,becausestartupandshutdownproceduresaredeaItwiththroughtheISL: :parser.

The pamer isftitwo routines:(i)VKI:: args () which decodesany systemaxgumentsthat

tilepassedtotheplugin116;(ii)TZKI::keywords ()which addsa setofcall-backroutines

to~pplement thebuilt-inones.

E.5.1 keywor&.C

‘I’hetievWsn%eywords.~

#amrPp include “VKI/AMRITA”
AMRVOID VKI: :keywords ()

AMRVOID VKI: :plugin (

AMRVOID VKI ::unplug (

AMRVOID VKI:: coml ();
AMRVOID VKI ::COti ();

{

;
;

ISL: :add_keyword (”amrita :plugin: :vki”, VKI: :plugin
ISL: :add_keyword (”amrita: unplug: :vki” , VKI ::unplug
ISL: :add_keyword (“vki: :coml”, VKI: :COti) ;
ISL: :add_keyword (“vki :VkiInterlock: :com2”, VKI: :com2 );

}

;
;

addsfour call-backproceduresusingthelibraryroutineISL: :add_keyword. The firstpro-
cedurevKI: :pluginis called in response to thelSL tagamrita :plugin: :vki whichis

generatedatplugintime. VKI ::unplug k calledinmponse toamrita: unplug: :vki,

‘.whichisautomaticallygeneratedwhen a scriptterminates.Thisprovidestheplugin witha.’
chancetoexitgracefully,shoulditneedtoflushanyoutputbuffers.The procedureVKI: :coml

andVKI: :com2 arecalledinresponsetothekeywordscoml and com2, stipulatedin~E.4.

NotethelS~ tagforcom2 includesthename ofthedef blockwhichactivatesthekeyword.

Fourcoding-stepsareneededto addnewkeywo~ to Fbo: (i) modify theKEYWORDSfile
(5E.4) to informAnuita of thenewkeywods; (ii) writethenecessaryPed parsingroutines,ii
la coml.pl ($E.4.1) andcom2.pl ($E.4.3); (iii) appendthe appropriateISL: :add_keyword

callsto keywordr.C, (iv) constructthe call-back routines,?ila coml.C (QE.5.3) and com2.C
(!lE.5.4). ~ fie cme of ~_so~ 1fo~d it Convenientto addjust one newkeywod ata time.
After eaehkeywod was add@ I would testanddebugtheplugin before moving on to the
next keyword. This divide-and<onquerapproachwas far more productivethanan abortive
attemptatmassassimilation.

11%’he#~p include directivecausesWWIIWUZA tobe in-linedby thepre-processingphasevki.C+
ccsnxiki.csothatthenamespaceVKI: :isdealtwithcorrectly.‘l%eplain#include containedbyKWAMRLCA
doesnotcomeintoeffeetuntilccsdi%.ciscompiledby iniANSIC compiler.
, !l~m donotappwti ascriptbutaresentusingtheenvironmentvariableAMIU’1’A_PIIuGIN.F~ *%

amdbx(seep.57)sends-input debug. isl.
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E.5.2 vti_lib.C

The file vki,krdvti.lib.~

#amrpp include “VKI/AMRITA”

AMRVOID VKI ::plugin (AMRVOID) {

ISL: :plugin( “vki” );

}
AMRVOID VKI ::unplug (AMRVOID) {

ISL ::unplug( “Vki” );
.,

}
AMRVOID VKI ::args (AMRVOID) {

ISL::argso;

}

containsthreeroutineswhichareneededfor Vki to fidiillitssystemresponsibilitiestowanisthe
XX parser.Here,theplugin deferstopxedeiined ISL:: routines,butifreq~ specialist

codecould be usedinstead.
,.

ES3 coml.C

The iile vka%rdcoml.~

#amrpp include “VKI/AMRITA”
AMRVOID VKI: :coml () {

AMRSTR *line;

line = ISL: :get_str ();

fprintf (SCREEN, “line: %s\n”, line) ;

}

decodes theISL generatedby coml.pl (~E.4.1).Thecall ISL: :get_str grabs a single str

fmm the ISL stream. A Ml list of thepredefine ISL:: decodingroutinesaregivenin the ‘
headerfile $AM..Ninclu&/ccL4MRlTA/iilh. These nmtines, however,arememlyprovided
asconvenience,becausea call-backprocedureis h to parsethecontentsof anISL command ‘
in anyway it seesfit. Itsonly obligationis to stopattheclosingbrace’ }‘ to allowtheparserto ‘
check for theendof theZSL block.

E.5A COtioc

The file vki.lsrc/com2.E

#amrpp include “VKI/AMRITA”
AMRVOID VKI ::COti () {

AMRINT nstr, line=l;

AMRSTR *str;

nstr = ISL: :get_int ();

while (linec=nstr) {

str = ISL: :get_str( );

fprintf (SCREEN, “line %3d: %s\n”, line++, str) ;

}

}

decodes theML genemtedby com2.pl (~E.4.3).Thecall ISL: :get_int grabsa singleint
fmm the ISL stream.This providesthe line count to see how manycalls shouldbe made to -
ISL: : get_str. The iilehandleSCREENis setto stdout in theheaderiile VKUM.MRZTA. ~
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E.6 CloneAnuitaBuild

The files:

vkihrnn”tabuild
Vkizslclamn”tamuke
vklzsnXkywo?zManmhUnUkz?

am used by azmmaketo.orchestratethecompilationof W 117:. . .

unix-promp ~amnnak e -O -serial plugin: :vki
unix-promp ~anumak e -G -serial plugin: :vki

Howeveqyou arefreeto eompiIecode inthenormalUNIX fashion.Anrita’s only expectation
is thatthenxultantbinaryforplugin Vki be called

a3nrita*pluginAi

andthatit mide in a direetorylls:

-A_HOMIMin+AMR.SO/Ohki

if intendedforprodudionmns, OH

$AMRIZA_HOMIMinJ-AMRSO/Ghki

if intendedfor amrdbxpurposes.
The amrita.buiki tie containsall theinformationneededto locatethelibrariesusedto link

theplugh At the time of writing,theseam:

-lvki S- $E.5.2
-lamrita . lSL parserplus amrita: : keywods
-lamrita~l amrita: gl: : keywords
-ljpeg see direeto~ $AMRL%A~3pAibJpeg
-lYgl see directoxy$AMRU14Arc3p/ZibYgl
-lXext -lxll standardXll libraries
-lmpi , ‘.standard34P1messagepassinglibrary -

The lastlibraryis notneededon -serial platforms.

117~e defa~tOp&mStoamrmakare:-O -serial.

118$AMRlZA_HOMEdefimdtsto your UNIX $HOiUEdhectory.
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,:> Abs@ct’

Thissecondlecturedescrbs howyoucanuseJbnrkatoexploresomeof theissueswhich
SW the(@@l andconslmctionOfthePh@rlk_SO]. Theaimisti look~ond the
,bare-bonealgorithmicdetails-toallowyou to buildupa fret-handun&rstandingof how
‘thehigh-resolution’shock-refractionsimulationspresentedinlecturethreeareproduced
.Thisknowledgeisneededtobe ableto separatephysid-fact fromnumerical-fancywhen
&termining justhowti thehukitions canbetru&xLInthatre@ althoughAmr_sol
haspropagakxiwellbeyondthedevelopmentstagetobecomeareliableinvestigativetool,
th~ rqmainsmychroomforimprovemenL,Thereforethislecturewillalsoindicateways
thatAmritficouldbeusedtoordustmtetherequhedalgorithmicimprovementsina sys-
tematicfashion.‘ ‘ ‘ ~ P

(,
.,

Introduction , . ; . , . ;

Despitethe impressivenumber-ckmchingpower of massivelyparallelcomputers,it is worth
illustratingthatbxutefov computationsof phenomenawhichcontaindisparatephysicalscales
areill-conceived.timider thefollowing exampletakenfrom tie studyof detonationwaves.

.’. , $ .’. .

i.1- Dispara@”Physi&l S&h%“ . : ‘‘ “ ‘
.

..’
Theusefulnessof solid ‘explosivessternsfrom theirabilityto conv~ chemical energyvery
rapidlyintoheatenergyvia thepropagationof a detonationwaveconsistingof a reactionzone
coupledto astrongshockficmt(see ~E.3)1.Whenadetonationpropagatesthroughanexplosive
materi~ thematkrialis compssed by theIeadshock fiunt andtheresultantrisein tempera-
te behindthe shock triggersa che~cal reactionwhich releaseslarge amountsof energyin
theform of heat ~s localizedheatreleaseprovidesmotiveforce for thedetonationtint to
propagatefuitherinto theunbu&tmateri~anda balancecanbe reachedwherebya givenex-
plosivesupp&tsanoininallysteadyspeedof detonationpmpagation.Thisspeedof propagation
is significantin thatit ch~@hes.the perfornianceof theexplosive.

. Tradi~nalIy, detonationspeeds~ solid explo~ves me found km experimen~A cylimhi- . . ,
cd ch~e –kuoti A aiate-iticli-isigni~ atone en~ andthepropagationspeed- whichcan.-

1Agood~lid expkmive‘convertseger@ & a rates K?.” watta/cm2,thusa wavetint 20m squ~ would
operate’atapowerlevelequalto@lthe~werlheeatlimceivesfromtiemin[ll].

.
,,, . ‘.. ,:.”>, .,.’
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nxwh ashigh as 9,000 nds– is measuredattheotherena withtheassumptionthatthelength
of thestickis sufficientto allowthedetonationto reachitsnominallysteadyspeed.

The directnumericalsimulation of a rate-sticktestrepresentsa formidablecomputational
challenge.Sincethechemicalmiction drivesthedetonationwave,thesimulationmustbe able
to resolve the narrowfircmgion in the reactionzone whexethe bulk of the heat is released
(see p. 68). Resultswithreducednxclion models suggestthatatthe very Ieast10 mesh cells
am needed to capturethe Iire-mgionaccumtely[8]. For ce~ types of solid explosive the
pertinentlengthscale may be as small as 0.02 mm3,in which case the mesh spacingwithin’
the reactionzone would need to be no largerthan0.002 mm. Given thata rate-stickis of
order 100 mm in lengthand 25 mm in diame~ some 3.13 x 108 cells would be rcquhed
for an axisymmetricflow calculationon a uniformmesh. Moreover, from the point of view
of numericalaccuracy,becauseof thenon-lincaritiesinvolv~ it is unlildy thatthedetonation
tint cddbepmpagatedby morethanonemeshcellpertime step.Consequently,itwouldtake
some 5 x 104timestepsfor thedetonationto travelthefidl lengthof therate-stick Themfoxe
thetotalworkloadfor thesimulationwouldbe of order1.56x 1013cell updates.

Sucha calculationwould be absurdIyuneconomic. A 1 GfIopcomputermightbe capable
of 106mesh updatesper second?, in which case the calculationwould take 181 days to run.
Clearly,to makesuch a simulationviable, somethingotherthana more powerful computeris
requireds.Hencetheneedfor adaptivemeshdinemen~.

1.2 Adaptive Mesh Refinement

Adaptivemeshrefinement(AMR) schemes(see[17, 33]) attemptto reducecomputingcostsby
dynamicallymatchingthe local resolutionof thecomputationalgridto therequirementsof an
evolving flow solution. Thus very line mesh cells are mtricted to those regions whexethey ~
am need@ and elsewherethe computationalgrid is kept relativelycoarse. Such a strategy
can dramaticallyreducethe computationaleffort mquinxito simulatephenomenacontaining
disparatephysicalscales. In theaboverate-stickexample,if thelinemeshcells wererestricted
to thevicinityof the fireregioq only about6.25 x 104cells would be neededresultingin the
oderof 3.13x109 cell updates.‘l%emfore,when=xwtheuniformmeshsimukitionrnighttake181
daysto run,the adaptivemeshsimulationwould takejust 52 minutes7.Becausethepotential
savingsam so large anyAMR schemeis betterthannone. Consequently,thecomputational
literatureis littenxlwithexamplesof one-off, problem-speciiicmeshrefinementstrategies. -

Superficially,the one-off approachappearsattr&tive,because the developmentcosts are
considerablyless thanthose for a generalpropose AMR scheme. In practice,howeveq the
developmentcosts of a generalschemecan be recouped acrossa wide rangeof projects, and

2Thisisusedinthesenseofreproducingthefullnuancesofthephysicalsystem,asopposedtomerelypre-
dictingoneortwoglobalquantities.However,thediscussionpresentedhereisrestrictedtomacroscopicscales.A
QuantumChemisLforexample,wouldbeconcernedwithreactionmechanismsmeasuredinpicuseconds.

3ThereactionzonecouldbeaswideaslmnLbutmostofthiswouldbetakenupbyaninductionregion.
4Asinglecell-updateusingrealisticchemistrywouldrequirefarmorethan1,000floatingpointoperationsand

sothisassumptionisoptimisticallyhigh.
‘Notionally,ateraflopcomputerwouldreducethetimetoundera day,butthepracticalturnaroundtime

wouldstillmostlikelytakeseveraldays,ifnotweeb giventhenumberofjobswhichvieforalarge,~ntmlized
computingresource.

‘%3rniiarargumentscanbeputforward(saybyaQn~tum Cheti seefootnote2)fortheneedtosupplem~t
AMR simulationswithimprovedreactionmodellingandanalysis.

7Glventheapproximationsmade,thesetimesshouldnotbetakenliterally.NeverthelStheconclusionstandx
acalculationwithlocalmeshrefiementcan– ifthephysicalscalesaredisparateenough-beupto@ orders
ofmagnitudecheaperthananequivalentuniformmeshcalculation.

2
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overtimethecostperprojectbecornesnegligible.~h otherhani withtheone-offapproach
the effective costs accumulatewith eachpassihg~“~ and can become unexpected large
over time. Moreover,since one-off schemesmrelyreachmaturity,they tendb be needkssly
expensiveto run.Therefore,takenoveri@ thereis little@tihpitrsuing a one-off approach.

Even amongstgeneml purpose AMR schemes, therenmains an elementof “homes for
courses: becausean algorithmhasto strikea bahce betweenthe desirableandthepractica-
ble. Thereforea metho~ say, which was tilgned to provide the cheapestmediurn-accumcy
solutionto asteadyflowppblernmight notbe competiiivewhenit copes topmducingthe most
accuratesolutionto a time-dependentprobl~ andvice versa Consequentlysomecareshould
be @ten in choosing the most appropriateform of -h retimen~ fbr a given app@atiou
before emlxukingon whatmightbe anarduousexercisein softwaredevelopment.

In 1988a seriesof chwmtan P8 led me to ad@a form of bhck-struc~ AMR algo-
ritbmfirstproposedbyBergerand”co-workers[4,6,5J,zuidth~meshn%nementgutsof Amr_sol
we~ writtenshofly thereaftm -

The bare-bone algorithmicdetails which underpinAmr_sol am sufficientlywell docu-
mentedelsewhem[21,25J,thathe~ only abriefoverviewispresentedinAppendixA9. Instcx@
thislectureaimsto engendersome discussionasto thestrengthsandweaknessesof variousm-
refinementstrategiesasappliedto investigationsof bedependem shockwavephenomena.The.
aimis not to promoteone schemeover anotheqbutto revealspeciiic issueswhich shapedthe
designof AmrLsol. To help place this@scussionin therightcmtez tbme– handson – nu-
mericalsimulationsarepresentedwhichwereinspiredby a seriesof experimentsperformedby
Takayamaet al.[32]. The experimentswere doneto clas@the canonicalreflectionprocesses
which occur whena planarshock wave interactswi~ a double wed~. The numericalsimu-
lationsservea numberof purpose-s,not leastof which is thatthey provide templatesfor you
to constructyour own investigations.To helpyou unders@ndtheconstructionof theprovided
scripts,AppendicesB - G describe the specialistAmrita keywods used to drive Ainc_sol.
Theseshouldbe madin conjunctionwiththeArmitaprimergiveninlecture 1.

Hemis thecompletemad mapfor thekc-. .,

Road Map

1 Intpduction 1
1.1 Di~”aiatePhyficalScales”.”. .“. .“. ”. ..’- . . . ~..”. ...”.. . . . . . “. . ~ .’ 1
1.2 AdaptiveMeshRefinement. . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Shock DoubIe-W~e Interactions 5
2.1 Fde Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 RampProbla . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . 7
2S Experimental . . . . . . . . . . . . .. . . 7 . . . . . . . . . . . . . . . . . . 8
2.4 Expetient#2 . . . . . . . . . . . . . . . . ..- . . ..~ . . . . . . . . . . . 12

‘As isoftenthecasewithaPh.D.thesis,externalintluencesk.dtoHobson’schoice.
‘Ghentita’s documentpreparationskillsjyoushouldnot,betoo surprkdto IeamthatAppendixA can

bereproducedusingthefourlinescripb ,. . .
LatexHead ‘,,.,,

LatexPlugin plugin=amr_sol
,. ; ,,

LatexTail
Latex

.,

althoughthepreciseformattingdependsontheX pageaiz.eimarginwidthetc. ‘ “
.’!,,: .,
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I



3

,

4

A

B

c

D

E’

,.’

F

G

2.5 ExperimentW.. . . . . . . . . . . . . . . . - . . ...-..........-+..

IMsa@on
3.1 TemporalRefinement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3’2 FmK!oarseBoundariesI. . . . . .. . . . . . . . . . . . . . . . . . . . . . . .
33 FmtXcxirseBoundariesfi....”.~ . . . . . . . . . - . . . ...’..... .
3.4 FlowSolvers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.5 .GridEffieieney. . ..~... : ; . . .. . . . . . .. . . . .. . . . . . . . . . .. .
3.6 RefinementCriteria. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

CIosing Com!nenls

pluginAmr_sol
Al

def
B.1

B.2
B.3
B.4

def
C.1
C.2

def
D.1
D.2
D.3

def
E.1
E,2
E.3

def
El
F.2

def
G.1

OverviewofAMRAlgorithm . . . . . . . . . . . . . . . . . . . . . . . . . . .

EquationSet
TheEulerEquations . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

B.1.l ThermodynamicStates. . . . . . . . . . . . . . . . . . . . . . . . . .

TheLinearAdvecti-onEquation. . . . . . . . . . . . . . . . . . . . . .

TheFractalFactory . . . . . . ... . . . . . . . . . . . . . . . . . . . .

I@wvoxtls. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Dcunain

Sixspeeilies. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
auvilinearGeometry.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . -

BounderyConditions
CornerSchematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
{N,S,E,W}bdy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Tirne-DependentBoun&uyConditions. . . . .. . . . . . . . . . . . . . . . . .

SolutionField
Richtmeyer-MeshkovProblem.. . . . . . . . . . . . . . . . . . . . . ..’..
InclinedMeasuring,Gauge . . . . . . . . . . . . . . . . ,. .. . . . . . - . . . .
ZNDDeto&dionWave. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

BzeshAdaption
TleredGridSystem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
ActivadngMeshAdaption . . . . . . . . . . . . . . . . . . . . . . . . . . . .

RefinementCriteria’
Tunable Parameters.. . . . . . . . . . . . . . . . . . . . . . . . . . .

4

12

17
17
18
22
25
30
32

34

35
35

40
40
45
47
48
50

51
52
53

56
57
58
60

61
63
64
65

69
70
71

73



‘.

2 Shock Double-Wedge hteractions

To obtaintheAmritascriptsneededto folIowthis S*OU ~.

unix-promptxamrqp” wM/ramp.maiZit

unix-prompt>antrita raqp.mailit
u.nix-prompt>cd ran@

!, Ihenrmy, , ,,, . . . . ...-. ...-“.
unix-promp t&rita -a schematic’ tie.one_off. raqp

. . .

unix-promp t>_f3 ps/razqp_achmatic.ps

to producel@um 1.

Figure1: Doubl-wedgeconfigurationsusedtosimulatetheexperimentsof Takayamaet aZ.[32].

Themainpurposeof thisSectionis to observethevariationsin theshockreflectionprocess,
fortbe threesetsof {01, 02} shownabove,so asto providea solid intmductiontothediscussion
in $3. However,alongtheway,somepointm me alsogivenonhowbestto constructanAmrittz
investigation.Fret-off, it is worthnotingthatFigure1is drawnusing

proc RampSchematic
parse file studies/schematic
RampProblem
. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

. . .

draw domain

draw shock

draw table of experiments
label thetal and theta2

label Xl

label X2
label Xs ‘

label H1

label H2

end proc

whichxelieson theactualRampProblem procedureusedtosetup thesimulations.Thus the

schematicisguaranteedtobe a faitldiddlectionofevents.The iilestudieslschematic contains
Amrita”scriptto fix Ms, Xs, 01, 02,Xl, X2, H1 and H2, andfdills the samepurposeas
the actualstudiex TKl, 2X2 and lK4. Using a separateschemutikstudy, in this fashion,
OWIISup thepossibilityof introducinga domainre-scalingshouldthe aspectratioof the true
domainnotlenditselfto a schematic.Similarly,thepseudo-studyhelp providestheuserwitha
setof helpinstructionsandcleanremovesallderivedfilesto retnrnrump to itsoriginalpristine
condition.

5
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2.1 FiIe Management

The nznzp.nu.zilitemploys the following directorystructure

.

,,

●

●

●

●

●

●

●

●

ramp
‘@k dhetorycontainsthedriverscriptsneededto p@3rm genericramp-investigations,
e.g. db.one_o@unp anddb.ramp.study.

rampflib ‘ “. ‘.“’
., ,.. .

