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35  also skilled programmers to generate the necessary code from the mathematical formulations.

Alternatively, it would take teams of specialized mathematicians and programmers to analyze the
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symbolic language trans!ator that provides for rapid prototyping by improving the development

process for a simulator for generating a mathematical model of a physical system, such as the fluid
flow in a porous media. Such a method and system would make it possible to generate the simulator
in an economically viable amount of time.

30 Even further, a need exists for a method and system for generating software code using a
symbolic language translator that significantly reduces the dependency of prior such systems on
specialized personnel such as analysts/programmers that had o be conversant in both the mathematics
of the physical modeling process and have the programming skill necessary to translate the
mathematics into programming code. '

35 Still further, a need exists for a method and system for generating sofiware code.using a

symbolic language translator that provides the capability to decrease research turn-around time by
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30  can provide increased speed, less complexity, and a lesser number of floating point operations.

The present invention provides yet another technical advantage by generating software code
using a symbolic language translator that provides for rapid prototyping by improving the
development process for a simulator for generating a mathematical model of a physical system, such
as the fluid flow in a porous media. Such a method and system would make it possible to generate the

35  simulator in an economically viable amount of time.
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FIGURE 5 is a data-flow diagram showing the interrelation and operation of the different
modules of the present invention;
25 FIGURE 6 shows a prior-art model discretization;
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FIGURE 8 shows an overview of a complete discrete simulator.

- DETAILED DESCRIPTION OF THE INVENTION
30 Preferred embodiments of the present invention are illustrated in the FIGURESs, like numerals
being used to refer to like and corresponding parts of various drawings.

The present invention provides a method and system for generating software code using a
symbolic language translator that is more flexible, more efficient, less prone to error, and much less
dependent on people with a very specialized skill set than any such prior art method and system. The

35  present invention solves the intractability problem of multi-dimensional Finite Element problems by

providing a simple interface for entering the mathematical equations describing the physical system
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In particular, the translation into symbolic representations of the mathematical formulations

35  generated by an analyst, and the corresponding code generation are performed automatically by

Mathematica packages (code modules) of the present invention written specifically for that purpose.
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30  extent that any programming code relies on the programming language in which it is written. For

purposes of the present invention, Mathematica is simply a programming language that performs the
symbolic manipulation of the present invention. A high-level mathematical description can thus be
generated, a finite method analysis applied to that high-level mathematical description, and a resulting
programming code generated.

35 The method and system for generating software code using a symbolic language translator of

the present invention includes a number of unique software packages (code modules) written in the
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objects 27 that estimate the error in the original model. These functions are performed automatically

with a single function call; the analyst is not required to code all the different models. Therefore,

once the analyst has built a main model, the present invention can automatically create other required

models.
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The model must have a SystemSpaceObject (SYS) before SU can be set.
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30  Element model.

CF is a list of constant fields for a Finite Element model. The model must have a
SystemSpaceObject (SYS) before CF can be set.

K is a list of global constant initialization rules for a Finite Element model.

GC is a list of global coordinates for a Finite Element model. It is a read-only model variable

35  (use MakeSystemSpace to set GC indirectly).
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ResidualVector, TangentMatrix, TangentAdjointMatrix, Tangentimage, and
TangentAdjointImage are operator keywords.

30 CACHE is a model variable specifying the maximum number of element-geometric quantities
to cache in each ElementSystem object. CACHE may be set to any nonnegative integer or the symbol
Infinity.

Outputs
SSU is a list of secondary unknowns and derivatives of secondary unknowns that are stored in

35  the NodeSpace. It is a read-only model variable.
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conponent 0 I'screte tangent read-only variable. TI
is clear edt-reamtangeneom@@rmsamefa]tedr s called. If TI is undef| ned at

code- generati onpg fstﬂ&ach@@vél&%ﬁn@%mﬂﬂ@& %n%ndnﬁoﬂﬁﬂﬁd’cf&eﬁ&geﬁﬂthﬁa rediconached
val ue of the_ boundar onen th ﬂl sC H{Jz q (pt d 1S aergad only
model var i Bpfebvarige. l‘?lc F e H’BﬁR?si' ﬁﬁf’s (e Vil ‘5’ B

- undef i ned file, Q0 tiRgefEoperati is@anerdtédne, no tangent operator is generated. 15
DI M nodel ] ret b3l HhRns L Qfe: e M ]
I s equival ent %MB%%E}E%EP?FP% I'S %lﬁgor%gg%ggg’g&??‘aggt @g lmq?!nlfmg