ThisdirectorycontainstheArrnitapmcedum neededtoperformgenericramp-investigations,
e.g. InitRampResouwes.amr, BasicRampG%amr, RarnpPmblenmmr.

ramplcode
Thisdkctmy iscreatedby InitRampResources and containsthe compiled code
neededfor genericramp-investigations,e.g. body_me andramp.The body_me solver

isfashionedby BCG andtherampgrid is fashionedby BasicRampGrid.

rarnp/itu&es‘
This dkctory’contains theAmritascriptneededto setthes~pe ofa speciiicinvestigation
or stu&, e.g. lKl, ~. and TK4. ‘ ,.

ramplresults/s tudy
This d@ctory containstheoutputfrom a s-c stiudy.

romplps
This d@ct6~ COritainSmkllaneok PostScript outputsuchasthefile ronq_schematic.ps.

ramp/logs/study

This directoxy containsanydiagnosticsoutputby a specific study.
,,, , ,. . . .

ramp@31p
. . ...

Thisdinxtory contidnithe’HTMLinstructionsprodu~by runniqy

unix-promp t> amrita -a help do. orIe_off. ramp

as does the Z4z.tiilit on p. 47.
The prc@se detailsof the above directorystmcttnearenAativelyunimportan~the obser-

vationis that~peatable investigationsstemfrom good file managementandso the nunp ap-
plicationmahains distinctsetsof like-mindediiles. Thismundaneobservationtranscendsthe
mathematicalcomplexityof thetargetapplicationbutis all too easilyover-lookedin therush
to produce numericalnxults. Amritacommandswhich outputfiles: f lowout, plotf ile,

p~intfile, logfile etc.,automaticallycxeatedirectorypathsas neededby theirargu-

rnknts.Forinstance,thepxocedureSolverMontage, fim lecture1,containstheline:
,,

plotf ile $amrita: latex: :PS/$solver/Ms$Ms/schlieren. ps

,.
toarrangePostScript plotsindexedby”theflow solverusedto simulatea specificMachnumber.
ThepiocedureOutputResults from kz.m”lituses a more convolutedindex .,

. .
setla:”:results’=\ ‘.- “ : , . . . ,

, results /$la: : study/$ la: :solver/$la: :Profile/$la:: cf 1
: printf ile $la: : results/numerical

. .

‘ ~ut’theendpurposeis thesame, ,,
.,
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2.2 llampProblem

TheprocedureRampProbl-is shortenoughto be listedherein fhlk

Proc RampProblem {—
Ms -
Xs
Xf
xl
:THETAI’
x2
THETA2
H1
H2
npatches

} ~-> ramp::

def Domain

= 25
#= rad(15 )
= 40

#= rad(35)
= 80
= 10
= 4
= 1
= 4

Mach number of incident shock
initial shock position
final shock position
foot of first wedge,
angle of first wedge. : ‘
foot of second wedge
angle of second wedge
inflow duct height
outflow duct height
number of patches in GO ,
number of grid levels
refinement ratio

do n=l,$npatches
patch <+, l,w40,h80>

end do
export ramp::{Xl,X2,Hl,H2, THETAl,THETA2}
grid code/ramp

end def

W’quiescent ::= <RHO=l,U=O,V=O,P=l>
ShockWave MS=$MS, statel=quiescent, \

state2=post_shock

def BoundaryConditions
Nbdy domain: reflect
Sbdy domain: reflect
Ebdy domain: extrapolate
Wbdy domain: prescribe W’post_shoclc

end def

def SolutionField
setfield W’quiescent
setfield W’post_shock X[]<$XS .

end def
..

makefield

def MeshAdaption
adaption on

$Imax
r $r

end def

def RefinementCriteria
DensityGradient

end def

do l=l,$lmax
adapt
makefield

end do

... compute tf
end proc



RampProblem isessentkdlya templatefor all you need provide to set up an arbitrary
pmblem*”for h_sol to solve. Therefore,althoughIecture1 mayhavegiventheimpression
thatti~ rquims you to become a heavy-dutyprogrammer,thisis not thecase. Naturally
themoreeffortyoupuththe greaterthereturnll.

U D- BoundaryConditions, Sohltion-The def bloclcx EquationSet ,
Fiel@ MeshAdaptionand RefinemenKlciteri% aredescribedin AppendicesB-G.
If you recall Iiom the Amrita primeq def blocks act as interlockswhich allowtitzz to
maintainsome semblan~ of CQntmlover theoder in which a simulationis setup. They also
introducethespeeiakt commandsneededto get thejob done. For instance,Domain mustbe
suppliedbefore BoundaryConditions, andpatch <+, 1, w40, h80> lays down a
meshpatch40 cells @e and80 cells high. The+ signifiesthatthepatch shouldbe tacked
onto theendof thepreviouspatch(detailsm givenin SC).

At this early stage,you shouldnot be too worried aboutthe CFD detailsof a boundary-
condition such as ref lec~ bemuse ukimatdy you can provide your own interpretation.
“fhemforeAmrita scriptsshouldbe read at l%cevalue, on the understandingthat someone,
sonzewhere hasprovided the co- number-crunchingcode. In time, with an appropriate
amountof learningeffo~ this sonzeome could be youmelf andso thereis no needto feel you
relinquishbasic intelketualcontrolover a simdation by electingto makeuse of3mwitaB.

23 Experiment#1

Wkbouttier ado,you can~

unix-promp txmrita -a !RCldo.one.off. xarqp

toproduceanMpeg animationof thefirstexperimentwhichcanbe viewedusing14:

unix-promponetscape zesults/ml/zaqp.mpg .

The simulationtakesaround15 minutesto run on an SGI Indigo2 machine(195 Mhz M.ips
R1OOOOprocessor)with384Mbytes of memory,a largepercentageof whichis simplytakenup
withwritingtheindividualiiames of the animationto thedirectoryresult~lfipg. A restart
file is alsowrittento thedireetoryresultWIKlfw.

+mrita views,animationsasworkingdiagnosticsandprovidesmachineryto allow themto
be producedtiutinely~. However,for theseprintednotes,thisscriptwasrum

r.mix-prompt>amrita -a lzU do. vki. zerqp

to produceI@ure 2.

l“llisisusedstrictlyinthe~nseoftieprobIemsthatArm_solisdesignedtotackle,e.g.2D,time-dependent
compressibleflows.
llButtorepeattits’s goMenride:themoretroublethesystems-levelprogrammergoesto,theeasier

programming-lifebecomesfortheapplicationsspecialistTherefore,ifyoufindyourselfwritingcontortedAnuifa
scrip@youcouldalwaysarguetheneedforanewlanguagefeaturetomakeyourprogramming-lifeeasier.
12HemthisisburiedinaidethelibraryprocedureEulerEquations.
13Adistinctioncanbemadebetween’’using%ta”and“makinguseof~td’ Theformerimpliespassive

acceptanceofanythingthesystemprovid~thelatterimpliesacceptanceofthesystemasalaboursavingdevice
withtherealkationthatyoucm whenneceswry,stampyourauthorityonproceedings.‘ ‘ ‘
14tita providesanMpeg encoderbutnotaviewerandsohereitisassumedyourwebbrowserisableto

plaympg files.
*sTry-g@ p~~~ tiou SaveRamPmage andEncodeMpeg.

,,
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(a) t = 0.00

Study TKI: {81= 15,ez= 35,M-,= 2.16,‘y= 1.40}
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(c)t= 11.94
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[d)t= 17.91
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(f)t= 29.85

-— I 1
I
.
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(h)t= 41.79

Figure 2: Pageoutputby thePostScript fileramp/result
flKl/pshntage.ps. At early timw, ~~M(a) and(b), thereis singleMachreflection(SMR) of theincidentwaveilom thefirstramp(s% [3] for

anintroductionto shockreflexiom).At intermdate times,fiamw (c) and(d), theMachstemfromthis
primmyreflectioninteractswiththesecondwedgegivingriseto a secondaryreflectionwhichis alsoof,
typeSMR.At latetimes,frames(e) to (h), thesecondaryreflectionintetier~withtheprim~ reflection.
ThesnapshokwereproducedusingtheSchlierenImge procedwefromlecture1.
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Giventhetimeit takesto-this tishmdationfidls iirnilyih thecatego~ of “cheap and
cheerf@” but it is stillno less demandingto craftthantheI@hermolution resultsshownin
Figure3, whichherefor expediencywasobtainedusing

plugin amr_sol
postscript on
... latex title and captions

“-
... set ..page,locations , ., .,-
set experiment = http://www.amrita~cfd.c&/vki/TKljqeriment .ps.gz
set simulation = http://www.amrita-cfd.com/vki/TKl/simulation.ps.gz
paste $experiment in box $e:aoff ;$e::yoff,$e::width,?
paste $simulation in box $s::XOff,$S::YOff,$S::width,?

As discussedinlecture1, thecmprison’betwekn numericsandexperimentis not a math-
ematicalexercise.Herethenumericalandexperkmd interferogramsarein close agreemen~

*

atleastto the eye. B@ becausean inted%rogramprovides quantitativevaluesof the density
field it canbe arguedthatthereis alsoareasonablequantitativeagmementbetweensimulation
andexperiment.Nevertheless,therearechar discrepancieson the small scale. For instance,
in the experimentthebase of the primaryreflectedshock has a smalllambdafoot due to its
interactionwiththeboundarylayeron thebottomwallof theshocktube(seebottom-leftcorner
of image). This f-is missingin thenumericalimage since the simulationassumedthat
theflow was inviscicLAddingviscoustermsto thistype of simdation canbe done (e.g. [14]),
butthefollowing scalingatgumentsuggeststhatthegridneededto resolvetherelevantviscous
length-scalewouldnotbe cost efkctive forthesrnalIimprovementsit wouldbring.

The pertinentviscous lengthscaleto resolve, 5., is of theorder @ where u is thekine-
maticviscosity of the fluidandtu is thetime vorticityhas to diffhse Iiom its point of origin.
Takingv to be 0.15cm2/sec[l] and& to be –on averagelG-50ps givesa 60of just over 10pm.
But a typical shock-capturingschememightneed 10 cells to resolve a f~ at this length
scale andso thepertinentmesh spacingwould beamund lpm. The finestmesh spacingused
for the simulationin Figure3 was approximately100pm. Thereforea 100 fold nxluctionin
meshspacingwouldbe neededin viscousdominatedregions.Unfortunately,thecost of anun-—
steady,two-dimensionalsimulationatkastfor atiorrnmesh inqeases eight-foldeverytime
themeshspacingis halved The analogousincreaseincest for anAMR schemeis moredifficult
to pmdicc bebauseit is highlyproblemdepen@nL Here, becauseof themannerin which the
flow is integrat@ theincreaseis likelyto be closer to 8 thantheoptimum– butunobtainable

17 Hence the above assertionthat a viscous simulation fi not cost effective.scaling – of unity .
The scaling figures presented he~ zue pessimistic: but the thrustof the argumentremains

trueevenwhen the figmx iue re-jigged to givetheoptimisticpredictionof a 10fold decreasein
spacing. An engineeringcalculation iuiinga highly stretchedmeshnearthe solid boundaries,
wouldprobablybe sufficientto pick outthelambdashock butwoulddo nothingto improvethe
resolutionof theroll-up of thecontactsurfiwe.IMerestingly,becauseof its extradissipation,
thelow resolutionsimulation(F@m 2) givesa betierpredictionof thecontactsurfacethanthe
high-resolutionsimulation(F@ne 3) withits exaggx IGArin-Hehnholtzinstability.Con-
sequently,as done with the Schardinexperimentin lecture1, a viscous investigationwould
haveto run a Ml-blown sensitivitystudyto ensme ~y observedimprovementswem down to
improvednumericsandnotjust a fortuityof gridbolution. .- “ . [ . .

16Theeffectivetvvarieaacrosatheflowfie~.tievaluegeartbeincidentabockiaaignifkantlylessthanthatnear

thefootoftheramp.
, ..{

17Strictly,thisobservationisaxiaxlotalun@itisbackedupbyanexplicitteat

io,

-.. -



Study TK1

(a)ExperimentalInterferogram,courtesyofProf.Takayama

(b)NumericalInt,erferogram

Figure 3: Pageoutputbypaste_tkl.



2.4 Experiment#2

The second simulationcanbe ~ asbefore, by typing

unix-promp t>am.rita -a - do. one.off.r~

toproduce ananimatiotqto be viewedusiqy

unix-prompt>netacapa result8/mC2/ramp.mpg., “. .,.,- ‘ . . .
or by typing ‘

. .

unix-promp tiamrita -a !EKldo.v-H .zamp

to produceI@m 4. similarlythisscript

plugin amr_sol
postscript on
. . .

‘~
latex title and captions

. . . set page locations
set experiment = http:/ /www. amrita-cfd. com/vki/TIc2/experiment .ps .gz .
set simulation = http: / /www. amrita-cfd. com/vki/~ /simulation.ps .gz
paste $experiment in box $e::xoff, $e::yoff, $e::wid~, ?
paste $simulation in box $s::xoff, $s::yoff, $s::wid~, ?

csn be used to obtainthecomparisonbetweennumericsandexperimentshownin Figure5.
As with experiment#1, the two interferogramsarein ~onable agreemen~but the tie-

up is noticeablypoorer thanbefore. Again the discrepanciesam due to the lack of physical
viscosity in the flow modeL For instance,in the experimentalimage them’is a m-circulation
zone atthe apexof thefirstramp,andthebase of thesecondaryreflectedshockhas a Iambda
fmt due to its interactionwiththeboundarylayeron thewedge. But thesef~ cannotbe
reproducedby aninviscidsimulation.The shock-bounday Iayerinteractionsam now stronger
thanin Experimental andhavehadquiteapronouncedatfixtonthe curvaturewithwhichboth
theprimaryand secondaryreflectedshocks runinto the walL Consequentlytherewould be
somejustificationfor switchingto a viscous simulationfor thisexperiment. ‘

2.5 Experiment#4. . . - : . . . “ ; -, .

The lastsimulationis thesequencecanbe runin thesamemannerastheothertwo to produce
F@ues 6 and 7. The two interferograms are again in fair agreementexceptfor thoseregions
whereviscous effectsm expectedto be important‘8. IW.mely,thevotiex com neartheconvex
corner,and the foot of the reflectedshock where it interactswith the boundarylayer on the
wall of theshocktube. This interactionaffectsthecurvatweof thereflectedshock andwould
seemto accountfor thedifferencein thecurvatureof theiiingesbetweenthecomputationaland
experimentalinterferograms.However,thetie-upis Suf6cientlygood&aG asin Ex@ment #1,
it is notclearthata viscous simulationwouldbe worththeextraeffortinvolved. , -

*80ncloserinspection,however,itischarthatthenumericalrestdtsareforanearlier@nethantheexperiment.
Thetwoplotsarescaledusingthethedistancefromtheincidentshockto thefoot of tbesemndwedge whichis
whythesetworeferencepointslineup. ButbecausethesimulationwaseffectRelystoppd too eady,thereis a
s@dfkantdmepancy inthepositionof thefoot of thefirst-ramp.Such“deliberatemistdd’ arenotnncommon ‘ “ ‘ “
in the(3?0 literatureandmakeitharderfor thedkmiminatingreaderto @wan independent&nclnsionasto ,
thequalityof thepresentedresults.Sucherrorsprovideonepractjcalreasonwhytiz goesto thetroubIeof
providingthemeanstoautomatedocnmentpmparation.Onceanerrorisspotte&it@ be ~y remediedandsb “ ‘
doesnothavetorcmarnapermanentsourceof confusion.
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Study TK2: {81 = 20,19z= 55,M,= 2.16,-y= 1.40}

(a) t = 0,00 (b)t= 5.07

(c)t= 10.14 (d)t= 15.22

(c) t = 20.29 (f) t= 25.36

-- +

[-

(g) t = 30.43 (h)t= 35.50

Figure 4 Pageoutputby thePostScript file ramp/.resultflKVpsAnontage.ps. At eady times,frames
(a) and(b), thereis SMR of theincidentwave fromthefirstramp asinExperiment#1. However,at

intermediatetimes,frames(c)and(d),thereflectionoftheMach stemisnow complexMach reflection

(CMR) ratherthanSMR. At latetimes,frames(e)to(h),thesecondaryreflectionagaininterfereswith

theprimaryrefleetiono



Study TK2

(a)ExperimentalIntmferogmu,courtesyofProf.Takayama

(b)NmnericalInterferogmm

Figure 5: Pageoutputby paste_tk2.



Study TK4: {01= 60,82= 30,M, = 2.16,~ = 1.40}

~

(a) t = 0.00 (b) t = 2.97

(c)t= 5.W (d)t= 8.90

(c)t= 11.86 (f)t= 14.8$

(g)t= 17.79 (h)t= 20.76

Figure 6: Pageoutputby thePostScript fileramp/resultsZZKVpsAnontage.ps At early times, frames (b)
to (c), the slopeof thefirstwedgeis sufficientthatthereis regularreflection(RR) andnotSMR asinthe
othertwo experiments.At latetimes,frame-s(d) to (h), theincidentshockdiffkactsaroundtheconvex
comerformedby thetwo wedges.
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Study TK4

(a)ExperimentalInt,erferogram,courtesyofProf.Takayama

(b)NumericalInterferogram

Figure 7: Pageoutputbypaste_tk4.



3 Discussion ..,-
.

The following discussionis restrictedto specific observationsconaming the developmentof
meshrefinementmethodsfor simdatingunsteadyihock wavephenomew descriptionsfor the
underlyingalgorithmictechniquesareavaikibleelsew-, e.g [20,33]. The observationsam
mairdybased on simplephysicalaguments andpmgmmmingcmrunonsense,but areno less
usefulbecauseof itlg.

“.. ’.” $ .. .’ .. . .“,. ..’ . . . . . ,.
.-,

3.1 Temporal Refinement

Many mesh dinement scliemesgive the impressionof havingbeen designedsolely to mini-
- the numberof grid cells thatarerequiredto computea solutionof a given resolutionor
accuracy.This designphilosophyis based on @ notionthattheeffortreqiikd to integratea
discmtizedflow solutiondecmses astheriumlqof gridcells decreases.Butthefollowing ex-
ampledeqmnstratcsthatthenumberof gridcells canhave smprisinglylittlebearingon thecost
of performingatime-dependentsirnuk@onandsothis particulardesignphilosophyis ffawed?”.

Considerthepmpagationofashockdownauniformmeshof Ncells, eachof widthAz. Ifa
,.

uniformtimestepis chosensuchthattheCourantm@wrbasedonthe speedof theshockis one -
(hencetheshocktravems one cell pertime step),itwilI takeN integrationsof N cells for the .
shockto passthroughthedo-for atotalof ~ cellupdates Now halveone cell in thegrid
suchthat”thereamN —1 cells of width& and,*o of width&/2. Ag@ if a uniformtime ‘
stepis usedto propagatetheshockthroughthisdomr@ withoutviolatingtheCl% conditionit
will tak 2N integrationsof N + 1 cells to prop- theshock~~ thedo- for a to~.
of 2~ + 2N cell updates.‘l%e~foie, dthou@ buta singlecell hasbeen addedto thegridthe
cost of thesimulationhasmom thaqdoubled. Consequently,for time~pendent problemsit is
desirableto dine in timeaswell asspace[21].Here,usingtemporalrelinemen~thetwo small
cells would be integrated2N timesandthe othei iV —1 cells would be ,@egrated N timesas
in theuniformmeshcase, for a totalof ~ + 3~ cell updates.Thus, for N reasonablylarg%
the cost of the nAinementbecomes negligible. ~ an alternativeto temporalrefinementone
could conceivablyopt for an integrationschemewhich was stablefor largeCourantnumbem,
but for highly non-linearproblemsthe loss in temporalaccumcy, associatedwith largetime
steps,wouldprobablyproveunacceptable.

t A temporalre~ement strategyis e@ly.hcorpo@ed intohierarchicalrefiement schemes .
‘ ‘ such as those based on quad-trees(e.g. [7J) or etided patchti (e~g. [5, 21] since it is

possible to avoid ever havingto interpokiteacrussdiscontinuities[21]..However, a temporal
dinement strategyseems ill-suitedto dinement schemesbased on unstructuredtriangular
meshes(astypifiedby[l(ij), atleastwhencombinedwithashock-capturingmethodology,since
one cannotavoidhavingto performawkwaxdnon-lintiarintmpolationsatdiscontinuitks Such
interpolationsareunlikelyto satis~ a shock-capturingscheme’suniquesmeanxlshockprofile
and so would ~sult in spuriousoscillations[21]. One convenientway aroundthis difficuky
would be to employ anintegrationschemebased on floatingshock-fihg[18, 34] ratherthan
shock-capturing.Thentherewouldbe no sme~ Wmntintities ad tie c~e of theproblem
disappears.Thisstrategyillustratesunimportantdesignprincipleof meshrefinementmethods: ,,

\ it is oftenbetterto workarounddi@@ties thanto ~empt to effect a cum. ‘ ,.