El enent noBBY[$Modell.s a read-only nodel variable, deternined indirectly by

SYS. Obj ect Typegs {s]:hewdvi SeCbj etﬂfé.la F?rflte@grﬁﬁtﬂﬁddelobd1§§§eaJ—W§odeﬁa91&|ﬂ@C9d by
the current Finite El errent b nodel. Cbjectlnstances[pattern] returns a

list of indeemmedingirectdyby$X§-ernal objects in the current Finite
El ement Model wWhosjetTlpas(s refiisa 1i3Edf eXierfial Pbjedt 8/pes refeiefied bypths cirent KinieEdmeqr,

destr oyl ngmo&rltd Querying uronerties of nodels
ObjectInstances[pattern] returns a list of instances of all external objects in the current Finite

ElementModel whose class name matches pattern.

Functions for creating, destroying, and guerying properties of models
25 BeginModel[model] makes model the active model, so that references to modelfR],
' model[PU], etc. can be abbreviated R, PU, etc. It returns the set of model values for the newly active
model. '
EndModel[] deactivates the active model, reactivates the previously active model, and returns
the set of model values for the newly active model. The deactivated model's values can still be
" 30  accessed using the syntax model[R], model[PU], etc.
$Model evaluates to the active model.
DefaultModel is the default Finite Element model, active when there is no user-defined active
model.
ClearModel[model] returns all of model's values to their defaults.
35 CopyModel[model1,model2] clears model2, copies the inputs of mode11 into model2 and
sets the current model to model2.
$ModelStack returns the model stack.



25 Begi nMbdel [ nodel ] makes nodel the active nodel, so that references to
nodel [R],.. _nodel [PU], etc. can be abbreviated R, PU, etc. It returns the
set of noW@PL2TIE yes for the newly active model . EndMo@ETNUSI0820t i vat es
t he active nodel, reactivat es the prevl ously active nodel, and returns the

set of nodel v t}l'l‘fau odel returrrlg ¥all?‘§ f'heﬁ)g I -I‘-’hﬁ%asgfe a%’tlhgtﬁgxalge[smdells

val ues can sti essed usi ng TPU, etc.
$Model emﬂd‘e{ﬂw[]twmﬂrthe%ﬁfpethmm@bf auI t l\/bdel is the default Finite

El ement nodel Mo@e@é[w.emmme;mg §Fxh§e KlandisRbdell #hisd\@krasd. | ve  model .
CIearNbdeI[rmdeI returns all nodel 's values to their defaults. 35

CopyModel [ nod¥pd %@&lﬂtw&aka@rl&xﬁﬁaed*z‘va%}sae%arwhﬁmeﬂefe%w 1into
nodel 2 aﬂ;éactﬁvehscien he current nodel to nodel 2. $Mbdel Stack returns the nodel
stack. WD 01127750 PCTI US00128237 11 , Model Val ues[nodel] returns the

val ues defined for a nodel, expressed as a |ist of rules. Mdel Val ues[]
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mul ti pl eecdhontitisensen Additionallg itad possitlets elakefarioaBipdptificatipns i teais ofvhd porEbisca nmay

not be apyf xLé?heﬂﬁg«%i {J‘Fn%ss%ﬁ% HtlﬁpgﬁnfOMeﬁl L QROMd n@@m rktpex%m'e& s to make -

econoni ¢ sense ossible to
si npl i f i eegsible fprbiajn aselution tethemvonp quising Methempicaisy “mm’c f“é%ﬂ"“e?i‘pr essi ons

to ifputy drt%hﬁ)thmhﬁhﬂ&ﬁém?ﬁcadoﬁ thd3t Sernfdnf¥iRk fhf b(ﬁl&‘idn@ﬂlaﬂa& d8dudnR/aFREstedioln | S
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ution to e at t u t
'i nt egr affem® HoRRFlemeps th at‘l“b""?f)""ﬁg?'?sort‘lﬂ??“iﬁag ton s, then E?FF[°'§'P° Wﬂ@f&‘ff%ﬁ t hose
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25 Finite Element operator module 28 constructs a solution to a system of partial differential
equations (PDEs) over a domain by partitioning the domain into Simplex elements and combining the
solutions to the system on each of the individual Simplex elements.

Simplex
A Simplex is a Euclidean geometric spatial element having the minimum number of Boundar_v

30  points, such as a line segment in one-dimensional (1D) space, a triangle in 2D space, or a tetrahedron
in 3D space. Thus, a Simplex of dimension n has ntl vertices, labeled vertex 1,.., vertex n+l. The .
face opposite vertex i is labeled face i. Each face of a nD Simplex is a (n-1)D Simplex.

Basis functions, master element
. Basis functions form a coordinate system for specifying any point in a Simplex as follows:
35  The i-th basis function, N;, specifies the distance of the point from the i-th face of the Simplex, along



answer in a different way. Operator nodule 28 can thus be used as a neans
of avoiding explicit integration. 25 Finite El enent operator nodul e 28
construct sWOQ MBI on to a system of partial differential PCHYS2823ns ( PDEs)
over a domain by partitioning the domaiminto Sinplex elenents and
conbining the solutions to the system on each of the indivj du@. Si npl ex

el enents. adingfrmihe igh Bcats thei-th vertex.clfiers sl baiRauippsdoraNmplgx ol qmensiq

havi ng t hen, Wi 13 desingd flbghat veptx a0 arny poid@n@eent S, such as a |ine segnent in
one-di nensi onal.,(1D) space,. a.trjangle.i D o OF r ron in 3D
space. Thus, a%g%%'gf% "fd?ﬁ%hssdle@"negﬁs trl?%‘rsbﬁl %3%? iogé;‘ée,"gfaatg%ﬁ%%ﬁ\%rgt ex

|, .., ver t@stesian coorfimate systereand theothiet revewtises as theiCajtesiap adints 6d0.6 ad (0-.1.05a8h f ace
of a3 S| TREX 1P 1r bllnble)iDuliRlaSitr ol A B tiAfRES hiOVSHicTBYDRY, (RO, -
Basis functidris forma coordi nate systemfor specifying any point in a
Sinplex asDfollows: 35 The i-th basis function, N, specifies the distance

(Ig‘fCT}[ rL]JgCE)(’) '2 th 3f7 rlQBélffb %eivr&igesfir?&&uﬁt@rhdlﬁﬁwﬁifi?ﬁ&%an Edgﬂlrr]bgth_\w‘tﬁﬂl/ a?thé péint -
a line fromthe, i-t ce to the i-th vertex. There
are n+l ba(§|='sy=f)}.1ﬁ’l5? Faﬁﬁglsflﬁﬁ'“‘éxﬁ%‘f %S? “Ef"“‘él?’%’eﬁﬁ %ﬁrtheﬁ'."e X ts Hé‘%f HE®E o be

1 at vert eke basffichclonabreasnfolipes: Nt on face i. The nmaster elenent in nDis
defineg as the nD Sinplex with one vertex at the origin of a Cartesian
coordinate system and the other n vertices at the Cartesian points (1,0.0
... 0), (0. 1,0 ... MgN=x... (0,0,0... 1). For exanple, in 2D the naster
el enent (a triangl eNfa¥Sertices at (0,0), (1,0), and Eauation§) | apeling
the vertices in a cOUB=kt¥Hekwi se fashion can begin with vertex | at the
point (x=l,y=0), then face | is the line x7-0, face 2 is the |ine y=0,
face 315 s the |Adygointinside théBimplel can belsgeoifiad in terinkef thimbis fuhctivns. | Kon example, as

fol | ows: NI X V3 =X N2(Xx, .= i 1 N3(x,y)=1 - x - y 15 Any
poi nt i nsi %cet"%%dé?arrtﬁrl&ll\é'ééﬁh é"“tsgﬁ’c}‘lﬁfqlﬁ%jtﬁlé’e}zﬂr% of the basis functions.
For exanpl Method pfFini¢eElements of a triangle is at the point (N1, N2_, N3)=
(173, 1/3, 1 3)yis¥ehAarng theFhilible bl sGiiBN b Satibl differfin SRHodshaL, 1hBRIy o1 abl es

in a systemof partial difterential equations vary linearly over "the_span
of each i néf sheppkaechspdiyidak Simplex olnpgher Weyrsy gn a pasticylapul Simplexed varieblepQint ek, a
vari abjoe pdax bepewrittensgs 20 can be rewitten as P(x,Y,...) _ FAV,(X,Y.... )

- Equation (2) where pi is the value of p at vertex i of the Sinplex. The
sumati on on the right-hang, side of
P(x,Y5e) = Z PN(x,¥,.) : Equation (2)

where p; is the value of p at vertex i of the Simplex. The summation on the right-hand side of
25" Equation (2) is referred to as the discretized form, or discretization, of the variable on the left-hand
~ side. The p; are called the components of p.