~!
191nmanyregardsjsuchobservationsa!e rncire@relyto @d @e @stof timethanoverlySopticated @u-

ments.As acaseinpoinl S3.2–whichfirstappearedrn[21]–* percnniallyusefulindispellingqualmsthatAMR
methodsinevitablyintroducespuriousnmnerkalvorticitytheydo so,onlywhenoperatedincorrectly.
‘Thiscommei~ andtheOtierSwhichfo~ow,areOIdYaccumteinthecontextoftime-dependen~compres.siile

flowsimulations.Eventhen,howeve~youareadvisedtorecalItheDumasquotefkqmlecture1.
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32 Fine-Coarse BOM&WieS I

A numberof tedmiqueshavebeendevisedto lessenthespuriousdeflectionswhichoccur when
a numericalshockwave crossesa grid discontinuity(e.g. [28]). In praetiee,theperformance
of suchmnedial pmeeduresis problem dependenCprovidedthatthe shock wavesme nottoo
strong,andthegriddiseontinuitiesamnottoo severe,thensatisfiwtmyresultseanbe obtaind
otherwisethe“eums” am found wanting.The following thoughtexperimenttakenfrom [21],
suggestq thatpxwentativemeaures areabetterdesignprinciplethancurative~.. s“.

“Considerthecompositegridformedliom abuttingtwouniformrectangularm- one
meshbeingr times finerthantheoti andsupposea planarshockwaveis allowedto
propagatein a direclionwhichrunsparallelto thisjoin. Ml thingsbeingwell onewouId
expectthefiowtoremainone-dimensional.B@ifris Iargethenitisdifiiculttoseehow
sucha two-dimensionalsimulationcouldmainti ind%nhely,a one-dimensionalflow.
Fora givenshock-eaptmingschemethenumericalmpmsentationof a shockisself-similar
withmeshspacing.Thtxefore,theshockwaveontbecoarsemeshwouldbe muchwider
tbantbatonthefinemesh.Consequently,atthefootoftheshocktherewouIdbeapmsum
gradientwhich@s acrossthegriddiscontinuitynom thecoarsemeshto thefinemesh
andattheheadof theshocktherewouldbe apressuregradientwhichactsintheopposite
direction.Thus,thegriddiscontinuitywouIdcausethesupposedlypIanarshockwaveto
aetasa vorticitygenerator!Evenif therateof productionweresmall,theaccumulation
wouldbe relentless.So, sooneror laterthetwo-dimensionalnumericalsolutionwould
differmarkedlyfkomtheexpectedone-dimensionalsolution.”

Thissdp~ whichoutputsFigure8, canbe usedto testthevalidityof thethoughtexperiment

,. set vki = $ararita::AMRITA/examples /vki
autopath +$vki/lecture2 /lib
EulerEquations
plugin amr_sol
,set flux = roe
set plate = yes
if (!&amrso (“code/ $fluxn )) then

BasicCodeGenerator {
solver = $flux

,= scheme = first-order’ operator-split
flUX = bcg/$flux “ ‘

emrqp lnki/fc. 1
emrita fine_coarse_lxZy
cd ps/roe/split

-s Rha13el.ps
-s Rhase9.ps

.
k’

endif
FineCoarseBoundary MS=1O, splitter~late=$plate
solver code/ $flux
lo~file logs/ $flux
postscript on
do phase=l, 10

march 30 steps with cfl=O. 8
flowout io/$flux/split/phase$p~se
plotf ile ps/$ flux/split/phase$p~se .Ps

PlotShock
end do

18
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Figure 8: A griddismnhuitycqi tie apkinaish@c@ actasavorticitygeneratmAlthoughhere,
a solidplateisusedtodecouplek C&Se-gridsolutionfi’omthefinegridsolutionso astosuppressthe
generationofvordcity.,

,, ,,,-, : . -. ,’

The simulationshown’,jnl%- 8 M:&”a@litter plate (i.e. a solid wall) to decouple the
coarsegrid solution~m theiinegrid solutionso & t.o~vtqt thegene@ion of vorticity.But.
whentheplate isxemovetk ., ., ““

unix-prompt>amr6p vki/ic. 2;” ~i‘ “

unix-promptXsmrita f@e_’c0&3e_IXZy
,. ,._ ,..

the shock structurerapidlybrea@ ,do~~ the_er shownin Figure9 andthethoughtex-4
perimentis vindicated.Bti events,sinck@e kt,phblem’was formulatedin 1991,indicatethat
thisis not theenthestbry.,~e bre@oti observedhe~- is particularlyba& becausetheRoe
Iinearizationpnxlictswaves- which=,~ohighidong thecentrelineof theductleadingto

21 Iftke testis re-run.wik flti = godunov, theresultsarebetterbuttheshockprotrusion .
far from perfect (see F@ure 10), fid yet a%erimpmvement can be obtainedby switching
to flux = efrn (see Figure11). Howev~ before theseresultsadd more i%qlto the “Great
RiemannSolverDebate’’[22], it ~ouId be@nt@ out &at a ten line fix ~ be addedto the

,* . . , roe fluxso asto produceJ?Qur@- NqV@e~@s, ~~ ~w oftits is leSS~ SCCeP~le
for simulationsof reactiveflows,’iince,,smallpetprba$iogscan be amplifiedchemicallyto the

pointwhemthey dominate@@eggs@]. ““ .’. ~, -
Giventhestylizedsettingof~epresent split-gridtes~it is notinconceivablethatsomeform

of “intelligent”interpolationwhichtoo~q?@d ~unt of boththelocal pressuregradientand
thelocal gradient~ meshsp@ng-.@q@g,~~ s?,~Pof ~~pmblem– @~dPmventthe gen-
erationof spuriousvortici@. B% spcha”’’cu@’ “wouldnotgeneralise.l%etefo~ thepractical
solutionis not to arguqabouttheclipice of flu% or i@erpola@onfimctiou butto nxognize that
the test is artificial i~’is mo~-~tural to orcii+ the m~h adaptionin such a way thata
shockwaveis notgiventheopp@@&’ to ‘croosa griddisi%ntinuity[21].Whenthisis done:.’. .. ,“,. ,..-

1, “,
!

u22ix-prompt~+& w~lsi:-~e ‘:’ ~ : ,“

j, I u22ix-prolnlt@31ursGa @Xa&ctise-~. -“ ;,.,,
‘1 even flux = roe cm @alp@ @e pd~@@@O@’@-F@F 13;..’ -, .’,., -. -,--
),

2*Examplesof the’pati of~~ wilt &k-Rqers sche”ineti givep@6s&s are~en mthenextsection.,,,
,, 22~ fi ~ ~ ~~:~~Ie@ *. ~reduc~u”rnsptio~witiiity isgoo&b?tnot @ enw@-

,-, ,.
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33 Fine-Coarse Boundaries~

V/henk_SOl Was firstconstmctd itwas deemed necessarj to enfdme slrict comervation
ata fine-coarseboundatyby applyinga ~yass to theintegrationprocess which took strict
accountof the net differencein the cumulativeflux seenby the ti and coarsegiids[5, 21].
Subsequentexperienceshowsthatthisfixnpprocedme is m~ ‘ve.

F-to preservemonotonichy,it introducesa secondarytimesteprestrictionon themaxi-
mumalIowableCourantnumbegv.., us~ to inkgmtetheflow: .

r2
v-< —

r–l

which for refinementratiosr > 3 is more restrictivethanthe stmdjml CFL condition (iie.
v- = 1)=, see [21] for details. !kon~ whenrunningon a parWel machine,it introduces
anextralayerof communicationwhichcsn irhpactonperforman~. Thir&andin someways”
mosttelling,thetip pmcedme is ~rdy a book-ke@ig mechanismwhich creditsor debits
he come gridsolutionto maintainckmservatiomAs.snchtltkast on a finiteM g.ri~~tw,
not guarantedtheconsistencyandconvergenceof resnltsneededtq ensup wavestravelatthe
corrects- which is the motivationfor usingtie ~ in@ firstp~- ~~~nflyt
Amz_sol no longeremploystheconservative-fixuppassmportedin[21~.

The following scriptdemonstis thatgiventhemannerin which Amr_sol adaptsthe~d’
(i.e. otiy smoothflow is allowed@ cress a grid discontintity)jno specialtreatmentneedbe
~l@at afine-ix?~eboun~to ensure~e~shockwavetravek atthecorrectspeal ,. . . ,.

sek flux = roe , ,,
EulerEquations sPace’One-d.iInmsional :!, ,,
plugin amr_sol , ,..

.
“BasicCodeGenerator { : .

solver = $flux-ld

“ scheme = kappa-muscl’ operator-split
.

flUX ,=beg/roe

}
CheckShockSpeed {,,.

,’ ,s,olver } . = $flux~ld. . -

* = 4

r’ =4 :

MachNumbers = 1.2,1.5,2,3,4,5,10,20

,}

. ,,

. .

~ vki/*c.2
amrita @wcZ_speec?
‘cd zes@t4s/roe-l&

- v=P~ “ ‘

,.

.- ..”.. ,.
,.

,Hem,theprocedureCheckShockSpee&
,.. ,

‘Ifasafetyfactorisappliedtothe(2FL~ndition,asiscomhonpmiti~thenthe’-cutoffporntinrefinement,,
ratiowillbehighere.g.aC!FLof0.8allowsr= 4tobeused.

,, ‘TheamountofdatainvolvedisrelativelySIUU butitcanhaveadetrimentalaffiitomloadbaIancingandso
leadtounexpectedlylargelossesinperformance.

,,

‘ ‘Thehextsectionprovidesaconcreteexampleofwhy~nkxvationshoddnotbeview~asapan= Also,

.,, whit.baqI[3@.m@s:a M= -PIG ~g b ~~OW WA --OILS (~)t w~13 *WS tie~~~ ~ .
betweeneastiagequatioxisineonservationfbnu(theSWE haveaniniinhenmpberof su~f-ula~ons)fromthe .

.. uniquqweak-formulationneededtopredictshockjumpscorrectly..
,, :.

‘Butthisdoesnotimplythatconservationhasbeenrelaxedelsewlkmxitis“flimportantfortheintegrati~. . .
r,.

ofbeflowselutioniheldbyapatchandfortheinterpolationopemtmswhichhansftitheffowsolutionfrmnold
., patchestonewpatcheswhentie@d adapts.

. . . .’,..
t . . . ,-. . ! .. .>..’:
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i

? proc

,?

}

CheckShockSpeed {
solver
MachNumbers
Xs = 28.00 #
lmax=o #
rI = 2 #
nGO = 10 #
nphases , =.20 .
ns’teps = 100” ‘

shock position
grid l~els
ref intient ratio
patches in GO

. . .,. . .,.-

Cfl = 0.8
io ‘= results/$ solver
<-> s::

*.. procedure definitions
solver code/$solver
logfile logs/$solver
... setup $io/errOr
foreachMs ($MachNumbers)

SetupTest MS=$Ms ‘
--- setup $io/Ms$Ms.xt
do phase=l,$nphases

march $nsteps steps with cfl=$cfl -
along Y=O locate last RHO[l>$S::~Ot -> XS
time -> t

printf(”%.8f %.8f\n”,$xs,$t)
end do

set Xf #=
set error #=

set error #=

... plot MS

end foreach
GraphError {

$Xs+$Ms*sym(C’quiescent)*$t
($xf-$xs)/($xf-$xs) ‘loo

$error*1000
results

odir = results/$solver
output = error.ps

.
J

end proc , ?..$

. ‘. “,

rnarehestheshoekpmfileon GzwforW3000*stepS 27. ~e~~error~shockl~ati~n-
scakdby afaetorof 1000-is showninFqgme15. Hemthelargestm-cordederroroccumfor the
weakestshock andis only 10 partsin 105andis comparableto theuncertaintyin locatingthe

‘. For a givenMach number,thisuncertaintyis ofshookpositionusingthe along cmnmand
fixedsize, thereforetherecoded %errorincmasesasthetmveldistanceof theshockdemeases.

The abovehighlightsone importantAmr_sol designprinciple: accountability.The under-
lying - algorithmdoes not havea concise Ape ad is non-trivi~to c~e. ~e~fo~, it .
is essentialto avoid excess baggage if a ecnnponentdoes not earnits keep, it is jettisoned.
ilmrita isdesignedto facilitatethetestingof componentsin anautoma@ objective manner

‘ThesolutiononGOisintegratedin20phasesof100timestep.%butfolowingthetime-steppingprocedurem
!14withafixedrefinemmtmtioof4,GtiSintegIated4ztimesforeveryGOiufegrhion:20x 100X44= 512,000. ~
Tfyouhavelimitedcomputingresour~ youcannm shock.speed with lraax=2andnsteps=20foratotalof
6,400timesteps.
**Theweakestshockisthemostsmearedoutintermsofmeshcellsandsohastheggeatestuncertaintyin

kxxkionw@ch helpsexplainwhyitgavetheIargestmonkderror.
-.
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toallow eriti@ihksigndkeision$ to.be vouehsaf~ t@ou*c+iwmtiny Consiguentiy,the..
decision to drop the eommkiive%xup.piss is not iireveisiilb amltheiixupwot$d be resur-
rikied shoulda suffieierit,nuiiiberof in.dlit Mes en@$ 6 suppirt its @nsMemn ‘t.-Howeveq
criticisms rrmstbernadeintheoperationale&textshownby’&isseri@t whichoutputsl?i~ 1%

EulerEquations .,
plugin amr_sol ;

“’ -=-
flow@ io/Corner5,.. ” .-.. ~... ., ,. :-- ;+.. , _ . . .. ‘ .. . .
autosca~e . . . ‘,

postscript on ,-
plotfile ps/f c_context .Fs

,.”.. ! ..-:
SchlierenImage

.94<

AmritaBlue ,.

f i.lled rectangle 0,0,30,40
-,. .

8’,?,
psz15 setlinewidth .“
m<l> :., ,, ,),;> ..
plot domain {G2} .>: ,.

i,. .’.
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Figure15: Graphof %errorin shocklocationversus@ n~k~fogzvsk~~tegmted 512@0’tie
steps.Notethe %emoris multipliedby a f~r of 1000to m~”ti scale.@&toread.
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Figure 16 @tit fromfd.con- Amc_solis &ii@@ toencivie-shocksusing”aseanil~, eolketion
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‘3A Flow Solvers

‘l’heearlydevelopmentof ~.sol wasplaguedby aseriesof obscme numericalfhilhigswhich
afllictshock~turing schemes[22].In theen~ thesefidings wemtracked downnot so much
by analysis,butby seading outpatbological patternsof flow &@ in muchthe sameway as
~tigtimab~tiaw~ ~--litwtichowti~- 17and18 andcanbensed
to huntfor suchfiiilin~:

‘ ~UZliX-pKOIUp*W~ +ki/S-t .tiZit ‘ . . . ,,.

unix-promptxamrita St .mailit

kfi~18, &&fi@fip*X =50 fi*ti~totie stabpamr discussedin
lectureL Theinitialconditionsfor thisshock-tubeproblemaretwo impingingshockwaves:

proc ShockShock Ms=3 2:.
. . . St: :*
W’ quiescent ::= <RHO=l,U=O, P=l>

r
,::

ShockWave Ms=$Ms, statel=quiescent, \.
state2=post_shock 8

W’lefC ::=
. .

,w’post_shock . , ,

W’right ::=,W’Post_shock<U= -U’Post_shock L]S ; -. . ,,. ;
... st: :notes

end proc ~ ; ,

Theexactsolutionconsistsof two shgcksof equalstren~ whichmove awayiiornone anoth~ ‘ ‘
leaving b@ind st@onary fl@d as tlyy ‘go. By des@L Roe’s schti = ~@e. a Sinqe.
shock wave,buttheI.inaon usedcannotcope withtwo wavesashere. Thus.theestimate
for thespeedof theshocksis wrongby 0(1), leadingto theerrorin de&ity.

.,

Using ~dard no~on ~ see the two given refenmes – becauseof the symme~ of the
initialdatzc

, . .,.” ~c=&uli&%=; “’ . . . ,—. —.
l/Pi + l/Pr,. . .

andsothe shockspe&lforthe fnittimestep, ~=ii+ti, isgivenb~. :
.,. .,, ,,.

,,
~ ‘ 6=-=22? ‘-. “.. ‘ “

. .
. . . .
Thisover-predictiihe exact”s&d ; ‘ “ ,..

Therefore,in the shock tie of reference,thepost-shockvelocily is too hi~ indicating@e
sh6ckis too weak. Hence’thepxedicteddensiv is lower t@I tie ~t’sol~o~ me n~eri- . .
cal”solutionneverrecoversfrom thisfirststepbecausethe error~ on thecontactwave,
andsince the flow velocityis.everywherezerobe~d be shock wave-no dis~l?~”onisad~”

to * out the errorat the “wall” (i.e. line of symmet3y). The xoemk2 flux used in S3.2
achieves its robustnessby “theexpediencyof artificially,incmsing,the vek@@”of a stationary
CoitaiitwaveMm Oti.~ @ ensuie@t some dissipation, addedto p~vent pathologiesdevel- ‘
o@g in the ~ow sol~on. ~tk flux = roqnd@ pe@ornXbetter”tha@flux’= roe for - . ,
theshockshockpmblem-: , . , ‘ - . , - , , . ‘

‘ ‘ZgTheSefigures show juai &o pagesfromthevoluminousoutputproducedby@e q-ll~-I@IXMW@~I% ,‘ ,
PIUPOW%aswiththeZa.mUWtheoutputiscollatedm thef- ofan~ docume@..
‘InRoe’sscheme,dissipationisdmctlypropordonaltowaveqked.’ + . , ,‘~o ~ ;,

t: ;.’...i ., ”,. .- ,.
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shock Tube Test: ‘%od’s problem”

II
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Figure 17: Pageoutput by skock_tube.
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Figure19: Solutionto theRiemannproblem{W~, W~}.

The following considerationof the Riemannproblem shown in Figure 19 suggeststhat
Roe’s scheme is susceptibleto problemsnearshearwaves[21]. For the Eulerequations,the
generic solutionto a Riemannproblem ~WL, WR}, where two semi-iniinitestatesWL =

(PhW, %PL)’ and WR = (P,,% v~,P~)’SIEp~sctibd at t = O, consists of time waves
separatingfourregions.Thetwo outerwaves,areacousticwaveswhichcaneitherbe shocksor
expansionsthatmatchthelefi- andright-statesto acommonpressure,p*, andacommonnormal
componentof velocity,u*. The innerwaveis a contactsurface,or slip line,whichaccountsfor
anydifferencesin density,p, —pl, andshearvelocity,Vr– Vl,betweentheleft- andright-states.
Now supposethattheprescribedtangentialcomponentof velocity v, is replacedby –v,, and
call thisnew stateWk. The exact solutionto thisnew Riemannproblem {WL, W~} is the
sameas before, withtheexceptionthatv; = v; = –vr. BUGas aninevitableconsequenceof
thelinearizationprocess, for Roe’s approximateRiemannsolvertheform of solutionto these
two problemswill be verydifferent.Specifically,theaverage:

mustdifferfmm V andthereforetheacousticwavesped

23
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mustdifferfromii’, andsoon for thewavestnmgths,thusalteringtheentiresolution.Ifa change
in theprescribedshearvelocitycanresultin adifferencebetweentheapproximatesolutionsfor
the two Riemannproblemsthatis not reflectedin the two exact solutions,thenthe accuracy
of the approximatesolver is clesrly sensitiveto the prescribeddata. Therefore,since Vrcan
be made arbitrarilylargein relationtow, the errorin the approximatesolutioncan be made
arbitrarilylarge.

As wasdone in $3.2, thisnextexampleis intendedto cutshortanyunproductiveRiemann-
solver debatethatmay be generatedby the above shear-waverevelation.Considerthe initial
conditionsshownin F@ue 20. At to a shearwave is coincidentwithone meshinterfaceof a
one-dimensional,iinite-volumegrid. Now supposethisdiscn%esolutionis advancedusinga
conservativediscn%mtionto producethesolutionshownattl. AssumingtheCFL conditionis
satisfied,theshearwavewill fall shortof thenextgridinterface31andso introducea smemd “
cell containingthestate~, u*, v*, p*).

31WIthaC!FLof1the shearwavewillreachthenextinterface,butinpracticethisspecialeaseis lesslikelyto
occurthanaCFkl.
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Figure 20: Schematic showing a shear-wavepropagatingalong a
VOhllIEgrid

Becausea conservativediscmtizationis assumed

P*=P
p%” ‘w

one-dimensio@

. .

finite-

P“ 1*~1*~
—+yu +yv =

P
— -!-+2++2

‘y”-l y–l

andso regardless of thechoice of scheme

p* – p = ;p(vz – V*2)

Now unlessthe scheme employs some form of sub-cell resolutio%the shearmustsmear
numerically,thatis:

—v<v*<v

andsop* > p, regardless of thechoice of fluxfunction. The worstcase, whichis likely to be
thepracticalcase, is thattheshearsmearssymmetricallyleadingto v* x O,giving

Again,sincevisa pnxcribed quaptity,it canbe madearbitrarilylargeresultingin anarbitrarily
large,spuriouspressurep*.

Theabovemightappearto be a contrivedexample,butthenumericaldifficultyariseswhen-
everthereis a componentof thetotalenergywhichis passivelyadvectedwiththeflow (e.g. [8]
or [26]). The solutionoptionsaxe:(i) relaxconservationlocally; (ii) employ sub-cellnxolution
to preventtheinterfaceIi-emsmearin~(iii) usefront-trackinginpreferenceto shock-captming;
(iv) pr~smeartmublesomeinterfaces.Solution(iv) is probablythemostwidespre@ becauseit
is theeasiestto implement.Solution(i) is oftendoneunwittingly(e.g. [37]) andso theproblem
neversurfaces.