The problem is posed as one or more equations of the form .

2 hY .
LF( P ooy G o)y g BT r) TPEOFe) | ey g Equation (3)
Ox &* J

30 .
The integral on the left-hand side of Equation (3) is called the continuous residual. The goal is to

solve for values of p, g, ... (the primary unknowns) that make the residual equal to 0. There are two
ways 10 calculate the value of the residual:
1. Numerical Quadrature. This technique approximates the value of the integral on each
35  Simplex with a weighted sum of the integrand evaluated at carefully-chosen points on the Simplex.
The drawback of this method is the necessity of calculating the value of the integrand at enough

quadrature points to get the desired numerical accuracy.



25 Equation (2) is referred to as the discretized form or discretization,
of the variable on the left-hand side. The pi- are called the conponents of
p. The pr¥BPERI% posed as one or nore equations of thePEHPSAO28IEl P(x Y )
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the integral on each 35 Sinplex with a weight sum o he 1 ntegrand
eval uat e8imglicesis intpephle when dans by hiendn (e gyp gjitgFlemgnt ‘Opprator podilp 48 10f thi s
met hogl | gerfofif thikag@bdlic kylculdtios.al cul ating the val ue of the integrand at enough
guadr at ure, poi, nt Lopget e .desired nunerical accuracy. WO 01/27750
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hi gher - dfusetios iReplageAll. sThigirangfamnsithe lefhhand sidegiEquaipe@d) ne by hand. The purpose
of Figite Elenent 'Qperator' nodule 28 is to .5 performthis synbolic

cal cul ation. | cul ation of The Discretyg Bgsidual The discrete residual is
obt ai ned by | iZ@ret 4o ng' Bk 8 whe: vrighogins iR Equat i| orfaioné®i ng  the
rel ati onship of Equation (2). This can be acconplished in Mathematica by

using th R (I i QEE& ﬂg,eré] : hSe; I L he . hand si de
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an Equat PXpresgions in tpyms of the Cartesiancoordinptes (as in Eqyation (1), butfenarbitpsydimensions)l y, thi s

i nt ey al arfaderféRing k ans®infalio ¥ vaFmbiRes e ChrbSiab@sidmaletiaGiddons with their

equi val ent expressions in terns of the Cartesian coordinates (as in
Equation (1), but for,arbitrary di mensigns) 15 and performng a

t ransf or mat ifofi".of "Vag|i A, £52,49..L48 ..C,Qﬁ!t,é&i,a.ﬁlsapapdi nat es t o Bgbdtbosl(sy, +Pa, +
9,.9:,....% yy ...\ .~ ax , .. #&d% d/ydx Equation (5) where -7 is -
t he sinplex Jacobi an. However, for even nobdest-sized problens the

eval uat | Wheref istise siplex: Jacohiap.chiowsyergfor ey medest-sigrdjprpblemssyeevalystion of. npdem
CONMPYY er ENRfidnS(5 Pyl aQBmpuR Wight?s ¥n @ moderPtiphted wortatibiRqiRddHypdr eds to

t housands of r_rengﬁlbyt es of random acgess rrengrax erator nodul e 28 of the
present PORPURAHGNGHpeand hnndeedsp thousands of megsbyies Ofrandsmyceess MEMQYmonent s pi, q; ,
etc. and t he Oraoradodul€s ofthetplesenbingéntior takes & HiffaentaposehNSiheeiiie Over any

particul aarmponents P> Qi €tc. and the derivatives of the basis functions are constant over any particular

Simplex, Equation (4) can be rewritten as

25 Z...z G,"__,_ﬂ (pl:pl""i GrsGyseees X5 Vs ooy %:%s '"J In ﬁ (Nj (x;')',---))" Q) Eqn' (6)
] bt J=t .

This transformation is virtually impossible to perform without a computer, but even for large
problems in four dimensions, a computer algebra system running on a modern workstation can
perform it in only a few minutes. Using the method of the present invention, this transformation can

30  be performed using the built-in function ExpandAll, followed by several applications of the built-in
function Collect to simplify the resulting expression.

The integrals in Equation (6) can be evaluated efficiently using the formula

- L I !
[ T & dQ:(;;I—-[—"':—,’i—y. Volume(Q) Equation (7)
] "

35



Si mpl ex, Equation (4) can be rewitten as 25 ~...~ Gi._, | P,-P: 4~ 4a x vy
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formul a for e exact integral of the discrete approximtion to the

cont i nuousEquationd@kthat gpaequisedsi npl ex, cal l ed the discrete residual. Note that
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(7) th are requi red. Wen the continuous residual contains an integral
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that N is zer
face-specific glfg%rfg‘fange%g%&% q‘FoqﬁlewglO%gg%gLo é%ﬁg%%ﬁgd egéré%%nri%ﬁgognd
Oper ands Mﬂrnll@b;erfaﬂmm%dul e 28 Finite El enent Operator nodule 28 all ows

continuous resiflual sprifinDKRoWRS %Se%ﬂtﬂary lﬂlldi(ﬁhﬁrﬁ leunctﬁiﬂyoiqﬁ'mﬁl'yl unl&fowhk)ﬁa.nd

following: 1. Prim nknowns ecorny ons. 0
pri mary° unmméf'ds’a%&ﬁ mfesswﬁ%‘t’iﬁ‘t” f‘%‘l‘%@“eg %ﬂ"%g% Ve‘?gésst?lft% !?xﬁ?fcg"
val ues def boi@ganded g Equitio (29 Tiesd quaisiesshin be Werdsfiesd. and can  be expanded
usi ng Equation £2) ﬁ@:ﬁe%?a\%tﬁgﬁ inllo%s %ﬂ:hpe%r £4 fuqa on3fghy ofthe quantities
El'ement - aver aged unknown represent "a function of "any of the
quant i ti es listed ig i @bbve.revaluatddayhe centreil ofthesimplex. (Thescausntitiesican by usenlefingdip| ex.

‘These quantitieg Cafba@t‘é‘slmsrdﬂ%hg?d . The3e cahBé hs@SdefifleccOOr di nates. x, y, ...
These can be user-defi ned ITst and sec Jéd d(e?‘ﬁlvatlves of pri ery,

secondd?y, or ef-emerfitstapd secppafleriyaNS RhRIMAR, S37oRdag Y Aemept-aygeed Hnknquns
Cartesi an R Fdpedith @F. of BR Catesn bouedinkitdsf Bécaint ﬂﬁldxf&mﬁﬂbpamom in Ntathenatiaat | ca,

i n general Wj?g%],geg;lgaééﬁﬁgﬁﬁ ok Yomedeboaly o R RARGANYNodoRs SPTRLAIER tepRtBiH BHRUS

operators

i

operators, but that do not evaluate, so that they can be manipulated by high-level transformations such
as the Gauss Divergence Theorem. The function Dh is defined to represent these derivatives.

25 5. Other coordinate-based differential operators of the unknowns, such as Divergence
and Gradient. The same comments apply to these operators as apply in item 4 above. The functions
GradS, GradST, Gradh, DivS, DivST, and Divh represent these operations.

6. Variation of an expression with respect to an arbitrary variable or set of variables.
The function Variationh represents this operation.
30 7. Basis functions and derivatives of basis functions with respect to the Cartesian
coordinates. The functions BasisFunction and BasisDerivative répresent these guantities.
8. The normal vector to any face of the Simplex. The function FaceNormal represents
these quantities.
9. Integration over the interior or the boundary of a Simplex. The functions
35  Integratelnterior and Integrateboundary represeﬁt these operations.
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25  calculates any derivatives of these functional forms that arise during the operator calculations.

The Operator module 28 function IntegralRules scans an operator expression for occurrences
of these types of expressions émd constructs Rule objects containing their symbolic values.
IntegralRules is called by Finite Element CodeGen module 32, where the rules are converted into
generated assignments to temporary variables, and by the Finite Element Test module 44, where the

30 rules are used together with the Mathematica ReplaceAll function to mimerically evaluate the
operator. '

Returning now to FIGURE 5, symbolic residual and tangent operators 30 that are output from
operator module 28 are forwarded to CodeGen module 32. CodeGen module 32 can perform the
translation of equations 14 and model parameters 18 from the Mathematica language into program