Whateverthepxeferredsolutionapproachtheshear-wavepathologyillustratesthedangers
of blindlyfollowing theconceptof conservation.In thecontextof Anu_so4 whenperforming
high-resolutionsimulations,it pays to watchout for nuancesin theflow solutionwhich might
have severe consequencefurtherdown the line. For this nason, it is importantto perform
mission-criticalsimulationsusingasmanydiiTeren4disparatenumericaltechniquesasyou can
afford asthisfacilitatestheprocessof distinguishingnumerical-fancyfrom physical-fact.For
this reasonalone, many of the algorithmicargumentsput forward– cimcerningthe dative
meritsof shock-capturingschemes– areacademicin theworstsenseof thewed.
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3.5 Grid Efficiency

To pickup from where$3.1left-off, leavingasidetheissueof temporalrefinemen~mhdmizkg
thenumberof gridcells will not automaticallyleadto anefficientmethodof Minement. Con-
siderthecaseof anisolateddiscontinuitywhichrunsobliqueto thegrid asshownin Flgum21.
It is clear thatcellularquad-treerefinement(say [7J) is more efficientthanembeddedpatch
refinement(say [21]) in termsof the numberof cells eachmethodnquires to tile thediscon-
tinuity.Howeveq it also has the largerstorageoverheadsper mesh cell of thetwo associapxi
datastructwes.Forinertshockwavesimulations,whichgenerallyneedonly a smallnumberof “ ~ -
levelsof refinement,the storageovefieads finm quad-treerefinementareeasilytole~ but
thismightnotbe thecase, if theflow containedchemicalreaction.

(a) (b)

FQure 21: Outputfromoblique@ock (amrqp v./fc. 32)showingazoomedregionofFigure16.

Plot(a)showsthedomain {G2} (Le.theoutlineofthefinestgridtier)drawninwhite.Plot(b)isa

simulation(usingverysmallpatches)ofhow a cellularrefinementschememightbeabletoresolvethe
flowfeaturevtheequivalentdomain {G2} isshownbytheboldblacklines.Clearly,comparedtoa
cellularrefinementscheme,thereisroomforimprovementintheefficiencywithwhichAmr.sd tilesa

shockwhichrunsobliquetothegrid.

Insteadof a shock considera detonationwaveoblique to the gri~ which in additionto a
shockfronthassomeinternalstructure(see $E.3),albeiton a veryiinescale,whichmustbe xe-
solvedandcannotbe captured.Inthisinstance,awide swatheof cells wouldbe neededto cover
thereactionzone which mightbe tenor mo~ levelsof rdinementdown in thequad-tree,be-
causeof thedisparatenessbetweenthewidthof thereactionzone andthedistanceover which
the detonationwave needs to be propagated Therefore,althoughthe cells in the swatheare
close to one anotherspatially,theycould lie farapartin thegriddata-structure.Not only would
thisimpacton cacheperformance,andincreasecommunicationtic in a parallelimplemen-
tationof thescheme,buteachcell wouldintroducea sizeableoverheaddueto theaccumulation
of pointersdown to its level in the datastructure.Consequently,embeddedpatchrefinement
mightnowproveto be mo~ efficien~becauseits storageoverheadswould be thatmuchlower
andit wouldbetterpreservetheproximityof cells withinthereactionzone.

Adaptivemeshrefinementalgorithms,comparedto classicalnumericalmethods,entailwrit-
ing sophisticatedsoftware.Thereforearguments,suchastheone above, mustbe temperedby
therealizationthatspecific implementationdetailscanmakeor breakanalgorithmin termsof
its practicalperformance. In particular,the grid datastructureneeds to be well crafted For
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example,thedatastorageneedsto be flexibleenoughto cope withdynamicallocationanddeal-
locationas local refinementis addedandremov~ anddataaccesseshaveto be efficientso as
notto impacton performance.Sinceit is alltoo easyto underestimatethelevelof commitment
neededto write,testanddebuga genemlpurposemeshrefinementcode, a newcomerwouldbe
well advisedto takehisor herown softwareskillsin to accountbefore choosingto code up any
onepmtkndarmethod.

At times, the numberof considerationsappearlegion, even when the applicationneeds
am fairly specific. For instance,given the resultsfmm 52, it would appearthatArnr_sol is
well suitedto time-dependentsimulationsof shock wavephenomena But supposeyou wem
dissatisfiedwith thequalityof theresultsshownin Figure5 andwantedto performa viscous
simulatio~it rwnainsunckarjust how well Amz_sol wouldperform.

Inthepas~it hasbeensuccessfullyusedto performviscoussimulationsof shock-boundary
layerinteractions[21],andso thereis no reasonto believethatit could not cope witha viscous
simulationof studyTK2. However,sinceviscous flow featurestendto be anisotropicin mture,
such a simulationwould expose a weaknessof the refinementschemti it does not cope that
well withW-sotmpic Ainement.. The methodused[21] is essentiallylimitedto featuressuch
asboundarylayerswhichamal%xedto solid surfaces.To refinea b shearlayerwhichmight
happento lie obliqueto themesh AmLsol wouldbe fomed to use isotropicrefinementwhich
wouldbe needessly expensive.Thisis anexamplewhereachangeintheflow model canhavea
significantimpacton therefinementefficiency,eventhoughtheapplicationremainsunchanged.
Thusthecorrectchoice of xdinementstrategyis neverstraightforward.

To complicatematterseven fhrther,interplaysbetweenthe methodof dinement andthe
methodof flow integmtioncannotbe ignored. Forinstance,a triangularunstructmedmeshhas
thegeometricflexibilityto allowfor efficientanisotropicrefinementbutacertainamountof care
muststillbe takento generatemesheswhich aresuitablefor viscous simulations[l9]. Some-
times,dependingon theapplicatio~it is necessaryto compnxnisethenAinementefficiencyso
as to avoid compromiskg the accuracyof the flow integration(or vice versa). Of course, the
accuracyof arefinementschemeis, for themostpm ordainedby themonitorfimctionswhich
determinewhererefinementdoes or does nottakeplace.



3.6 RefinementCriteria

As outlinedin~G,Amr_sol employsheuristicmonitorfunctionsto determinewhereto n4in&2.
Forinstancethedouble-wedgesimulationsusea combinationof two monitorfunctions:density
gradientslocate shocksand a local comparisonbetweendensityandpressuregradientslocate
contactdiscontinuities.Now therearenumerousreasonswhy thistype of heuristicapproach
is unsatisfwtory,not leastof which is thatit introducestunableparametmsand so increases
the experiencefactor needed to operatea refinementscheme reliably ($G.I). As Warrenet
tzl.[35]haveshown,apoorly constructedheuristicmonitorfunctioncancauseameshn#inement

33 Butthiscanhappenwithanyrefinementfimctio~schemetohomein on anincorrectsolution .
heuristicor not which providesestimatesfor tie local errorwithoutalso providingestimates
for how thelocal erroraffectstie globalerrori.e. everyrefinementfimctionin commonuse. To
a largeextentthemeshrefinementcommunityhasbeen lulledinto a faIsesenseof securityby
thegeneralexperiencethatlocal errorsareusuallybenign. The testcase discussedin [35j is a
gentlenxninderthatsmalllocal errorscansometimestipthebalanceandresultin largeglobal
errors,butothermompathologicalexamplesarenotdifiicultto fin~ especiallywherechemical
reactionis involved.

Figure22(a) showsatraceof thepressurebehindtheleadshocktint of aone-dimensional
detonationwave,drivenby the3-stepchain-branchingreactiongivenin ~E.3,see [30] for de-
tails. By normalstandards,thiscomputationwould be thoughtwell resolv~ since 160 mesh
pointscover theso-called reactionhalf-length(givingsome 256,000 cells overthetimeperiod
shown),whereascontemporarysimulationshavetenor lesspoinls in thenxictionhti-length.
Howeveqwhenthesimulationis qeated withthegridspacinghalv@ thedynamicbehaviour
of the detonationwave altersdramatically,see Figure22 (b). At firstglance, Figure22 (b)
appearsto be from thecoarsercomputationsinceit looks more dissipativein thata two mode
pulsationis decayingto a singlemode pulsation.But in fact it is theextradissipationin Fig-
ure22 (a) thatsustainsa spurioustwo mode pulsation,whereasthecorrectbehaviourshouldbe
thatof a two mode pulsationwitha time-attractorlimitcycle[30], i.e. @ure 22 (b). liXerest-
ingly,asobservedin $E.3,thedifferencein behaviourarisesnot from anerrorin resolvingthe
detomtionshock-fhm~buttim a fdure to resolvea seeminglyinnocuouspartof the~action
zone whichis smooth.
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F@ue 22: Variationinthecomputedpressurehistorytracefor a gallopingdetonationdrivenby a 3-step
chain-branchingreactionmodel[30]: (a) 160pts/L$; (b) 320 pts/L~.

32Coarseningtakesplacenaturallybychoosingnottorefineandsoinvolvesno additionalcrheria[21].
331tisworthnotingthatanundivided-dtienmcewhen usedby Arm.solhasanimplicitconstantlengthscale,

andsodoesnotsufferfromthepreciseproblemdiscussedm [351forunstructuredu-iangulaxmeshes.
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Clearlythereis muchroom forimpmvementin thecurnmtcmp of criteriausedto control
refinementHowever,anyattemptsatdevisingrigomusmathematicallybasedMnement crite-
riashouldnot ignoretheoperationof theunderlyinggrid adaptionalgorithm.For example,in
detonationsimulationsit canbe necessaryto adaptthegridtensof thousandsof times[25]and
so themethodof determiningwhe~ to retie rnustbereasonablycheapso asnot to cripplethe
performanceof thesimulation.Also, thephysicalscaIesinvolvedareso disparatetheypreclude
theluxuryof periodicallycornparingthesolutioncomputedwithn3finementagainstthatcom-
putedon a uniformmeshof thesamehigh ~olutiou as is effectivelydone in[13], becauseof
theunrealisticallylmgeamountof storageinvolved

For practicalpuxposesthe lack of a fOol-pmof refinementcriteriadoes not underminethe
usefidnessof adaptivemeshrefinementschemesfor investigatingshockwave phenome~ but
it does complicate matters. The p~”cal solutiou when startinga new investigation,is to
performa sensitivitystudyto seehow thecomputedresultsvarywith,amongstotherthings,the
effectivenxolution of the computationalgrid as controlkxlby thechosen refinementcriteria.
The aimis to tool-up to a positionwhe~ a relialie simulationcanbe produced.This approach
is not just nxtricted to simulationswhich use mesh refinement. Generalexperienceshows
thatpastperformancesam no d guide as to how a specificnumericalschemewill fairon a
newproblem. l%e~fom, themmlts from anynew CFD simulation,regardlessof thesolution
methodinvolv@ shouldbe viewed with a healthydegreeof skepticismuntilthe IWWItShave
beenshownto be reliable.

Forseriousinvestigationsthecost of tooling is generallyspreadover aparameterstudyand
so is notexcessive.Theonly drawbackis thattheresultsliom gridsensitivitystudiesarerarely
conclusive. Many shock wave phenomenaexhibitphysicalinstabilitiesand so the notion of
a grid convergedsolutionis not alwayscleaq or evenappropriatesince the flow model might
pnxlude thepossibilityof havinga sensiblesolutionin thelimitof themeshspacinggoing to
zero. For example,in [23] resultsarepresentedfor thevortexsheetproducedby a shockwave
diffractingover a knifeedge. Theseresultsshowthataninviscidsimulationcanreproducethe
correctphysicalbehaviourandyet provideno limitingsolutioxqbecausethe numericaldissi-
pationwhich controlsthe tie scaIestructmeof the vortex shee~in the absenceof physical
viscosity,neverbottomsout as thegrid is dined. On theotherhand in some simulationsof
detomtionphenomen~it is clearthatit notpracticalto matha fully convergedsolution,either
becausethephysicalscalesaretoo disparatefor theavailablecomputingEsonrces,or thephys-
ical behaviourof the systemis non@eterminisdcin tit variationsin discmtizationerrors,no
matterhows@ leadto significantvarkkionsin dynamicalbehaviour.

The majorityof CFD simulationsare performedwith the aim of producing quantitative
answersto well unden?itoodproblems,in which case the above vagariesareunacceptable.In
contrast,Anu_sol is typicallyused a cpmlitativediagnosticin an attemptto fathombehaviour
whichis notknowILandso a certainamountof subjectivitycannotbe avoided. And thisoften
involvesusingArnLsol to performshmdationswhich aremom detailedthanwould otherwise
be possible. Consequently,no attemptis madein thisdiscussionto “sell” themethodin terms
of how efficientlyit was able to computethe double wedge problems. While this mightbe
viewed as contrary,any resultswhich could be presentedwould have littlepracticalvalue.
Moreover,by comparisonto otherworl@5j thepresentsimulationsm so cheapastobe ahnost
inconsequential.It shouldalso be appnxkted thatthe cost of performinga timedependent
simulationcanpaleintoinsignificancewhencompam-dto thetimetakento decipherthenmiks,
andso to bandyperformancefiguresloses sightof thefact thatAmLsol hasprogressedwell
beyondthedevelopmentstageandis usedas aneverydaytool.
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4 Closing Comments

To close, it is clearthatmanythemeticalaspectsof adaptivemeshrefinementalgorithms_
furtherinvestigatio~e.g. therigorouscontrolof errorsvia well foundedrefinementcriteri~or
when runningon a parallelmachine,the performancebounds on load balancingstrategies.
But the pnxent theoreticalshortcomingsof AmK.sol do not undermineits useiidnessas an
investigativetool. Monmveq it is worth notingthatthe algorithmrequireslittlemathemati-
cal respectabilityof its o~ becauseit is designedto subsumethe stabilitycharacteristicsof
applicationspecific,patch-integmtors.

If thenextgenemtionof meshrefinementalgorithmsareto offer substantialimprovements
overexistingmethods– to thisauthoratleast– it seemsessentialthatcommongroundbe found
betweentheoreticiansandpractitionemThus,in thecaseof *_so~~tfi wasconstructed
to facilitatethird-partycontributionswhichmighthelpreducethecurrentheuristicelementsto
more acceptableIevels.
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A plugin Amr_sol

The plugin ti.sol isbased upon a generalpurposeAdaptiveM&h Refinement(AMR)
algorithmfor integratingsystemsof hyperbolicpartialdifferentialequations.Thisalgorithmat-
temptsto nxlucethecostsof ashmdationbymatchingthelocalresolutionof thecomputational
gridto thelocal requirementsof thesolutionbeiig sought Forexample,in simulationsof gas
dynamicflows, a iine meshwould be used only in thevicinityof shock wavesandotherflow
discontinuities,leavinga coarsemeshelsewhere.Althoughthesavingswhich accruefrom this
techniqueareentirelyproblem dependen~theycan be way bit as athiwtiveas those gained
finm usingexpensiveparallelcomputm (savingsof morethanfivehundmd-foldhavebeenob-
tainedfor simulationsof detonationphenome~ Quhk 1996). The foundationsof thepresent
AMR algorithmlie with the wodcs of Berger& Oliger (1984) andBerger& Colella (1989),
butthederivativeoutlinedhemis dueto Quirk(1991, 1996). ContemporaneousAMR workis
listedin therefenmces.

Al Overview of AMR Algorithm

The AMR algorithmemploys a hieramhicalgrid system. In the following, the term “mesh”
refersto a singletopologicallynxtangularpatchof cells andtheterm“grid” refersto a collec-
tionof suchpatches.At thebottomof thehierarchya setof coarsemeshpatchesdelineatesthe
computationaldomain.Thesepatchesform thegridGo andtheyarerestrictedsuchthatthereis
continuityof grid linesbetweenneighboring patches.Thisdomainmaybe refinedlocally by
embeddingfinermeshpatchesintothecoarsegridGo. Theseembeddd patchesform thenext
gridin thehieramhy,G1. Eachembeddedpatchis effectivelyformedby subdividingthecoarse
cells of thepatchesthatit overlaps.The choice for then%nementratiois arbitrary,butit must
be thesamefor all theembeddedpatches.Thus,by constmctioq thegridG1 also hascontinu-
ity of gridlines.Thisprocessof addinggridtiersto eflkctIocd refinementmaybe repeatedas
often asdesire@see F@re 23.

F@.ue 23: Anw.solemploysahiemrchical@d system.

Fromstabilityconsiderations,manynumericalschemeshavearestrictionon thesizeof time
stepthatmay be used to integratea systemof equations.The finerthe mesh, the smallerthe
allowabletimestep. Consequently,theAMR algorithmxefinesin timeas well as space. More
butsmallertimestepsme takenon fine gridsthanon coarse@ls in a fashionwhich ensues
thattherateatwhichwavesmove relativeto themesh(theCom%t number)is comparablefor
all grid levels. This avoidstheundesirablesituationwhe~ coarsegrids areintegratedat very
small Courantnumbm giventhe time stepsetby the finestgrid’s stabilityconstraints:some
schemes(e.g. Lax-Wendroff)givepoor accuracyfor smallCourantnumbm.
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Go At
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GI At/2
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G2 + G1

Gl + Go
G2

Figme24 Gridoperationsarerecursivelyinterleaved(tobereadIiomtoptobottom).

The field solutionon each grid is retainedeven in regionsof grid overlapand so all grid
levels in thehierarchycoexist. The orderof integrationis alwaysiiom coarse to fine since it
is necessaryto interpolatea coame grid solutionin both time andspace to provide boundary
conditionsfor its overlyingfine grid. The variousintegrationsat the diferent grid levels am
recursivelyinterleavedto minimizethe spanover which anytemporalinterpolationneedtake
place. Periodically,for consistencypuqoses, it is necessaryto project a tie grid solution
onto its underlyingcoarsegrid. F@re 24 shows the sequenceof integrationstepsandback
projectionsfor a threelevelgrid{GO,G1,G2} withrefinementratiosof 2 and4.

The integrationof an individualgrid is extremelysimple in concept. Each mesh is sur-
roundedby bordersof ghost cells. Priorto integratinga grid the ghost cells for everymesh
patch in the grid areprimedwith datawhich is consistentwith the variousboundarycondi-
tionsthathaveto be met. Eachmeshpatchis thenintegratedindependentlyby anapplication
dependen~black-box integratorthatneveractuallyseesameshboundary.Inprincipleanycell-
centredschemedevelopedfor a singletopologicallyrectangularmeshcould form thebasis for
theintegrationprocess.

In generalit is necessaryto adaptthecomputationalgridto thechangesin theevolvingflow
solutionandso the grid structureis dynamicin mtwe. Monitor fimctionsbased on the local
solutionareused to determineautomaticallywhererefinementneedsto takeplace to resolve
smallscalephenomena(Quirk1991).Forasimpleexample,F@ure25 showsseveralsnapshots
takenfmm thesimulationof ashockwavedifhactingaroundacorner.Eachsnapshotshowsthe
outlinesof themeshpatcheswhichgo to makethefinestgrid. Thisgridclearlyconformsto the
mainfeaturesof the flow, namelythedifllactedshock tint andthevortexlocated atthe apex
of thecomer (vanDyke 1982). Althouglithechangesin gridstruchueshownhereamdramatic,
manyadaptionshavetakenplacebetweeneachfi-ame(themeshpatchesappearsmall,buteach
patchactuallycontainsseveralhundredcells).

A large numberof small grid movementsoccurs because the adaptionprocess dovetails
with theintegrationprocess, see Figure24. Observethatthe adaptionalwaysproceeds from
fineto coarseso as to ensurethatthereis nevera drop of more thanone grid level attheedge
of a fine gridto theunderlyingcoarsegrid A grid adaptionessentiallyproducesa new set of
meshpatcheswhichmustbe primedwithdatafrom theold setof patchesbefore theintegration
processcanproceed. Wherea newpatchpartiallyoverlapsanold patchof thesamegridlevel,
for theregion of overlap,datamaybe simplyshovelledtim the old patchto the newpatch.
In n@ons of no such overlap, the requiredfield solutionis found by interpolationtim the
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F@ue 25: ti_sol empIoysa dynamicgridsystem..,

underlyingcoarsegridsolktion.
In a typicalafilication the finestgrid will containseveralhundredmeshpatches. Ccmse-

quentlythemeshpatchis a snfiicientlyfine unitof datafor efficientparallelism. The paral-
lel versionof Amr_sol (Quirk 1996) is implementedusing a Single ProgramMultipleData
(SPMD)model. Eachpmcessing node executesthebasic serialalgorithm(Quirk1991)in iso-
lationfrom allothernodes,exceptthatata few keypointsmessagesarcsentbetweenthenodes
to supplyinformationthatan individualnode deemsto be missing,thatis off-processor. For
example,duringthe inte@ationof a @& the only point at which a processorneedsto know

,, aboutotherprocessorsis duringtheprimingof the ghost cells. When3asin a serialcomputa-
tion,all datafetchesare&om m~o~, for a paralIelcomputationsome areiiom memoryand
some necessitaterec&vinga messageilom anotherprocessor. Eachtime thegrid adapts,the
algorithmgeneratesa sche@le of tasksthathaveto be performedso as to primecornxtly the
ghostcells of a given@d. If runningin parallel,thisscheduleis parsedto producea schedule
of thosetask thatnecessitateoff-processorfetches. At whichpoin~ individualprocessorscan
exchange‘subsetsof tlieirfe~h schedules,as appropriate,so thatevery node can constructa
schedpleof messagesthatit mustsend out at some laterdate. Thus, the primingprocess is
carriedout in two phases:FM all thelocal datafetches areperformedas for theserialcase.
SeCon&each node sendsout the datathathas been requestedof it. The node thenwaitsfor
thosedataitemsit ~ requested.For eachincomingmessageit canreadilydeterminetim its
own schechdeswhatto dow”th theoff-processor&@ andso theorderin whichmessagesarrive
is unimportant.The adaptionprocessandthebackprojectionof thefieldsolutionbetweengrid
levelsalsonecessitate.siimble&nountsof cmmmmicatio~thesearehandledin asimilarfashion
to theprimingof theghostc131s.