35  codein JAVA, C++ or Fortran, or some other high-lével computer linguage. In addition, Simplex
module 34, MatrixOps module 36, and RuleSort module 38 are available to calculate optimization
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| nst ead, these |eces of code are inserted into a text file that contains
al'l of the nece xgmple o sigupledpvadanguage selica filegppsars bglew:ax, etc. to forma

conpi | abl e progf,m‘wpglgbﬁcegﬂm ¢ s acconplished using the Mathematica
Splice command angubﬁcammgfd n(Sush@ g (files called splice fi I es. As
explained in the Wsmtﬂuﬁﬂn(énﬁumoatﬂe@djbml-&toﬂeﬁh#&@[ file" ] splices
Mat hemasi ca out god[Sdrtz.} *am }¢xternal file. It takes text enclosed between
<* and *> in the file, evaluates the text as Mathematica input, and

repl aces the teifﬁhimfbﬁsgimtheMWImjithplhmahrdahmde Text in the input
. file not < x> ol out put
file. Spl I%gfé‘ée i e@éﬁ"mgﬁ"e <l G Mafh °ﬁ§%§ﬂ’8¥“ (et ABRRE R P hile
writes out ﬁf?ﬁ"e‘? Whosg certengsareshevin belaves nane. x.

public class SpliceExample {
30 public static void main(Stringf] args) {
System.out.printin("The cosine of the square root of 2 is " + 0.155944); }};

This file can be compiled by a Java bytecode compiler to produce an executable Java class file.

The Format and Optimize Packages (Prior Art)
Mathematica Format module 46 and Optimize module 47, as shown in FIGURE 5 are

35 available on the World-Wide Web at the following URLS:

http://www.mathsource.com/Content/Enhancements/ Interfacing/Other/0205-254
hitp://www.mathsource.com/Content/Enhancements/ Language/0206-592
Format module 46 translates a limited class of Mathematica expressions into C, Fortran, or

Maple (a small amount of post-processing turns the C output of the Format module function CAssign
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class Spl le { public static void main(String[] args)
Syst em ou Yk'%(éﬁﬁg}gn("The cosine of the square root of 2 PSTASH28237 25

Cos[Sqrt[2.]] *>);) }; If this file ild given the nane SpliceExanple. nj ava-
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0. 155944) ; can be ‘r"qP?;f' | ed by a Java bytecode conpiler to
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http:// sodrce. co hancemnent s aC| n 5- 254
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nmodul e 4o, @é"d%ly@pﬁﬁm@mbdd?ﬁ?e(ls%;ﬁééxaﬁﬁleﬂ@l%b@”ﬁtlCa expressions into C
Fortran, or unt of %t pro essing turns the C output of

t he For mat m&dﬁ%ﬁﬁ&iﬁ#%ﬁhﬁ“\w "ﬁ?’fs ¥l PCT/ US00/ 28237 17 into

syntdeti cal | yera#bect Java code.) The class of expressions that Fornat
nodul e 46 hangtesgoBtdn(oly i t hmetic operations, nost of the elenentary

functions, and a nt.s o vari abl | i m.tations  of Format
ot e RS AL RIS it B0k B R e b G
control -fl ow Tbﬂ‘aﬂmmgﬁx&n;(lemgstratesémtnhertaneinseumdt)pmms | oops, etc.) 5
Optim ze mdubﬁss%&@&&sﬁa{mtfsﬁﬁ+ ' %. i00URe SUbexpressions froma

Mat hemati ca expressio m nation. Optim ze nodul e 47 and
For md# nodul exZgsiHsingethtr)i n- hand so that the code generated by For mat

Chssi gn cont alfiie, e Sk B gpsgmgpg m‘}bﬁmgg.gg@w%@sﬁm{ Boveflifh, THOTPU! €

by Optim ze nodu e exa
Si n[ a+b] Prohlesiyaecy tlmmtlzéofﬁw Regticulartigrp mﬂmef Qptipiizg (r@dqu vf(reﬂwr)ﬂ As
ment i one gundidnBR Lo myxde;aﬁwé\mxp@@m roﬁttxﬂm‘ubxe THofk lartf fairidftfent fdh-thvid@ S €
P S P51 L LT AL S Shen Y
Assi @hOprddiiianemuliiplisation)] there a@5-6-4 -phssiblei sukespréssios;, not counting the trivial
subexpressions consisting of a single argument. The number of subexpressions thus becomes
intractably large for even modest values of n.
CodeGen Module 32
The present invention uses Format module 46 to translate a sequential numerical computation
25  with no branching, such as a discrete residual operator. It also uses this module to generate code for
optimization rules that are computed by the Operator module 28 function IntegralRules. In both of
these cases, the generated code consists simply of a list of assignment statements with simple
arithmetic operations on their right-hand sides. CodeGen module 32 adds declarations for the
appropriate temporary variables to the generated code. '
30 In contrast to this ofatimization code generation, the present invention can also generate code
"from scratch" to initialize a variety of data structures that are used by the simulation engine and the
user interface of the simulator. It also can generate code to allow the generated operators to call
functions in other, hand-written, code modules.
CodeGen Module 32 Operator Generation
35 As previously mentioned, the discrete residual and tangent matrix operators contain many