Theproblemof IoadbalancingtheAMR algorithmnxtson determiningthebestdistribution
of thenewpatchesamong%~e processingnodesbefore thenew field solutionis interpolated
fromtheold fieldsol~on. Curmritly,thisis doneusingheuristicprocedureswhichbearstrong
simikiritiesto cIassical‘%inpackin~ algorithms(e.g. Graham1969)withtheaddedcomplica-
tionthattheymustaccountfor thecommunicationcosts of datatransferbetweennodes.

, ,, .* ,

37



References

[1] BERGER,M. J. & OLIGER,J. 1984Adaptivemeshrefinementfor hyperbolicpartialdif-
ferentialequations.1 Comp.Phys. 53,482-512.

[2] BERGER,M. J. & COLELLA,P. 1989Local adaptivemeshrefinementforshockhydrody-
namics.1 Comp.Phys. 82,67-84.

[3] GRAHAM,R. L. 1969Boundson ti multipmessing anomalies.SMM1 Appl. Math
17,416-429.

[4] QUIRK,J. J. 1991An adaptivemeshrefinementalgorithmfor computationalshockhydro-
dynamics.PhDThesis,CranfieldInstituteof T=hnology, U.K

[5] QUIRK,J. J. 1996A paralIeladaptivemeshrefinementalgorithmfor computationalshock
hydrodynamics.Appl. Numez Math. 20, pp. 427-453.

[61 VANDYKE,M. 1982An album offitimotim ParabolicPRxs,p. 148.

ContemporaneousAMR Work~

[7’j ARNEY, D.C. & FLAHERTY,J.E. 1989 An adaptive local mesh refinement method for
timedependent partialdiffenmtialequations.Appl. Numez Math. 5, pp. 257-274.

[8] ARNEY,D.C. & FLAHERTY,J.E. 1990 An adaptivemesh-movingandlocal Ainement
methodfor timedependentpartialdifferentialequations.AC.. Trans. Math. 16,pp.48-71.

[9] BELL, J.B.,BERGE% M.J.,SAL’IZMAN,J.S.,WELCOME M. 1994Tlue-e-dimensional
adaptivemeshrefiementforhyperbolicconservationlaws.SL4M1 SCLComput. bf 15,p.
127.

[10] BELL, J.B., COLELLA, P., TRANGENSTEIN,J.A. & WELCOME, M. 1987 Adaptive
methods for high Mach number ~acting flow. ATAA Paper 87-1168.

[11] BERGERM.J. & SALTZMAN,J.S. 1994AMR on theCM-2. Appl. Num. Maths. 14, pp.
239-253.

[12] CLARKE,J.F., KARNI,S., QUIRK, J.J.,ROE, P.L.,SIMMONDS, L.G. & TORO, E.F.

1993 Numericalamputation of2-dimensionalunsteadydetonation-wavesinhigh-energy

solids.X Comput. Phys. 106, pp. 215–233.

[13] COLELLA,P. & HENDERSON,L.F. 1990 The von Neumannpamdox for thediffraction
of weakshock-waves.~ Fluid Mech. 213, pp. 71–94.

[14] FISCHER, J.1993Selbstadaptive,lokaleNetzverfeinerungenfiirdienumerischeSimtda-

tionkompressibler,reibungsbehafteterStr6mungen.Ph.D.thesis,InstitutfiirAemiynamik

und Gasdyn@ UniversitiitStuttgart..

%hk listisrestrictedtoblock-structm@adaptivemeshrefinementschemes.Pleasesendadditionsto
fibrm”an @anuita-cfd.com.

38



[15] HENTSCHEL,R. & HIRSCXZEL,E. H., 1994 Se~ad@ivefiw computations on struc-
tured grids. b Computational Fluid Dynamiks ’94, Procedm- gs of the Second European
ComputationalFluid Dynamics (lmfenmce, edited by S. W~er, J. P6riauxand E.IZ
llimche~Wdey,pp. 242-249.

[16] HENDERSON,L.F., COLELL&P. & PUCKETT,E.G. 1991 On therefractionof shock-
wavesata slow fastgasinterface.L FluidMech. 224, p. 1.

[17] HORNUNG,R.D. & TRANGENSTE~,J.~ 1997 ~tive meshrefineinentand multi-
leveliterationfor flow in porous-media.Z ComputPhys.136,pp.522–545.

[18] PEMEERR.B., BELL,J.B., COLELLA,P., CRUTCI—WIELD, W.Y. & WELCOME,M.L.
1995An adaptiveCartesiangridmethodfbmmteady compmssiile gIowinirreguIarregions.
~ CO~Ut. Phys.~, pP.278=304.

[19] PUCKETT,E.G.& SALTZW, J.S. 1992A3D adaptivemeshn#lnementalgorithmfor
mukimatetialgasdynamics. Physka D 60, pp. 84-93.

[20] QUIW J.J. & KARNI,S. 1997 On thedynamicsof a shock-bubbleinteraction..l Fluid
Meek 318, pp. 129-163.

[21] SHORT,M. & QUIRK,J.J. 1997 On thenonlinearstabilityand detonabilitylimit of a
detomtion-wavefor a model 3-stepchain-branchingreaction.Z FZuidMech 339, pp. 89-
119.

[22] UPHOFF,U., HANEL,D., ROTH,P. N~”cal Modelling of detonationstructurein 2-
phaseflows. Shock Wines v6, pp. 17-20.

[23]VERWEK J.G.& TROMPERT, R.A. 1991LucaZunifom grid refinement for time-
dependent partial dl~erential equadons. Centrum voor W~kunde en lhformatic~ Report
NMR9105.

,-

39

,..
. --- ——- -



B def EquationSet

-.soI providesadef EquationSet blockto allowyou to Mine mappingswhichdictate
how physicalquantities– such as density,pres- andvelocity– arewrittento, andextmcted
fiunq the computationalgrid. ‘l”hestrictmathematicalinterpretationoftheEquationSeQ

however,isleftup tothesolver and so you mlaincompletecontroloveritsformulation.

Givenpmdefined routinessuchasthese

PotentialFlowEquations

LinearAdvecti onEquation

BurgersEquation “~

ShallowWaterEquations

EulerEquations

IsentropicEquations

IsothermalEquations

NavierStokesEquations
ReactiveEulerEquations
RelativisticEulerEquations

you maywell feel you haveno needto programdownattheleveldescribedin thisAppendix.If
thisis thecase,you shouldatleastskimthroughthefollowingmatexialto gainanappnxiationof
whathappenswhenanEquationSet is invoked If nothingelse,thiswill showthat%tzz
is builtto last.

B.1 The EulerE~ations

The mathematicalformulationfor EulerEquations canbe obtainedusingthisscripfi

EulerEquations {
amrqp vki/w.2

space = 2D
amrita shmg_eulw_egns

cd latax_files
symmetry = slab

}
-S amri ta .ps

set thi.sf5.le= file $amr_sol :EquationSet: :file

grab: :info BCG: [Latex: :Document] from $this file
*

LatexHead

parse token Latex: :Document

LatexTail

Latex

I
which convenientlyprovidesthebackgroundMormation (see F@ue 26) neededto follow the
restof thissection.

Amz_sol views an EquationSet solelyintermsofhow datamust be shovelledtoand

iiomthediscretesolutionvector,W, storedfor anisolatedcell, in anisolatedmeshpatch.For
instance,to be ableto writefieldda@ thiscommand

setfield <RHO=l, U=l,V=O, P=l> I
needsto know how to pack the quantitiesp, u, v andp togetherto form W. Similarly,to be
ableto Eturntheminimumandmaximumpressures,thisComman&

minmaxP [] -> Prain, Pmax I
needsto knowhow to unpackp fium W.
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1 Two-dimensional Euler Equations (sIab symmetry)

Notatimu
. . . .

,.

=-II
t

P
u

v

P
E

‘Y
c

time
dsnsity
Z-cmnponsntof VsIocity
~romponmt of vdocity

P~
totalansrgy
ratioof speci6cheats
soundSPf?d

()
P

w= ; mnssmativs solntion vector

E

()

P

F= pu~+p fluxinz-direction

(E%p)u

[)

P

G= ~“ fluxin@irection
pu +p
(E +p)ll

Formulation:

Perf’gaamodek

p= (q- 1)(.E -$u2 – ;#) +
T

7Pf.’. —
P

Predeiined ~Ions:

XCJ ::=s SEo”ti CD
,.

: :=P ::=C
Ycl : := V LID ::=U ED ::=E
to ::=t vu ::=V

PO : := P
GM!l.AIJ ::=7

1

Figure26: Pageoutputbythescriptdww_eu,?.er_eqns.Ifcurious,try(i) re-runqingthe scriptwith
space settoID andsymmetry settocylindrical orspherical; (ii)adding’thelineecho

$Latex: :Document toseewhatgrab:: info re~, (iii)viewing$thisfile witharmgito

locatethefold: :info blockswhichcontainthe1$~ typesettinginfornmtio~(ii)xc-runningthe

scriptwithanotherEquat ionSet,e.g.ReactiveEulerEquations.
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‘l’herequiredmappinginformationis furnishedusinga def EquationSet
EulerEquations employsthreesuchblocks to cover ID, 2D and3D flows~:

block The

proc EulerEquations {

space = two-dimensional

symmetry {slab Icylindrical Ispherical}

gamma = 1.4

},,
stitch on $space

case lD:one-dimensional:

... lD EquationSet

case 2D: two-dimensional:

... 2D EquationSet

case 3D:three-dimensional:

.-. 3D EquationSet

default:

error ‘$space\’ space unknown by

end switch

end proc

.*. BCG documentation

= slab

EulerEquations !

Below is thetwo-dimensionalversionof theEquationSet36:

fold: :amrita’space2D { 2D EquationSet
def EquationSet

,.

name $amrita: :procO

note equations are cast in conservation form

space two-dimensional

symmetry $symmetry
neqns 4

notation RHO,U,V,P,GAMMA

notation C,E
problem specific GAMMA

def SolutionVector
require RHO,U,V,P,GAMMA .

hint precompute P

W[l] ::= RHo[]

W[2] ::= RHO[]*U[]
W[3] ::= RHO[]*V[]

W[4] ::= P[]/(GAMMA[]-l.0)+0.5*RHO[]*(U[]**2+V[1**2)
specify GAMMA::= $gamma

RHo ::= W[l]
u ::= w[2]/w[l]
v ::= w[3]/w[l]
P ::= (GAMMA[] -1)*(W[4]-O.5*(W[2] **2+w[3]**2)/w[l])

end def

c ::= sqrt(GAMMA[]*P[]/RHO[])
E ::= P[]/(GAMMA[]-1)+0.5*RHO[] *(u[]**2+v[]**2)

end def

}

3SAtthetimeofwiting,k..sd cannotcomputethme—dm“ ensionalflow$butitcannonethelessbetaughta
three-dimens ionalEquationSet.

~space2Dissimply aretrieval-namegiventotheprogram-foldandhasnophysicalsignificance.
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The firstcommandspecifiesa name withwhich to label theEquationSet. The string
tokenamrita: :procO expandstothename of thelastprocedureentem.dby Armi@ andso
hereyieldsEulerEquations. ThispmgrammingtrickensuresanEquationSet isnamed

aftertheprocedurewhichcreateditandisusedby allthepre-suppliedmutine&7.
Thesecondcomman~ providesa simplereminder(i.e. note) thattheEquationSet em-

ploysa conservativesolutionvectorW = (p, pu, P, E)t, as opposedto theprimitivevariable
vector(p,u, v, p)~, or some othersetof variables.

Thethirdcommand indicatestheEquationSet isfortwo-dimensional space, as

opposedtoone-dimensional space orthree-dimensional space. The abbrevi-

ationsID,2D and 3D may alsobe usedtoindicatethedesiredspace.

The fourthcommand isusedtoindicatethesymmetry impliedby theEquationSet.

By default$synunetry hasthevalueslab and sotheEquationSet isconsideredstrictly

two-dimensional.But ifcylindrical symmetrywerespecif@ asfi

EulerEquations symmetry=cylindrical

theEquationSet wouldbe consideredaxisymmetrid8.

The fifthcmntnan~ neqns, is slightlymisleadingiu thatit specifiesthenumberof compo-
nentsin thesolutionvectorandnotthetotalnumberof equationsin thesystem whichexplains
why hereit is giventhevaluefour andnotfive.

Thetwo notation commandsprovidea listof thequantitiespermittedin theformulation
of thesolutionvector.Oneor moreof thesequantitiesmaybe taggedproblem specific to
indicatethattheyfixtheEquationSet for aspecificproblemandso mustbe inputsomewhere
along the line by theuseE Here only T is identifiedas being problem specific, but as shown
below thisdoes notmeanthat-yneedbe a constant.Thecommandsnotation andproblem
specific may be repeatedas often as neededandso thereis no needto cram long listson
to one line. The notation: x, y, t and W is predeiined[27]and so does not need to be
deckmxlexplicitly.Sometimes,however,it is usefulto employ spatialnotationwhichis more
meaningfidthanthedefaultz andg. For instance,to user andz withanaxisymmetricsetof
equations,you could use either

notation R,Z or notation R, Z

R ::= Y[] R ::= X[]

z ““= X[].. z ::= Y[]

dependingon thephysicalorientationof thegrid.
Giventheabovepreliminaries,thefunctionrilform of W is definedusingtemplateexpres-

sions39insidea def SolutionVector block. The require commandidentifiesa subset
of thenotation quantitiesto provide a checklistwithwhichto trapcaxelesserrorswherea
statecannotbe definedbecausekey informationis missing.Forinstance,given

EulerEquat ions

W’quiescent ::= cRHO=l>
~“

37T0seewhatothersystemtokensAmricakeepstrackoff,type

unix-promptanmri ta -c
amri ta>Show tokens=arnrita*

3sNotthatthishasanyaffectontherestoftheEquat ionset blockbecausethechosensymmetry issimply
a dwectivetobe interpretedby otherpartsof~ta astheyseefige.g.%sicCodeGenerator (recall
AppendixB fromlecture1).
3%xpressiontemplatesweredescribedin$2.4oflecture1.
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Arnda respoitdx

Error at line 2 of file missing.data: “
state is missing: P,U,Vl

‘ Line 2 is:

W’quiescent ::= <RHO=l>

error near; . . . ,, .,.
,.,

end of line

The hint cli.nxtive is an opdmization which instructs Amr_sol to pre-compute pressure
wheneverit expectsto do a largeamountof interpretedcomputation~involvingthe solution
VeCtOEAs SUC4it is non-essentialto theoperationof EulerEquati.ons.

The firstfour templateexpressionsin the SolutionVector block definehow thepti-
itive variabksp, u, v andp are to be mappedto W. The second four expressionsdefinethe
inversemapping. The keywonl specify whichprecedesthe definitionof ~ is syntactically
redundantand could be omitt@ nevefieless it helps emphasii thatG-is problan
specific and so fi not entirelyuseless. The sign.ilicanceof this fact are two fold (i)
provided it is independentof W41, a problem specific quanti~does not need tobe

specifiedwhen a stateis Wined as it can defaultto the value used in the definitionof the
EquationSet (which revealswhy ~ was not listedas missingin the above script); (ii) un-
like plainnotation quantities,which areconsideredcastin stone,problem specific
quantitiescanbe changedby theuxz Consequently,thisnextscriptbombs outon theM line
ratherthanthesecon&

EulerEquations

specify GAMMA ::= X[]
RHo ::= X[] ~

withtheerrormessage:

Error at line 3 of file reserved_notation:

‘RHO’ is reserved by tie current ‘EquationSet’ !

Line 3 is:

RI-IO::= X[]

error near:
RHo ::= x[]

Note,however,thatspecify is mandatorywhenupdatingaproblem specific quantity.
The two Rmain@gnotation quantities(C andE) arenot criticalto thedefinitionof the

EquationSet and ae provided memly as a convenience,which is why they are declanxi
separatelyfromtie otherquantitiesandalsodefinedoutsidetheSolutionVector block

aTemplateexpmsionsareinterpretedatrun-timeaudso executemomslowlythancompiledcode. WM
Anu.sd thecostof decodinga templateexpressionis borneby a meshpatchandnot a singlemeshce~ and
so theoverheadcanbe tokratedfor lightweight-taskssuchasflaggingfor refinement.Thehint directivehelps
reducetheoverheadstillfintk Neverthelessforheavy~utyworkAnn_solalwaysfallsbacktocompiledcode.

41He~7 couldbemadetemperaturedependent.Howev~ althoughNerEquations ishappytocopewith
avariabk7, theflowsolver maynotbe soobliging.
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B.L1 ThWIllOdmC States

Once anEquationSet hasbeenMind you amiiee to specifj thermodynamicstateswhich
amautomaticallycheekedfor consistency.Forinstance,theleft- andright-statesin theubiqui-
tousSod’s pmblem[31] could be specifiedusing

EulerE~ations space= one-dimensional

W’left_state ::= <RHo=l. o, U= O,P=l.0>

W’right_state ::= <RHO= 0.125,U=O, P=0.1> ~ .

andlaterusedasparametm to a commandsuchas setfieltk

setfield W’left_state X [] < $diaphragm
setfield W‘right_state X [] >=$diaphragm

whichis deseribedin $E.
Internally,statesarestonxlas templateexpressions,which explainstheuse of :: = rather

thana plain =. The w‘ patt alertsArnrita42thata stateis to be deiined (or used), and the
accompanyingstate-label(herelef t_state andright_state) enablestheinterpreterto
distinguishone statefium another.If you experimentwiththistwo line seripc

EulerEquations
W’mystate ::= <RHO= l,U. O,V= O,P.l,GAMMA=l .4>

w
you@llfindthatthestate-labelcanbe settoanystxingmadeupfiomthecharacters{A-Z,a-z,

O-9 and_}, providedthestringstartswith a lette#3. Also, theorderin which the quantities
RHO,U,V, P andGAMMAaresuppliedis unimportant.You mightalso like to check Amzita’s
responsewhenyou deliberatelymistypea nx@red variablee.g. typeR&o insteadof REO.As
usu@ thesystemgoes@ some lengthsto trapanycadess errorsyou might*.

Amritaallowssimplestateassignmentsof theform:

W’state2 : := W’ statel

Butcompoundexpressionssuchas:

W’state2 : := 2*W’statel

and:

W’state3 : := W’statel * W’state2

am ruledout becauseof thethermodynamicimplicationsof allowingstatesto be naivelyma-
nipulatedas numbers. Similarly,the individualexpressionsof a statemustevaluateto a real
restig althoughasin PotentialFlowEquati.ens, theyeaninvolveeomp]exarithmeticen
routeto a realresult.On theotherhan~ it is perfectlynaturalto deiineanew statein termsof
a pnwiouslydefinedstate~.Forexample,tryaddingthisline:

W’new : := W‘mystatXRHO*=mul ,U+=add, V-=sub, P/=diV, ~.num>

to the set_mystate scnp~ andexperimentby replacingmul, add, sub, div with expressions
of your choice. The operatom*=, /=, += and -= workasin C .

42Strictlyspeaking,themachineryusedtoparseastateisprovidedbyArnr_so~butbecausetherelevantPerl is
suckedintoAmri@ thedistinctionismoot.

43WIthtita v1.38,statesamviewedasglobalquantitiesandcannotbe givennamespacedlabels ineffect
W’ actsasa state: : namespace.Ontheotherhsn~ templateexpression likestringtoken%canbe givenan
explicitnamespace.ThisdistinctionishistoricalandwilllikelyberemovedinIaterAtnritardeases.

~Recallthedefinitionof ShockWave in$2.4of lecture1.
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Amr& allows a state’sconstituenttemph@exprmsions to be accessedindividually.For
instance,thisscripttiom theendof ~2.4i.nlectumL

EulerEquations

plugin amr_sol

W‘ one ::= <RHO= 1,U=O,V=O, P=l,GA14MA=1.4>

ShockWave statel=one, state2=two ,Ms=2 m
exprA ::= P’two[]

W‘one ::= <RHo=l’,u=o,v=o, P=l,GAMMA=x~]>.’ - ..

ShockWave statel=one, state2=two, Ffs=2
exprB ::= P’two[]

export exprA[] ,exprB []

accessesthepmssumfor statetwo using P‘ two U .’ You could similarlyuse RHO’two [ 1,
u‘ two [ ], v’ two [ ] andGAMMA’two [ ] to accesstheotheravailableexpressions.

Hereit is instructiveto observethediffenmeebetweenexprA and expr#5:

amrita:export:: expr { amrita: export:: expr {
str exprA str exprB
expr {

1
expr {

1
n 4.5

}
nl

}
n2
v 500
000
b 15
n2

i b 15
n2
b 15
v 500
000
Ill
m 13
m 13
v 500
000

. . . . . . ‘. : :2
b 16
b 15

}
}

Althoughbothtemplateswhereconstructedinthesamefashio~ exprAirwokd onlyconstants
andso couldbe mangleddownto a singlenumbeqbutexprB involvedthesystemvariablex [ ]
andso is left asapostfixvemionof zyti~-(~-1)gl, withMs=2,7=x[] andpl=l.

BeeauseexprA is a eonstan~it ean~+~assignedto admrita stringtokenusing

set token #= syrn(exprA[] )

butsyrnis currentlyunableto converta vari~le templatesuchas exprB.

4sAnexpr foldconsistsofaseriesoflow-levelop-codeswhichemploypost6xarithmetictoleaveoneormore
multsonanexpressionstack.HereexprA pushesone~mn@r ontothesta& sndexprB performsaseriesof
operationstoleaveonenumberonthestackForinstan~,b 15 isal@ry operatorwhichtakestwonumbers
offthestackmultipliesthemtogether,thenpushestheresultbackontothestackAnalogouslyb 16 performs
divisioub 12 performsadditiowm 13 @onns subtraction.l’&opcmdev 500 with@e @fseto 0 0 pushes
X [] ontothestackThisinternalexpr formatissc&duled@ be revampedandsothefactexprB containsa
redundantmultiplicationby 1isofnogreatconcern.
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B.2 The LineazAdvectionEquation

Dmppingdownthemathematicalscale,theEquationset fbrthelinear-advectionequation[151:

au au
~+a~=O with a>O

follows theexactsameform asthatusedby theEulerEquations”:

proc LinearAdvectionEquation {
space = one-dimensional.
a [0:?] = 1.0

}
switch on $space

case lD:one-dimensional:
def EquationSet

name $amrita::procO
space one-dimensional.
neqns 1
notation U,A
problem specific A
def SolutionVector

require U,A
W[l] ::= U[]

u ““= W[l]..

specim A ::=
end def

end def
default:

error ‘$space\’ space unknown by LinearAdvectionEquation!

end switch

end proc

... BCG documentation

%taisdesigned tooperatemoxeor Iessindependentlyofthemathematicalcomplexity
ofthetmget application. Consequentlythe Amritaprogrammingskills acquiredbyworking
withtheLinearAdvec tionEquation me directlytransferabletoprojectswhich employ
fullsysternsofpartial-differentialequations.Becauseofthis,insteadof divingheadlonginto
your chosen application you should iirst serve a shortapprenticeshipdissectingthe linear-
advectioninvestigationobtainedby typing

unix-promp t>amrop Chp711a .mailit

This may seema retrogradestep,butit will speedprogressin thelong run. To quotefrom the
HTML helppagewhichis unpackedwhenthemailit is iirstrun:

CFD algorithmsareoftendesignedby consideringmodel problems. The insightgained

from studyingthemodel problemis thenextrapokztedto iind a successfulsolutionproc~
dureto sometargetappkation whichitselfmightbe too difiicultto analyseor so expensive
to computeitprecludesatrialanderrorsolution~roack

The same is truefor learningto use Armita efficiently. Learnnew programmingconstructs
usingmodel scripts,becausetheturnaroundtimefor your chosenapplicationis likelytoo high
for you to stumblethroughfiting therequhedcode by trialanderror.

%nternally,symmetrydefaultstoslab andsoneednotbegiven.
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B.3 The FractalFactory

‘l%ej%ct~.mailitfmmlecture1(AppendixC!)containsaroutineFracthactory

proc FractalFactory {
set = mandelbrot

= 255
startup “= ArraySizes NGIXJ=800000

} <-> fractal:: . .“.-, ” ,.”-
... compile fractal_factory “

. .

def EquationSet
name FractalFacto~
space two-dimensional
neqns 1
notation xo,yo
problem specific XO,YO
def SolutionVector

require xo,yo
z ::= {x[]+xo[],Y[]+yo[]}
W[l] ::= fn(fractal_factory::$set,$nmax,Re(ZIJ ),lin(Z[]))
specify xo ::= O
specify yo ::= O

end def
end def
W’fractal ::= <Xo=o,yc)=o>
fractal::count ::= w[l]/$nmax
parse token fractal::startup

end proc

which showshowtowmstruct anEquationSet whenthe SolutionVectormappingis
notinclosed-form. Theexpressiontempk@x

W[l] ::= fn(fractal_factory: :$set,$nmax,Re(Z El),~(Z[]))

usesan~tafno hooktocallaroutine$set(i.e.mandelbrot)fiumashanxi-ob@t

packagefiachzl~bcfory,whichisproducedbythepmgram-fold.

Whencall~7,t.he,mutiemandelbro~ . . . ~
.. .

AMRDBL FUNCTION NANDELBROT(PAR)
AMRDBL PAR(O:*)
AMRCPX Z,c
AMRINT N,NMAX
NMAx= PAR(1)
c = CMPLX(PAR(2),PAR(3))
z = (0,0)
N o

100 CONTIh
z = Z*Z+C
IF((ABS(Z).GE.2).0R.(N.GE.NNAX)) TREN

MANDELBROT = N
RETURN

ENDIF
,.

N = N+l . .
GOTO 100
RETURN

. . .

END ,,,

47Thesetfi.eldcommandinthetira routineDrawFractalimplieitlysweepsoverthe~-~etdling
mandelbrot foreachmeshcellasitgoes.
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ispassed an arrayof four AMRDBL numbers:PAR(O) containsthenumber ofparameters

inthefno *, PAR(1) containsthevalue$~ PAR(2) cOntainstheeumntvalueof

Re(Z[] );PAR(3) containsthecurrentvalueof Im(Z[] ). ‘i’hebodyoftheFUNCTION

performsitsbusinessandthenEturnsaresultinthenormalllxtmn @hion.

AIthough–in thecontextoftheselecturenotes– thej%zczakzilit may appearflippantthe
zinnitaprogrammingeonstruetoutlinedabovetransfersdirectlytogenuinefluidsapplications.
For instance,thisEquationSet was writtentodrivea two-phase(solid-gas)codeusedto

,“investigatedeflagration-todetonationtransitionindamagedenergeticmaterials[2]: ~

proc SeptemberEquations {
space = one-dimensional
code = september::
startup “= $code’get_tokens

, } -> SEPT::
switch on $space

case 11):one-dimensional:
def EquationSet

name $amrita::procO
space one-dimensional
neqns 7
notation RHOS,Us,PHIs,Ps,Ts
notation RHOg,Ug,Pg,Tg
def SolutionVector

require RHOS,Us,PHIs,Ps,Ts
require RHOg,Ug,Pg,Tg
W[l] ::=
W[21 ::=
W[3] ::=
W[4] ::=
W[5] ::=
w[6] ::=
W[7J ::=
RHos ::=
us ::=
PHIS ::=
PHIg ::=
Ps ::=
Ts , ::=
RHog ::=
Ug ::=
Pg ::=
Tg ::=

end def
end def

default:

RHos[ ]
RHOSII*US[]
RHOS[]*PHIs []
fn($code’fn_rhoets, RHOs[l, Us[l, Ps[l, PHIs[l)

RH09 [1
RH09[I*U9[I
fn($code’fn_rhoetg, RHOg[l ,Ug[l ,Pg[l ,’l?g[l,PHIs II)
W[l]
w[2]/w[l]
w[3]/w[l]
1-PHIS []
fn($code’fn~s, W[ll ,w[21,w[31 ,w[41 ,w[51,W[61 ,W[71)
fn($code’fn_ts, Wll], W[21, W[31 ,w[41 ,w[51,W[61,WL71)

W[51
w[6]/w[5]
fn($code’fn~g, W[ll ,w[21,W[31,W[41 ,W[51,w[61 ,W[71)
fn($code’fn_tg, W[ll ,w[21,w[31 ,w[41 ,W[51,w[61 ,W[71)

error ‘$space\’ space unknown by

end switch

end proc

‘I’hetie-upto FractalFactoryis sekmident.

SeptemberEquations !
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B.4 I@words

The earlierobservationthatyou shouldlearnnewprogrammingconstmctsusingmodel exam-
ples, andnot your targetapplication cannotbe emphasizedstronglyenough. The turnaround
timefor mostCFD simulationsis sufficientlylong thatit inhibitsthedevelopmentof good pro-
grammingstyle. To employ a hackneytxlbut nonethelessappropriateadage– practicemakes
perf’t. Consequently,Anrita programmingskills= besthonedusingsho~ targetedscripts.
For instance,this scriptwill list all the specialistkeywordswhich can be.used inside a def ,
EquationSet block

plugin amr_sol
keywords emr_sol:EquationSet*

~
andformsthebasisofthesystemroutine:

proc HtmlKeywords search=*

set amrita:html: :file = $amrita: :junkdir/$amrita: :jobno .html
HtmlHead

HtmlSearchBanner banner=keywords: $search

keywords $search -> keywords

if (token (keywords) ) then

foreach keyword ($keywords) split on /\n/
HtmlKeyword keyword= $keyword

end foreach

endif
HtmlTail

Netscape
end proc

whichisactivatedwhen you type

unix-promp t>amrita -c
amri ta>plugin amr..sol
atnrita>Show keywozds=autz_sol :BQuationSet *

Si@larly, thisscriptliststhespecialistkeywoxdsdescribedin AppendicesC-G .

plugin amr_sol

foreach defblock (Domain,

‘~ “BoundaryConditions, \

SolutionField, \

MeshAdaption, \

Ref inementCriteria )

keywords amr_sol: $defblock* –z list

echo $list

end foreach

Althoughin practiceyou wouldobtaintheinformation,in theform of anHTML documen~by
typing “

unix-promp t>snui ta -c

amri ta>plugin amz_sol

amri ta>show keywords=anu_sol *
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C def -in

Withk.so~ dlerseklhg anEquationSe~ thelirststepin settingup a sinmlationisto
definethecomputationdDomah Thisis doneusinga logical Cartesianspace

whereeachcoordinatepair (i, j) identifiesa possiblemesh cell[21, 251. Specific domainsare
“. constmctedby layingdownrectangularpatchesof cells, eachpatch beingfixedin termsof its

lower-leftandupper-rightc6me& in CO,andthisinformationcanbe suppliedexplicitlyastwo
pairsof coordinatesor implicitlyas one-comdinatepairplus a widthaudheight For example
the following would sehxt thecells showninFigure 27 (a):

proc CornerProblem
def Domain

lscale 1
patch <1,11,w8, hlOz
patch <+, l,w12,h20>

end def
end proc

(a) “

alitrw CAP2/coraer. 1

amrita rzm_coznar_mkl

-S Rslcornez.ps

Figure2% Computationaldomains(a)90°corner(fulIscale);(b)multiplecavity(quarterscale).

tie co&manddef Donuahi instructsAmrita-to”startconstmctinga new domainsnd en-
ablesit to acceptcertainspecialistcommandssuchas lscale, whichhem setsthecell size to
one. The tit patch command selectsapatch8cells@de by 10cells~gh withh.slower-left
comerpositionedatlogicalcell(1,11).Thesecondpatch command thenplacesapatchim-
mediatelytotherightofthisfirstpatchbecausetheicomdinateisspecifiedimplicitlyusingthe

notation+.Thusthelower-leficomerofthesecondpatchk positionedat(9,1)anditsupyx-
rightcomerat(20,20).ThefolIowingstraightforwmdvariationonathemewouldproducethe
mukiple-cavitygridshowninF@ue 27 (b):

proc MultipleCavi~Probkm

def Domain

lscale 1

do n=l,4

patch <+,11,w8, @lO>’

patch <+, l,w12, h20>

end do

end def

end proc
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C.1 six specifics

L Enteringa def Domain blockwipesthecomputationalslatecleaILthatisanyprevious
flowsolutioniserased.

2. Thecommands:

patch <1,11, W8 ,hlO> and patch <1,11,8,20>

areequivalentto one anoi.hez ‘
. .

3. Both thesecommandsareinvali&

patch <O,!5,1O,1O> and patch <10,10,1,1>

The firsGbecause Ofalls outsidethe rangeof comdinatesused to deiinepatches. The
secon~ becausethelower-leftcoordinatesaregreaterthantheupper-rightcoordinates.

4. A ‘-’is treatedastheinverseof ‘+’, therefonx

def Domain

patch cl,11,W8 ,hlO>

patch <+,1 ,w12 ,h20>

end def

producesthesame domain asboti.

def Domain
patch c9,1 ,w12 ,h20>

patch c-, 11,w8 ,hlO>

end def

and

def Domain
patch <1,11, w20, h10>

patch <9, – ,w12,h10>

end def

The scriptobtainedwithamrGP Chp2/verify. Z canbe usedto ver@ thiseq~va-
Iencegraphically.

5. To preventusermishaps,AruLsol precludestheinputof overlappingpatches.Internally,
the algorithmcould cope with overlappingpatches,but on balance it is thoughtmore
user-iiiendlyto excludethem.

6. Because of storageefficiency reasons,h_sol places two internalrestrictionson the
upper size of a mesh patch (i) the longest side cannotbe greaterthan210 cells; (ii)
the totalnumberof mesh cells plus ghostcellscannotexceed 5500. Consequentlythis
commandgeneratesanerm~

patch c1,1,1OO,1OO>

andshouldbe replacedby:

patch <1, l,w50,h50>

patch c+, l,w50,h50>

patch <1,51, w50,h50>
patch <+,51, w50,h50>



C2 Curvilinear Geometry

SectionD.6 in lecture1 describedhowto produceapolargrid. Thisscript

. . . create code/nozzle
EulerEquations
plugin amr.sol
def Domain

lsca.le 0.4: ‘“:;
patch -d,21,w25,h20>
patch <+,21,w50,h20z
patch +-,21,w25,h20>
patch -d, l,w25,h20>
patch <+, l,w50,h20>
patch <+, 1,w25,h20z
.-. export names of
grid code/nozzle

end def
... plot grid

anazzw 9kVnozzle. 2
amrita nrn.mzzle

amrP3 psl.uozzle.ps I

,’? . .“. L .
..’

J

data files ,

usesthesamebasicgrid-generationtechniqyetoproducetheconfigurationshownin Figuxe28,
andwaswrittenfor a simulationof a supersonicshear-layerexperiment[lO].The gridqualityis
notthebest thatcould be generateiLbutit does havethemeritthattheassociatedcode is short
enoughto be dissectedherein iidl.

Theprogramfold

fold: :amrita’ dat { export names of data files

set GEOMETRY = $amrita::Am.rrA/~les/mp6/GG
set Nupper = $GEOMETRY/topwall nozzle
set Supper = $GEOMETRY/top.= .Spfitter
set Nlower = $GEOMETRY/bottom.wall.nozzle
set Slower = $GEOMETRY/bottom.walI.splitter
set Xo = -8.0
export Xo,Nupper,Nlower,Supper,Slower

.
,) ,. .

. . -.

locatesfourdataiileswhichtabulate,intheform of ~–~ datapairs,thegeometryfor theupper
andlowerwallsof boththenozzleandthesplitter-plate.Forexample,hemama few linesfrom
thefile top.wall.nozzle:

8.48000 15.43964

8.64000 15.32548
8.80000 15.21182

8.96000 15.09881

9.12000 14.98656

9.28000 14.87518

9.44000 14.76478 . .

9.60000 14.65547
,,

,.

The locationsof thegeometryfiles, togetherwitha refance position,Xo, areexportedto
ArnLsol so thattheycanbe xeadby theFo- cock
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fold::print’srcl { write nozzle.src
folbfile = nozzle.src
#include ‘AMR_SOL/lU4RITA”

SUBROUTINE GEW_NOZZLE(GRD,NG,~,~, DX,X,Y,~)
AlrRSTR*255Nupper,Nlower,SuPPer,Slower
AMRINT GRD,NG,IM,d3LIW
AMRDBL DX,X(*),Y(*)
CALL AMR::GET_TOKEW (’AMRSTR::Nupper’,Nupper)
CALL ANR::GET_TOti( ’=S~::Nlow=’,NIOW=) “
CALL 2UfR::GET_TOKEN(’mS~: :SuPPer’~SuPPer)
CALL AMR::GET_TOKEN(’AMRs~: :SIOW=’,SIOW-)
IF(GRD.LE.3) THEN

CALL GEN_PATCH(Supper,Nupper,NG,~,JM,DX,X,Y,~)
ELSE

CALL GEN_PATC!H(Nlower,Slower,NG,~,~,DX,X,Y,~)
ENDIF

}

ThisCOdeactsasa driverfortheroutimx

fold::print’src2 { write nozzle.src
fol*col=7,file .= nozzle.src
SUBROUTINE G~_PATm(TmDAT~,T~DAT~,NGt~/~JDX~X~Y~~)
AMRSTR*255 TABDATAl,TABDATA2

AMRINT NG,IM,JM,IW
AMRDBL X(amrVpatch(IM,JM,NG))
AMRDBL Y(amrVpatch(IM,JM,NG))
AMRDBL DX,AMR::INTERP
AMRDBL X0,XS,Y1,Y2
CALL AMR::GET_TOKEN(’ANRDBL: :XO’,XO)
DO 1=1-NG,IM+NG+l

Xs = (I+IW-2)*DX+X0
Y1 = AMR::INTERP(3,TABDATAI,XS)
Y2 = AMR::INTERP(3,TABDATA2,XS)

DO J=I-NG;JM+NG+l
X(I,J) = Xs
Y(I,J) = (J-1)*((Y2-Y1) /d31)+Y1

END DO
END DO
RETuRN
Ewl,

}

whichconstruct.sthegeome~for asinglepatchming c*toM::I~ERP. ‘fhisisahook
intoAmr_sol’s internalmachinerytoperformthe necessaryinte~olation48ofatabulateddata-
file to find– for a specifiedX ~tation– the top-most (Y2) andbottom-most(Yl) pointsof a
verticalgridline.The interiorpointsarethenfoundby sub-divisionwitheqpalspacing.

I
I

48Herethird-orderLagrangeinterpolationisus@ but-.. -- ~ Cmbe dynamicallyover-loadedtoUse
othertypesof interpolation.Internally,=:: IwTERPisusedto decodeexpressiontemplatessuchasthisone
takenfromtherm_celhdmmaWt fromlecture1(alsosee5E.3)
W’znd ::=<RHO= interp($znd.RHO,Xd[l), U = interp($znd.u,xd[l), V = O,\

P = interp($znd.P ,Xd[l), Z = fitem($~d. z ,Xd[l) >
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Figure 28: Multi-block grid generated~~ ti_v&?e., Ev&tuallx,% wo~ done by tbe routine
,- ,,

GEN_PATCHWiUbe abshded @wn to a@e6i@stkin&~l lceyVio@ butgiventheversadlityprovided
byihrita’s dynamic-linkiugrndc--,~ bjjgrzideknot deemedurg@t., :. -.. .



D def BoundaryConditions

Withh.so~ even afteranEquationSet anda Domain has been specifi~ thm is still
insufficient information to run a simuhtion. Consequently, this script

proc CornerProblem
def Domain

lscale 1 . ~
‘ patch’<1,11,w8, M.0> ‘ “.:..”

patch <+, l,w12,h20>
end def

end proc

EulerEquations

plugin amr_sol

CornerProblem

march 150 steps’with’ cfl=O.8 <

generatesanerm~ “ “ < “ ‘ > “
,.

Error at line “12 of file run_corner:

cannot march: no BoundaryConditions! . b.
cannot march: no SolutionField!

cannot march: no solver!

.,

Line 12 is:
march 150 steps with cfl=O.8

error near:
150 steps with cfl=O.8 . . . ...

h.soltmatsde fblocks asinterloeks whichallowitto maintainsome semblanceof
controlonhow asimulationisset up, withoutintmducingdraconianrnlesonwhatyoucan and
cannotdo. The simulationorde~

1.

2.

3.

4.

5.

6.

EquationSet

Domain ‘

BoundaryCondi tions

SolutionField

MeshAdaption

RefinementCriteria

allowsArm_sol to performfarmorecomprehensiveconsistencychecksthanwouldbe possible
witha free-for-allapproachfg. ,., . .,. ,,.. .,. . .

49Thesysiemallowsfor a certainreorderinginthatthelastthreedef blocksmayberepeatedoutof
sequenceoncea problemhasbeensetup. Forinstancqdef SolutionField isusedby a roudn~
FireLaser,fromtiemmp.m.dit in 52 to adda perturbationto anexistingflowfiel~,andmanyscriptsalter

4RefinementCriteria duringthecourseof a ‘&mdatiowor toggleMeshAdaption on audoff. Butthis
spa@thepresentedorderingismandatorywhenstartingafreshsimulation. ,.
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-DJ CornerSch&n&ic... .

Theschematicshownin F@re29 & @vynus@gz~ ~I
,, ,’ ,, .’

proc CornerSchematic
plo~omain Twall=8 . !.

,.. --.,. ,... ,_. . .. .—
,7. -. “-, -

..0
. . . ..

“m “
DrawShock xo=10,yo=40,&-0.6, dy==0.

L
. s

DrawRightArrow XO=12jYO=60,dx= 10,dy=O.6
‘, “. DrawMeasurimgSbn.k xl=0,yl=45,k2=lo,yhL45 ~““‘: I ‘ -:”--%‘ . r . .~-,‘

LatexLabel label=\$X_S\$,XO= 1’,YO=46;height=6- .