common subexpressions that are known in advance, such as geometric invariants (Simplex volumes,
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Fortundtel y, knHtastrgdsgeneratinnigenabled, CodeGen module 32 can create several sets of test input
values for the operator (some predeiennined and some random), and invoke the Finite Element Test
module 44 to calculate numerical values for the operator based on these input values. Both the input
values and the calculated output values are spliced into another part of splice file 50. The actual code
that performs the test is a static (uhchanging) portion of splice file 50. When the generated file 52 is

30  compiled and run, the static test code feeds the generated input values intd the generated operator
code to calculate the outputs, and compares those to the generated output values.
Util module 42 of FIGURE § translates what constitutes a val'id.'Mathematica symbol name
into valid symbol names in the computer programming language in which the code will be generated,

such as JAVA, C-++ or Fortran. The conventions for what makes a valid symbolic name in



about the properties of derivatives, these expressions can be optim zed.

These ex%@ﬁ%ﬁg‘harl se when 15 a product of several terns is differentiated

usi ng the own chain rule. In an expression such BST/USQOZ8337f (x) g(y)

h(x, y)) =abg(y) h(x, y) f'(x) +aldf (x) g(y) h ('-0) (x, y) ax

Equati on 5&% 6 %%@&%E& entitin fi What aianﬁé)mtla{.énmﬁ@m Qpr(,%/r hing D 1 (x)
now

ag(yY) h ( ore t eder| tives are f"afed t hat
the su be)@pg@sgquwsdbvwor L+l rmori\*le 83 englatechenyssn Mathomatisy endyhecad prvéﬂcr ve,

since it io&ainﬂﬂ@%@ﬁ@@ﬁnd%tuﬁ“hoﬂé@iﬂ:b%bhﬁ&s toldratGaaldday 3 | | occur in every '

t f d ct. t d dent of vy;
and S0 f or ¢ ARfitseey pEe BB ehee O v CopEh Ao e BB quat  on’
(8) can betimiaé modukecty pbxyommnnmbﬁmﬁumklmmﬁdmnammﬂﬁle% ad@pesizeons on the
left- ha”ﬂ:aﬁdlé’?ﬁm&Qk%hﬁdﬁe@ﬁé&@'ﬁmﬁoﬁ%ﬁﬁ@%hﬁ?uss%ge dposed to syntactic,

optim zatl semantics 0 I fferentiation

operator. 25 fportipnef thesade geaeraeddyiCodeGen modyle PRdpes s getbraysihionimatancggle c an
create sy cHimiRvdME 41, Aisteall, HPdises tmabgnes splied filt be m%ﬁsp&u{e&e&@

pr edet er m ne Sone ran and. i nvQ Finite nt Test nodul e
HAPARARI MM L) M AT LS MO MARINE N

val ues. B@kderdtddao inhialide vatikak kieds ofitath drhaures hCappased 6 domgnmractmhmmucar e spl i ced
into anogher. S t t he
test is & s,ua: tlw r’T(]QslfﬁC cﬁJchsggi d#vkoﬁsl? gumelﬂ?l cgc?el cgfﬂ:e %eggﬁeqj%}ﬁw {I %é EBS ener at ed
file 52 prsi@@mzemd\lﬂeeﬁ mldlercaﬁ@ fortlmeal@maﬂ @tatswqtureeﬁaée generdtyd timthg@ner ated

I nput vabheGeh mbduidPe gener at ed operator code to cal cul ate t he out puts,

and conpares those tao. t ted o ut val ues._ Ut | e 42 of FI GURE
5 tranrsTP at es % %8'8&9?%%8’88‘3% plgp o ﬁ%drfﬁﬁs'dﬁ°d§g7#60'r°5m ledfgany valid

synmbos n&ha%syhuboliclwerewmnuheatopnm@rfamiatngrdmmgna:gmelwhamcmhmtslﬂm»ﬂfaode wll be
generate

val i d syﬁ%mlm%%& a%g)el n\{% g‘%ﬁi%ﬁ%ﬁ@%%§%@%§y% a%%%gﬁkgz :