LatexLabel label=\$K_S\$,xo=15,yo=62;height=6.
LatexLabel label=\$A\$ ,xo=-5,yo=38,height=4

,.

LatexLabel label=\$B\$ ,xo=-5,yo=77,height=4
LatexLabel l.abel=\$C\$ ,xo=80,yo=77,height=4 +
LatexLabel label=\$D\$ ,xo=80,yo=-2,height=4
LatexLabel label=\$E\$ ,xo=30,yo= 0,height=4 ,,,
LatexLabel lahel=\$F\$ ,xo=30,yo=38,height=4

end proc

. . . driver script

andcomesinuseful fordescribingthe keywodsused tospecifyBoundaryConditions.

Figure 29: Schematicshowingthe initialconditionsforashockdiffiaction problem. Thebackslaihes
areneededtoprevent Armitifromacting onthe$symbolsintended forlXT~.

Such drawingcapabilityshouldnotcomeas asurprise, giventhat one ofthepurposes, of
,.

titnistogeneratestandadizedtestoutput.. Hemtheschematicwasccmstructede@mly
usingstandardlibraryroutines.R@titim ~fistig foray ofti~emtiw”cmk ‘
foundusingthelibraryprocedureShow. Forinstance

unix-promp t>arnrita -c

amri ta>mow procB=LataxLabel \Drav@lPlotDomaia f
‘i ., i .,

would list all five proceduresysed to generatethe schematic. Observethatde locationsand ~
sizesfor thevarioustextlabelsamsuppliedAative to @e computationalgrid andnot ihphys-
ical page eocmiinates.Consequentlythepment c@e would also woik for ~e~m~tiple-cavity

:,

problemwithno modificationswhatsoever.
,. {;. ,,,,

, 1,
.,’
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I

D.2 IN, s, E,w3My

Thisnextversionof theCornerProblemshownin Figure29 containsa def Boundary-,
Conditions bloc~O:

proc CornerProblem {
m = 1.25 # shock strength

} ~
., . ..-

def Domain
,, .,

lscale 1
patch <1,41,w30 ,h40>
patch <+, l,w50,h80>

end def

W’quiescent ::= <RHO=l,U=O,V=O,P=l> “
ShockWave Ms=$Ms, ‘statel=qWiescent,\ .

state2=post_shock

def BoundaryConditions
Nbdy

Sbdy
Ebdy
V@dy
Sbdy

,. Wbdy
end def

end proc

domain: reflect

domain: reflect
domain: extrapolate
domain: prescribe
along LJ=41 from 1=1
along 1=31 from LT=l

W’post_shock
to 30: “reflect
to 40: reflect

Eul~Equations
plugin amr_sol
CornerProblem
march 150 steps with cfl=O.8

soastoreduce therun-timeermrforrun_corner_mk3to:

Error at’lin”e 29 of file run_corner: ‘
cannot march: no SolutionField!
cannot march: no solver!

Line 29 is:.,
‘harch 150 steps with cfl=O.8

error near:
150 steps with cfl=O.8

%practi%forreasonsgivenlater,theabovedefBoundaryConditionsblockwouldbereplaced
,, byawcondslightIyterserversion.Notethattheresolnlionoftbedornainhasbeenincreasedtoamotire-
,’ spectablelevelthanthatinno_comer_mklandnm_mmer_nk2.Also,pre-andpost-shockstatessmnowde-

finedusingtheumstructsdescribedin$B.1.l,andthecontrollingMachnumberismadeaparameter,l.k,of
. Cornerl?roblemandgivenadefadtvalueof125.Syntactically,thedetitionofw’quiescentandtbe

calltoShockwavecould appearrnsidethe def BoundaryConditions blockbutw‘quiescent isalso
neededbydef SolutionField andso, on thebasisof impartiality,isbestplacedoutsidethedef block.
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The commad

Nbdy domain: reflect
.:

instructsh.sol to employreflectingConditionsslaIonganyboundtuysegmentof thedomain
whichliesonthenorlhernedgeof thelogicalboundingbox Which@ encompassesthedomain.
Thussegment13C (in F@ne 29) would be treatedas a solid wall whenthetime comes to run
thesimulation.Similaxly:

Sbdy do~in: reflect” ““ ‘- ; - “” ‘ ....-

requestsMeeting conditionsfortheboundmy segmentl?D, butsaysnothingaboutthesegment
AF asit does not formpartof theboundingbox. Mernativel~

Ebdy domain: extrapolate

requestszemthorderextrapolationfiumtheinteriorandresultsinthesegmentIX7beingtmatecl
as allOUtiOW boundmy.

Boundarysegmentswhichme not coincidentwiththedomain’sboundingbox canbe spec-
ifiedusingC. coordinatesexplicitly,ash

Sbdy along J=41 from 1=1 to 30: reflect

whichfixesthesegmentAF, ori

Wbdy along 1=31 from J=l to 40: reflect

which fixes EF. However,suchpmmiptions would needto be changedeachtimethecorner
altenxlin cell resolution.Thereforea betterprescriptionfor segmentsAF andlW is:

Sbdy default,: reflect
Wbdy default: reflect .

which provides ti.sol with a standingoder to employ reflectingboundaryconditionsfor
thosewesternandsouthernpatch-boundariesnot coveredby anexplicitinstruction.

ForsegmentA13, the explicitp~cription:

Wbdy domain: prescribe W’post_shock

takesprecedenceoverthedefaultinstruction:
,.

Wbdy default: reflect “ “ ‘ ‘ ; “. ‘-

reganllessof theoxderin whichthetwo commandsareposted.
In summary,thepreferredway to prescribeboundaryconditionsfor CornerProbkun is:

def BoundaryConditions
Nbdy domain: reflect
Ebdy domain: extrapolate
Wbdy domain: prescribe W ‘post_shock
Sbdy default: reflect
Wbdy default: reflect

,-

end def .,

Again,thechangesoutlinedhe~ for Corner)?roblemare also appmpriate.brtbe ,
MultipleCavi-tyProblq on p. 51, albeitanadditional

Ebdy default: reflect
,.. .

wouldbe neededtocompletethespecificationoftheboundaryconditions(why?).

‘lThealgorithmicdetailsaregivenonthenextpage.
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I
1 D3 Time-DependentBoundary Conditions
I
I Thesubtletiesof applyingnumeriealboundaryconditionsprecludethepossibilitythata cmwe-

nientsetof pemnned tmtments eanmeetalln~z. Consequently,Arm_sol provideshooks
whichallowyou to employyourownboundaryconditioncode for whenthebuilt-ireref lece
prescribe, noslip, extrapolate andperiodic provedefieient[2Tj.Suchextensibil-1
ity runstbroughout~ta’s designandaffonlstighteontmlof thesubtletiesof a simulation.
Howeveq wi~ some la$xal-g, expressiontemplatescan often do awaywiththeneedto,.

I “addeustomeode. Forinstanee,thisscriptfllagmextt(anwqp @p2/cozm=-zemKk2. amr):

fold:: amdta’north { time-dependent boundary condition
. . . programmer notes
Xs ::= $xs+t[l *$Ms*sqrt(CJquiescent[l )
foreach q (FUIO,U,V, P)

$q*n : := XC]<Xs [1 ? $q\‘post_shock[l : $q\’quiescent[]
end foreach
W’north ::= <RHO=RHOn[l,U=Un[l,V=Vn[l,P=Pn[l>
Nbdy domain: prescribe W‘north

1

provides a time-dependentboundatyconditionfor side13Cof thecomer problem.
Internally,Ann.sol surroundseaehmeshpatchby NG ringsof ghostcell< so thatbound-

, my conditionscan be appliedimplicitlyby primingtheghost cells withappropriatedata[21].
If you exatninethe iile $AMR17AArc/amr_soVbdy_lib.F, you shouldbe able to verify thatfor
EulerEquati.ens, withNG setto two, thefollowing primingrulesapplyatawbd~:

,.

.,

:.

[
!

I

I

1

I

I

I
i
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extrapolate+

(i)_lJ=[;)o:(i),.

“ ‘[~)_,J=(~)ti ‘ad (i),,=[~)l.
reflect ~

noslip +

(i)_,J=[i]2J ‘d [!)..= [+),.

‘Strictlyspeakin~theboundaryccmditionusedbyCornerProbleraforsegmentA13isoverprescribedwhen
theflowbehindtheshockissubsonic,asisthecaseforMS = 1.25(assuming7 = 1.4).Here,thistransgression
makesno realodds, butthe sameis not truefor thenozzle calculationon p. 55.

53Thecall ArraySizes NG=num canbe usedto setthenumberof ghostcells.Largevaluesof NG, say>4,
wenotencouragedonefficiencygrounds.Also,accuracyproblemsmight~ ifNG isIargertbsntherdnement
ratior.

%’his figurecanbegeneratedby typing

unix-promptxmnrqp Chp2/ghost. 1 .
unix-prompt>amrita ghost_cells



E def SolutionField

Amq.sol allowsMtidflowmn&tiom@kpmstibtititia def SolutionFieldblock
usingthesetf i-eld command.Forinstance,CornerProblem_ fivelinesbe placed
immediatelyafterthedef BoundaryConditions bloc~s:

proc CornerProblem {
MS = 1.25

“~ ~~~
, # shock strength

Xs’ = 28.00 # shock position
}

. .

def Domain
lscale 1
patch <1,41, w30,h40>
patch <+, l,w50, h80>

end def

W’quiescent ::= <RHO=l,U=O,V=O,P=l>
ShockWave MS=$MS, statel=quiescent,\

state2=post_shock

def BoundaryConditions
Nbdy domain: reflect
Ebdy domain: extrapolate
Wbdy domain: prescribe W’post_shock
Sbdy default: reflect
Wbdy default: reflect

end def

def SolutionField
setfield W’quiescent
setfield W’post_shock X[]<$XS

end def
makefield

end proc
. .

EulerE~ations
plugin amr_sol
CornerProblem
march 150 steps with cfl=O.8

soastowhittle therun_corner_mk4 errordowntm

Error at line

cannot march:

Line 35 is:

35 of file run_comer:
no solver!

march 150 steps with cfl=O.8

error near:
150 steps with cfl=O.8

,.

‘sl’hedefaultshockpositio~xs, ktiaddtimtiecon~wobl~pmekrblwk . ,.
61
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,,

The firstsetf.ield comtnandrequeststhatthe quiescent state,be used to set the
solutionvector for every cell in the curnmtcomputationaldomain. The second setf ield
commandemploysa qualifieqx [ 1.<$xs, andso would only overwritethequiescent field
withthepost_shock statefor thosecells whosecentre-of-gravity,x [ ], lies to theIeftof the
shock positio~ $Xs. Sttictlyspeaking,a def SolutionField block does nothingmo~
thancreatea list of actionsto follow andit is themakef ield commandwhich actiwitesthe
actualprocessof updatingthefieldsolution.

“.” ThisScriptwhichoutppts@um 30 # -. . .
. .. .

.:. procedure definitions
NullEquationSet
plugin amr.sol
autoscale on O, 0,10,6
postscript on’”’
plotfile ps/cell.ps
DrawAxes
DrawCell
AnnotateCell

amrqp chQ3/cell.Sch
amrita cell.schematic

-S Rs/cell.ps

identifiesa numberof Anir_sol’s pm-definedexpressiontemplates,includingX [ ] 56.

x[+i+j] ,y[+i+j]

t

Y
Xcl,yn

x[+i] ,y[+il

Fi~” 30 Schematicshowingseveralof“~.sol’spredefiedexp~ssiontemplates.

Althoughthisflow prescription:

def SolutionField
setfield W’Wiescent X[] >= $Xs
setfield W’post_shock X[] < $XS

end def

is nominallyequivalentto the one used for CornerProbl~ because of the vagariesof
floating-pointround-off errors,it does not guaranteethatevery mesh cell will nxeive data.
In gene~ mgadess of thechoice of pm-g ~m%e, cornpo~d 10@~ tests,whose
membersaxenominallymutuallyexclusive,shouIdalwaysbe castin theform whe~ one mem-
beractsasa catch-allto safeguardagainstunanticipatedevents.

‘~o commoptemplatesmissingformthisFigureare t [ ] whichmtumsthecurrentsolutiontimeandVol [ ]
whichreturnsthevolumeof ad.
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~ E.1 Richtmeyer-MesbkovProbIem ~ ~ ...—. 3,””..
@krarily complex.initia.lconditionsmaybduilt-up by st@gingmultiple se~~e~d ~m-
mandsbgether, each with th~ own s@wate qualiiia. Butbecagse ~“ti uses thern@dy- -,
namic statesmadeup fmm expressiontemplates,andnot plainnumbers,thereis usuallyno - ~~
needto employ more thanahandfidof ‘setfi’eld &xnman&. For instance,thewavyh-km
face shownin Figure31, whichmightbe requhedfor a Richtmeyer-Meshkovp~blem[29J, is .

., ~atcdusingjustone setfieldco~d, . .. .,} ,:. ~ , ... ,. . . - .
‘, “. ..” - J. ,.

. . . preparatory script
def SolutionField

RHol ::= 1
RHOh ::= 5 ‘-” ‘m-

interface: := 55+4*cos (Y[] /80*3* PI)

Wt ::= (X[]-interface[] ) /5
Wt ::= Wt[]>l ? 1 : (Wt[]<-1 ? -1 : Wt[])
RM ::= (RHOl[]+RHOh[] )/2+wt[]*(mOh[] -mOl[] )/2 .’ ~
setfield <RHO=RM[] ,U=O,V=O,P=l>

end def
makefield
PlotDomain Twall=8
rn<O>
plot RHO [] contours 10 levels

?..,

>

,.

,.

:.

,,,

Figure31: Smearedwavyinter@cebetweenalightfluidontheleftandaheavyfluidontheri~t.’

Observe,theuse of theternaryoperatora?b: c in thesecond detition of wt [ ]: this”op- ‘“
eratorworksexactlyasin ~ i.e. ifa is true,itreturnsb, otherwisec is returned.Consequently, .,’, ~
tit [] is constrainedto n%uxqvaluesbetwgzm—1and+1 aid canbe usedto determiqe’whether
a cell lies withinthesmeaed interface(wt = ~, –1 <‘~ < 1), or to theleft (wt = -lj, or to
theright(wt = 1) of theinterface.Thusit is possible to definea singlefunctionlllf[] w~ch ‘
describestheentiredensityfield Also note theuse of thesys@m constant PI, which lb.ri@
pmi(kis gratis.
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ThisscripE . . ....’ .. :$.:” “.: ,:. :.3. .;:-:: :..:;:.’’.”. . :: “ “. ‘-

. . .

: ‘“:-”” =“” ‘

set autopath “ ‘-+”~“~~ “““:-- ‘
EulerEquations
plugin amr.sol
postscript on
plotfile ps/gauge.ps , .. ‘ ..-. ;:..~ ,., .. .. . .,+,’, .<
GaugeProbl&m

.,-, ,,
-.’,

,.
GaugeSchematic .-.

producestheschematicshowninFigme 32:~d was written~ ~tibe..a-~-problem ~
whichaplanarshockwaveimpingesonaninclindmtaugularmeasuring tie of a heavier
fluid. Although the geometry is straightforwax@ the appqriate constmction ofithe mquinxi
SolutionField necessitates a small amount of lateral thinking, and pmvides”a nice coun-
terpoint to mindless c41din~7.

..

F@ure32 Schematicshowingaplanarshockabouttoimpingeonaninclin~nxkmgdarmeasuring
gaugeofheavierfluid.

The quiescent andpost_shock statesam dealtwithasinCornerPkobl~ The
trickfordealingwiththeinclin~measuringgaugeistodefineanewcoordinatesystemaligned
tothegaugeusingacomplexexpressiontemplate,z [],asshownhem:

fold::amrita’ lateral_thinking { SolutionField

def SolutionField “ .
,,.. .

..:.

z “-= {X[]-$Xo,Y[]-$Yo}*exp({O,-rad($theta)})..
in_gauge ::= (Re(Z[l)z=O SECRe(Z[l)<=$w) && \ .+ ‘“’

(Im(Z[])>=O && Im(Z[])<=$h)
W‘gauge ::= W’quieScent<RHO*= $Dratio>

setf ield W’ quiescent
,.

setf ield W’post_shock X[] C$XS
,,,. .

setf ield W’ gauge in_gauge [] ,.

end def
.......+

} .,-.
. .

It is then a trivial mattertoconstructan expressiontemplate,‘in_gaug~[],-to~mvide a
booleantestfor whetheror nota ce~ falls@side theinclinedg~~. : ‘,,, ; -,,.,

‘If youfindyourselfwritingcontortedA&h scripts,thereisanevenschce tl@ouare ap@nx@ingbe
probleminthewrongmanner.Whenthishapp~ stepbackfiomwhatyouare’doingsndre-ap-yoursohition ~
strategy.Ifyoucannotfindabetterappxoacbandareconvincedthefaultlies.witi’Arnri@pleasetakethet@eto
dti tiecohtordondowntoacleanmailifandlog anofficialrequestfora Ian&age upgmdcz - “,.

‘*The setf ield command can cimumvkntcomplicationssuch as a cell straddling@eedgt@fth&gau~ by. ‘
expedhioussub-dimplingof thecomputationalgrid. ,.. ,,,
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E.3 ZND DetonationWave

The run_ceMmvnailit, iiom 36of lecture1,containsapmeedwe celhlar~roblanwhich
usesthisSolutionFiel&

def SolutionField
set znd = $io/$znd::header
Xd ::= X[]-$Xd

,’, . W’2nd ~:= <~0= fiterp($znd.l@O,Xd[]),\ -
u = interp($znd.U ,Xd[]),\
V=o ,i
P = interp($znd.P ,Xd[]),\
z = interp($znd.Z ,Xd[])>

W’disturbance ::= <RHO=l.O,U=O,V=O,P=l.5,Z=1>
extent -> xo,yo, dx,dy

hot_sPot ::= (abs(Y[]-$dy/2)<2) &&
setfield W:znd
setfield W’disturbance ‘“hot_spot[l

Ad def

(Xd[l>3) && (Xd[]<5)

toprescribeatravellingZNDdetomtioh wave[ll],andis anexampleofhow toprescribenon-
analyticinitialeonditions.

The interp functions interpolat&tabulatedproiiles of density,velocity, pmxuxe and
unburntfuel throughthe detonationwave to returnvaluesfor setf ield to paint into the
computationaldoa The template,Xd [ ], is a simplemappingto positionthewave atthe
point $Xd in thecomputationaldomain,travelingfmm leftto right.

If you areunfamiliarwiththestructureof a ZND wave,thisscripti
?,,

ReactiveEulerEquations {

space = one-dimensional

bcg = yes

}
plugin amr_sol

set znd::gannua = 1.2

set znd: :E = 50.0

set znd: :d = 1
foreach Q (0.1,1,5,10,50,100)

set znd: :Q = $Q

ZndProfile {

io = znd-la/Q$Q

doc = yes

}
end foreach

amrcp vki/znd.1
amrita run.znd-la
cd znd-la/Q50
-S profile .PS
cd code/f 77src

- zad-la. F

outputs a number of pages similar to FIguxe 33 which depicts the detonation structure for a
one-stepArrheniusreactionm,del. Detaili of the controllingparamet.m: heatrelease(Q); ~ -
ovetive (d), activationeneqgy(E) tid ratioof spec~c heats(~), can be found by running
a suitablymodified versionof the scxiptexampleon p. 40. The bcg pammeter~ests the
productionof thesharedobject znd-la whichis neededto computetheZND profiles.

‘gRecallthediscussionofAMR::INTERP onp.54.
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Figtue 33: Outputproducedbyrun.znd-la.TheSmctureofthedetonationiscontrolkdbythefour
parameters{d, Q,E, 7}.Thereactionrate,KZ,isafitsparameterwhichischosensuchM-Z = ~ at
X = –1.ThevonNeumannstaterefersto thepoint X = O,just behindthe lead shock-tint of the
detonation.Noteonlyhdftheshockjumpinpressureisshown,i.e.1?‘quiescent = 1. .
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The on-step Arrhenius reaction model is attmctive in that it is tractable to analysis, but it .
hasseveralweaknesses:(i) itproves overlychaoticin theChapman-Jouguetlimit(d= 1); (ii) it
hasno mechanismfor quenching (iii) it doesnotmimicinductionzonesproperly.Ontheother
han~ simulationswithfidl blown reaction-kineticsareordas of magnitudemo~ expensiveto
compute and so prone to misinterpretationdue to the muchpoorer gridresolutionwhich can
be @or&d. This next scriptutilizesa three-stepchain-branchingreactionmodel which lies
somewherebetweenthesetwo extnmes:

. . .., ’- -. ,
ReactiveEulerEquat~ons {

space = one-dimensional
bcg = yes
model = 3cb

.
k
plugin amr.sol
set znd: :gamma = 1.2
set znd: :Qf = 3.0
set znd: :Qd = 0.0
set znd: :Ei. = 20.0
set znd::~ = 8.0
set znd::Ti = 3.0
set znd::Tb = 0.8
set znd::d = 1.2
set range = 0.8, 0.8!5,0.9, 0.95
foreach ‘I% ($range)

set znd::1% = $Tb
ZndProfile {

io = znd-3cb/Tb$Tb
xc = 15
RKi = 948.14

}
end foreach
... plot results

amr~ v./znd. 2
amrita nan_zad-3cb
cd 2md-3cb
amqps Tb.ps
cd cede/f77src
anu’9i znd-3cb.F

andhelpsplace $1.1 in context.
Figure34 demonstratesthechangein detonationstructurewhenjust one of theeightcon-

trollingparametersis vmied. Observetheincreasein theinductionlengthandthedemeasein
theradicalspike as as TB is increased. These variationshintat theobserv~ dramaticvaria-
tionsin thedynamicalbehaviourof thewave (see [30] for details).Hexeit is sufficientto note
thatthebulkof theheatrdease (i.e. thefire-region)occurs in thevicinityof theradicalspike,
andexperienceshowsthatftium to resolvethisnarrow,butsmoothregion,leadsto completely
erroneousresults(see F@re 22). Consequently,even for thisone reactionmode~ themesh
spacingneededto nxolve thereactionzone properlyis highlyvariable,andthecommonprac-
tice of choosing a tied numberof cells withinthehakeaction lengthis inappropriate.Thus
the nmction-widthfiguresused in 61.1 wem strictlychosen to reflectthe care with which it
is necessaryto resolve the internalstructureof a detonationwave, under certain cimun-

stances. In other cimunstances, the pdicted behaviourmay be fidrlyinsensitiveto grid
resolution allowingmuchcoarsergridsto be used. At a practicalleve~if it is to standthetest
of time,a generalpurposecomputingsystemmustbe designedwiththepessimisticscenarioin
mindm.

‘Today’s researchproblems,requiringcutdngdge numericaltechniqu~ aretomorrow’shomeworkassign-
ments,coveringeverydaysolutiontechnhpes.
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3-Step Chain-Bran&ing Reaction Model
The essentialdynamicsof&in-branchingreactionscanberepresentedbythreemainstag%
initiation,chain-brancbingand chain-terminationwith the rateskz,kD and kC xapecti@Y-

1: F + Y (@Mationk
*))

Rate kI=exP(+(&T

,B : F+ Y + 2Y (Ch,ain-branching); ~ti. *B ‘~ (~ (*--+)) ..

c: Y + P (Clmin-termination~ Rate & = 1
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Igure34 O@ut producedby run_uuL3cb. Note that the data has beensealedrelativetitbevon
(eumann stateatX = O,henee RN = ~’N = 1. The structure of the detonation is Contded by

the eight pammeters{d, Qf, Qd, l?i,Eb, 2%,Tb,T]. Here,Tb is varied fium0.8 to0.95h stepsof
0.05. As Tb increases, so the inductionlengthincreasesand the peak in radical,Zy, &me&es. For
~b = 0.86, one-dimensionalsimulationsusinga second-order‘I’VI) schemeneeded320 mesh~ti in
thedistanceX = Oto Zf = ~ to reaehagridconvergednnswer,audbad to be propagat@ over 1500
M&action Iengthsin thepmcess[30], i.e. torepeatthissimulationusingafionn meshrvouldnxp@
480,000meshcells. Thisstatisticdoesnotbode wellfor theviabiily of grid-msolvd mu&iirnensionrd
simulationswiththethreestepchain-branchingreactionmodel.
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.,,
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F def MeshAdaption_,.v..-:.:..-..:... .. t ....
,.

WithAtrKsoL on~ a Solutiofii”~-d~”b~ri dek-a-a *tiible solvet cahk 10* ‘- - -‘-
tointegrate@e prescribedflowforwti.in&e. Forinst&ce, thisrun_corner_*

,. ,- .,.
.-. define CornerProblem “ ,,~
EulerEquations
plugin amr_sol .,,
BasicCodeGenerator {”““” ‘ “”‘‘- “ ““‘- ‘

solver’= roe_fl
scheme = flux-limited’operAtor-split

}
CornerProblem Ms=2, XS=1O
solver code/roe_f1
march 150 steps with cfl=O.8
... plot results

amrqp Q#2/conler. 5
enu’ite nm_comezyLk5
cd .ps
amzPs cbarse>id.@s
-s coarse_flm.ps

invokes 13CG to obtaina solver me_fi and marches-15O time steps to produce the
flow shownin F@ure 35 (b). However,cmnpamdto the outputof myscript from lectme 1,
reproducedherein Figme36, theflow is grosslyunder-resolved.

(a]

(a)

.F@re 35: Outputfromrun_comermk.5(notethepresenceofthestmtup-enurs).

(b)

. .-.

,,.
F&me 36 Ou~utiiom n&script (repxuducedfim lecture1).
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F.1 Tiered Grid System ,

Asexplainedin Appendix& Am&l employsatieredgfidsystem

in which the higherthe grid tieq 1, the smalIerthe mesh spacing. Flgme 36 ilktrates how
thisgrid systemallowstheplugin to refine the computationaldomainlocalIyto impmvethe
~oltition”tid~ch~flitif-=e < ‘ “ ~ “ “ ““”

. .

-y Anu_sol commandscanbe givenagridqualifierto resticttheiroperationto asubset
of thefull gri~ G. Forinstance,Figure36 (a) wasgeneratedusing

plot grids

butcould equallywell havebeenproduced&g eithe~

plot grids.{G} 0: plot;grids {GO,Gl,G2]

Thequalifier, {G}, denotes the entiresetof ~“dtiem, while {GO, Gl, G21 denot&theha@st ‘ “
thee tiem. Son@mes it is mom convenienttoexclude a specifw list of grids using the not
operator’ !‘. For example, { !G} is the same as the efity set’{} andis usefd for turninga
co-d Off. ‘ “ ,’

Recall Ilom $C &at Go consistsof a set of logically rectangularpatches anchoti in a
Cartesianspace Co, similadythe@d Gz consistsof a set of patchesanchond in a Cartesian
spitceCl. ThusAnK_sol’s grid-system~yk viewedasa straightforwardcollectionof patches
whicharelabelledconsecutivelyupthm~the gridtiers,using~1 1for thefirstpatchof Go.4
Thisenablesa gridqualifierto ~ specifiediq te-, of patchindices,say

‘ plot grids {2,60-120}

which mqkk a tot~ of 62 patchesbe @vn+ &a combinationof gridsandpatches,suchas:,,,

plot grids {G1-G2, 1, ! 60-i20}

Theseho plot commandsprodu~ thenon-intersecthigsubsetsof G shownin Figure37.
,’

. .

j’ .
(fij :.

,.

.

: @)..,..,,.

Figure37: Gridplotsp~uced usingthe.sdptn&.@Zist (umkqgi vki/grid.Zist.lY(a)plot .
gxids {2, 60-120 },(b)plot gri~ {G1-G2,1q 160-1203;c<. Fi~36 (a). , . .

,. . .,. ,. ,’,
‘l’:”
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F.2 ActivatingMesh Adaption

Amr_sol’s meshrefinementmaehhmy is controlledin two steps. The lirststep,whichis dis-
cussedbelow, memly activatesthemaehinmy.The seeondstep,whichis deseribedin thenext
sectioq defies the criteriaby whichthegridis adapted.

The scriptrun_corner_mM

proc CornerProbl,em { .
Ms = 1.25
Xs = 28.00
1.max=2
r = 2

}

. .
# s’hockstr~gth
# shock position
# grid levels
# refinement ratio

amrw chR2/coxneuO 6
amriti nm_cozneu_mk6
cd ps

-s c~edd.ps
amzPs coarse.flow.ps

def Domain
lscale 1
patch <l,41,w30,h40>
patch c+, l,w50,h80>

end def

W’quiescent ::= <RHo=l,u=o,V=o,P=l>
ShockWave Ms=$Ms, statel=quiescent,\

state2=post_shock

def BoundaryConditions
Nbdy domain: reflect
Ebdy domain: extrapolate
Wbdy domain: prescribe W’post_shock

Sbdy default: reflect
Wbdy default: reflect

end def

def SolutionField
setfield W’quiescent
setfield W’post_shock X[]<$XS

end def
makefi~ld

,.

def MeshAdaption
adaption on

$lmax
r $r

end def

end proc

EulerEquations
plugin amr_sol
ComerProblem Ms=2, XS=1O
solver code/roe_fl
march 150 steps with cfl=O.8
... plot results

tumsmeshadaption onandrequestsagddstfueture{G0,Gl,G2}witha@nementratio
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pus 16 cells from G2 cover thesame~ ml ~~hm G1. Howev~ theIkesl@~ptioti,
diks”riothaveanyeffI~Ref irieiaentCr~teria M sel- dxxeforetheabove script,
stillproducesthewashedout results shownin Figure35.

E&s~tiso~@cmtiewti cm&sel_ti& ‘.. ,.,,.7. ., . .. .,,. -. –-r.-. ., .’-:
fold::amrita’anisotropic { MeshAdaption am& Chp2/arliso. corner

def MeshAdaption &ta aniso.cozuer
adaption on tis xwhniso~d.m

$lmax -S ps/aniso_flow.ps
rI 2*$r {Gl}
rJ 1 {Gl}

rI 1 {G2}
rJ 2*$r {G2]

end def

}

“, 7 . . .
:.

to give nominallythe same 16-fold increasein resolution. Howeve~ when such a simulation
is run (see Fqyue 38), the solver generatesa NaNshortlyafterthe sho6kstartsdiffracting
aroundthe apexof thecome@. Internallythes olver could likelybe moditiedto overcome
thisrobustnesspmble~ butsucha~ wouldonly delaymattersuntilanothersetof contrived
cimumstancesthrewit out of kilter.Arnz_sol trapsa numberof grid configurationswhich me
unworkable, but the IWStrictionsarekept to a minimumso as not to encroachon legitirn@
applications.Forexample,anisotmpicrefinementis neededfor simulationsof shock-boundary
layerinteractions[21],andso cannotbe dismissedbecauseof itspoor showinghere.

+

(a)

Figure38: Outputfrom aniso_comer. Anw_sol employsa iixedrefinementmtiobetweenanytwo grid
levels,buttheratiocan varyfrom one pairof levelsto thenext Here,theuse of anisotropicrefinement
causesthesolver togeneratesaNaN shortlydlertheshockstartsdfhactingaroundthecomer,and
sothesinqdation@ stoppedafterjqst30time~ps. ,1H,’ ‘i

%%e march eommandstopscalling the solver as soon asit detectsaNaN. “
‘%temallyAmr.sdeanwork with an arbhraryrefinementratio, but the eommamk r, rI andr~,restrict

,,

inputto rntegemless than10. This @ctiop was put inplace afterastudentattemptedto runtwo grid-levelsof ,
refinement eaehwitha refinementratioof 100, i.e. one Go cell leadingto KMMillion G2 eeIls-
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G def RefinementCriteria ..

& 1 outlinedhow fi.sol can be taughtheuristicRef inementtiteria toenable

ittoadaptiticomputational@id to anevolving flow solution.For CornerPzoblm a call
to thelibraq routineDensi@Gradient is sufficientto instmctAnu_so~to dine theinitkd
shock@tion basedon its associateddiscontinuityin density.

proc CornerProblen {
,

m’. ‘-.” = 1.25 “ # shock’streng~--
Xs = 28.00 # shock position
lillax=2 # grid levels
r = 2 # refinement ratio

}

=Gp @p2/corner. 7 .
arnrita rlm_cozzmz_nlk7
cd ps

WS ~rda.ps
-s poor_flow.ps

,,
def Domain

lscale 1
‘“patchcl,41,w30,h40> ‘
patch <+, l,w50,h80> ‘ .,

end deft ., ..>

W’aescent ::=,<RHO=l;U=O,V=O,P=l> .
ShockWaye MS=$MS, statel=quiescent,\

‘state2=post_shock ‘ .

def BoundaryConditions
‘Nbdy ’ domain:’reflect

., Ebdy doma~: extrapolate
Wbdy domain: prescribe W ‘post_shock
“Sbdy default: reflect
wbdy,default: reflect ,,

‘enddef ‘ ‘ ,..,
i ,, > . . .

def SolutionField
,, ,.

setfield W’quiescent
;setifield W‘post_shock X []<$XS

‘, enddef ‘.,
!Aefieid ‘ ,. ... . ,+.

def MeshAdaption
,, adaption on

inlay “ $1.Iuax
r $r

$ end def

def RefinementCriteria.
DensityGradient

&d def
ad proc , .,

.s, ,
“ku@rEquations . . , .i, . . ,~.,. .,

,{ (,. plugin amr_sol
..

CornerProblem M&=2, XS=lo ‘- ~ A ~ .
solver code/roe_fl - . ,‘
prch 150 ,steps wi~ cfl=O. 8’

,. ,,.

‘ plot results ~...
; ,.,
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But asFigure39.shows,D-Si@Gra~,e@ .. ~ - - ‘,- . .
‘ :?-.

proc DensityGradien~ { ‘. .. -:.
..
....:.

MS = 2 . . .,.

tolerance #= sprintf(”%’.4fi,$Ms<2’+0.1*($Msj2)*42:0.1)-”--
grid = {G} ,., - -.

}
., :.’,

setflags [000Ioml 0001 abs (RHO[+il–RHOEl) > (tolerance) ~grid
.’, .. setflags [OXOIoxo 10001.abs (RHO[.+j1-%0 [3):>.($tol~an@” .-$=d

end proc

.’,
. .

is insticient for thesirrndadonpruperwhichcontainsa contact-surface,once tie shogkstmts
to difhact aroundtheapexof thecomer.For this-OIL w.scn>t eq@~ “

def RefinementCriteria ~

DensityGradient
2

if ($phase>l) Contact Surface
end def

~:,

Ifyou nxxillfiomleeture 1,ContactSurf ace isnotusedforthe*phase ofkeshntikdion
soastoavoidflaggingthestart-uperrorswhichoccurwhenthepnxcrii shocksmearstothe’

d- .,.
actualproiilesupportedbythesolver. ,

The mZc7versionofCornerProblan introducesa secbndkindofstart-~errorinthat’
gridsG1 and G2 am not given explkit initial conditions. Instea&the pmcedrhe dies on,
Amr.sol interpolatingthe Go solutionwhen it addsthe extragrid tk% duringthe course OF
theflow integration.Fortunately,this--up erroris entirelyavoidableusingth~”scrip~ -.

,,
do 1=1, $lmax

adapt

makefield

end do
.)

;,

which explicitlyinvokestheadaptionmachine~ to ad one newgridtierjandthenoverwii~ ~
theinterpolatedsolutionwiththepxwxibed SolutionField. Note,howeveq onc&thes@-
ulationis underway(i.e. march is called), the rquired sequencingof grid @@ions is too
involvedto be left undercasual-usercontm~andso is fully automated ,.-

., ..- ..- ,...—. .-. .

(a)

Figure39: Outputfkomrur_comer_mk% The refiement fitefia Set~Y%=i~.r%fi~t$ @
,.

ticienttobep trackoftheqmtact- whichsepamtesfluidinduc@j@omotionbytbe-,-
incidentshock-frontilomfluidtidmedintomotionby~ CUW4 mted.~~:~~ .- ~ “, .,-.,

(
~1 ,-,,.

~~ -“ ,..;, :“,,”,“..,..:,,.-’“
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G.1 ~le Parameters

Intheabsenceof solidthemeticalciiteriaameshrefinementalgorithmstendto employheuristic
monitmfimctionsto determinewherelocal refinementshouldtakeplace to reduceermrbounds
to acceptablelimits[20]. For instance,the following is usefid for detennining whethertwo
neighboring cells, whichprovide apairof left andrightstatesfor theircommon interface,lie
in thevicinityof a numericallysmearedcontactsurfax

,,. -
“ ‘ IPX–PII > ‘l%-PII ~ ““lPr–:Pll > ro&doff “ ‘

%+ pl Pr + PI
.

Pr + pl

Thistestcanbe constructedusingthecommandsetf lags andsquirreledawayintoanAm@
pmcedumfor generaluse:

proc ContactSurface tol=O. 002, grid= {G} ‘
set test
fP ::=
fmto ::=
setflags
fP’ ::=
fRHo ::=
setflags

end proc.

= fRHo[]>fP[] && mo[]>$tol :

abs(P[+i]-P[])/(P[+iJ+PCl )
abs (RHOC+i]-RHO[] ) / (RHO[+il+RHO[i )
[000 10XXI 000] $test $grid ‘ .
abs(P[+j]-P [J)/ (P[+j]+P[]j
abs(RHO[+j l-RHO [l)/ (RHO[+jl+RHO[l)
[OXOIoxo 1000] $test $grid

The setflag command providesAmr-solwitha $test toapplytoa mesh cellina ‘
$gridto determineifthecell,oranyofitsneighboum,shouldberetiedwhenthetimecomes
toadaptthegridtieraboveip.Thustheline

setflags [000Ioz 1000] $test $grids.,
,,

requeststhatwheneveithetesc,~, -

fRHo[]>fP[] && fRHo[l>$tol
,,

evaluatesastrue(thatisnon-zero)fora cell(i,j),in {G},thenthecellsidenfiikxlby an x in

the~g ~k [000 Ioxx 1000] needrefining..~s flagmask iscentredon (i,j)and islaid ,

outby rows:

H

000

Oxx

000

‘3A classicaltechniquesuchasRichardsonextxapolation[12]is strictlyinvalidwhen: (i) thenumericalsolution
is non-smooth and so not well representedby a Taylor seri% e.g. a smearedshock-wav~ (ii) the formal order
of accuracy of the integrationscheme is not known or varies from point to point e.g. TVD shock-captming
schemes. The given reference also stressesthatthe techniqueshouldbe “used witi cautionand dkriminaticm.”
This sound advice appliesto any meansof errorestimation,includingthe ones presentedhere. UsingAnrrita’s
dynamic linkingmechanism,a setf lags command can makea fn call to a user-suppliedroutineto compute
imy appmpriatierror@ima@ and so the constructshouldbe able to exploit improvedtcchuiqu~ as andwhen
theyaredeveloped.

,. . . .

‘The @d GI is moved by”exarnirdmgthe &lution on GI.I. This is done because (i) it reducesthe operation
count as thereW far fewer cells in GM thanGl; (ii) smeared&continuities aresteepenedwhenbackprojected
andsoarebestdetectedcmGr_l eventhoughtie gridiacoamerthsnGJ.Thesubtletiesof thissecondpoin~which.
runsagarnstthenoimalgrainof accuracyarguments,aredetailedin[21].
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andso thetargetedcells are (i, j) and (i+ 1, j). Akrnatively, themask [OXO
:,

H

Oxo
Xoo
Oox

targets(i,j+ l), (i–l,j) and(i+l,j -1).

Xoo IOxo] :

Althoughsetflags canbegiven a grid qu@er to determinewhich subsetof thecom-
putationalgrid wih be testedfor -fieti~ becawieof the“waythe a&ip&onprocess is ‘or-
ches- explicitpatch indices areexclud@. l%emfo~, for CornerProblem you could
Writlx ,,

setf lags [000 1oxo 1000] 1 {GO}

to quest thatGo be completelyreiina butthenominallyeqgivalen~

setf lags [000 Ioxo I000] 1 {1,2}
7

generatesanermn
To facilitatethe developmentof complex monitorfimctions,where multiplesetf lags

commandsmustbe strungtogether,plot flags identifiesthose grid cells whichwould be
flagged for xtdinemen~given the currentRef inementCriteria. An exampleof its use
has aheadybeen shownin lecture1. This script whichmmdstheoutputfrom my.script, illus-
trates the principalweaknessof heuristicrefinementcritmi%namelytheirinevitablerelianceon
tunableparametem:

EulerEquations’

plugin amr.sol
postscript on

flowin io/Corner5

autoscale

“

,.

,.

,.

,’

,.
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LatexHead pagesize=problem-sheet, dir=f lags,file=vary_toll. tex

... latex title

LatexNupFig iup=3, jup=4

do n=l, 12
,. def Ref iinementCriteria “ ‘ ‘ “. ‘-

set tol #= sprintf (“%.2f”,$n*O.01)
DensityGradient tolerance=$tol

end def

plotf ile flags/ps/ flags$n .ps
PlotDomain
mcO>

plot flags {Gl}

plotfile

LatexNupFig {

file = ps /flags$n .ps

caption = tol=$ tol

width ‘ = 5cm ~

}
end do

LatexTail
Latex
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DensityGradient Uses A Tunable Parameter

td=o.(rz

tol=o.os

tol=o.11

tol=O.06

tol=o.09

tol=o.12

Figure 40 Pageoutputby vary.toll.Regmdlessofhow smallthetolerancek made,Density-

Gradient’does’notdoagoodjobofpickingoutthecontact-surface.Consequently,choosinga toler-

ancebasedon”w analysisofthedistributionofthedensitygradient(e.g.[9]),althoughmathematically
morerigorousthanchosingoneby experience,willbe no more successful.Ifthecontactsurfacek

deemedtobe animportantf- oftheflow,thena chengeinrefinementcriteriaiscalledfor,see
Fj~,41. ‘

,.
I
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ContactSurface Uees A Tunable Parameter

mmE
td=o.oa35 tol=o.m tol=o.oo45

I— i ~~

WMk
tol=o.ooso tol=o.ooss tol=o.oo60

L

FQure41: Pageoutputby vary_ro12. The ContactSurface criteriaismoreadeptatpickingout

thevortexcoreandsliplinethanDensityGradient, seeFigure40.Also,experienceshowsitm-
requireslessre-tuningbetweenproblems.Thisk notunexpectedbecausethetoleranceactsprimarilyas

anoisefilterforround-offerrorsandsodoesnotplayasactiveaselectionroleasthethresholdusedin

DensityGradient.
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