di f f er entodg aydisspis¢dpasicr. (Teshmpiele 44redeive godg dlomCodeGanaradele ﬁ%ﬁhﬁt ipsprucss ipfeogr ammi ng
| anguagecsiiin dtratd\fugh a fttoutak b, E0SHSL fipdhd mhiciBe bidk i S WRERuME! hemat i ca

and the end product = progranmm ng | angua e and retur t hose synbol nanes to

CodeGen ﬁ?i’cfu'l”é“ @fmys@“ms&c?ré%@“ﬁﬁ? 35 adgsbipgara T%W“deﬂﬂé)@@ﬂ nmodul e
32, Bor mivk genadtidgsofhGaratde using@aymbilic Eng‘tﬁghﬂ'aﬁsl&ar df ehififvention. porti on of the .

COde t rans! atéén(ri:icebﬁle %”Eﬁ gm%go%es ﬁl‘ge lgecg % Iﬂeﬁgyg%ggséngﬁofyM% Onrl or art

nodul es writt roni scusse of the
code gen&&n@ﬁnbﬂ,‘b&omwmmb@lszn @dsqumnogﬂustdwwgh TﬁmeméEtOandul e 46

or Opti n}lﬁﬁn%}?ﬂbg file §0/throbghsth eﬁaﬁmﬁo}?@és h BfeQUﬂQmB@th@ Pirﬂe?ﬁe datnb Q)u150 The

portion of t comn n modul e 32 and going into splice

file 50 Withqupthe de 'eﬂﬁ‘f"@ﬁf‘ Wﬂé?ff bv;f*aszﬁle eabpandnFIQYRES as astiyp gpesiers dtest ¢ al i ze
vari gyis kddess N&twd@feﬁtosstdhmfehws@ssz r@&s@arﬂmdl ﬁr@rﬂeﬁlﬁgcoahgnaﬁ&MWtwunerl cal

conputatio P di SCUSS revi ausl| n be generated
by For maf™ tﬁ%daan r%B%ls%wa'%m SdEe? ?b?a?f L‘?{Hpg’?ﬁ? initializing
of data #wention.ure can be generated di rectly by

Returning now to Simplex, MatrixOps, and RuleSort modules 34, 36 and 38, these modules

are based on a mathematical construction of a Simplex, as described above. Various kinds of matrix
30  operations must be performed to calculate geometric variables of a construct such as, for example, a
tetrahedron. The output from Simplex module 34 and MatrixOps module 36 are equations for
calculating the volumes and so forth of the geometric construct. These equations are sorted such that
when they are written into the resulting code and the program is run, they are evaluated in the correct
order. For example, if the code contains an equation such as A=B+C and then later an equation
35  D=A? these equations must be presented in the correct order. This function is performed by RuleSort
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solution such that other values are also better approximated. These new values can then be fed back
into the operators to generate new solutions which, in turn, can be fed back again. Native operators
and test code file 52 can thus be thought of as a core code that can be re-evaluated continuously by an
iterative solver to get a closer and closer approximation to the true solution for a model of a physical
35  system. A final product could thus be presented to a future analyst which consists of the generated
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The model shown in FIGURE 6 is a 1-phase 3D model of a well in the center of a circular reservoir.

30  FIGURE 7 shows a Finite Element solution of the same well using the method and system for
generating software code using a symbolic language translator. _
The model in FIGURE 7 is likewise a discretized model and there exists a value for each of
the nodes of the triangles that make up the model. .
The method and system for generating software code using a symbolic language translator of
35  the present invention allows a single analyst to generate from the partial differential equation
description and physics description that they want modeled, a discrete simulator to solve the set of
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improved method and system for generating a Finite Element problem simulator to model a physical

system such as fluid flow within porous media.

30 FIGURE 8 provides an overview of a complete simulator that can be created using the
method and system for generating software code using a symbolic language translator this invention.
PDE and physics description 70 of FIGURE 8 is the analyst input that must be solved to model a
physical system in simulator 76. Mathematica physics generation system 72 takes the PDE and
physics description as an input and outputs generated physics 52 (see FIGURE 5), as previously

35  described. Generated physics 52 can be multiple generated physics systems 52 and can be plugged
into simulator 76 as shown in FIGURE 5. Generated physics 52 can be dynamically available to the
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physics description 70 of FIGURE 8 is the anal yst input that nust be sol ved
to nodel a physical systemin sinmulator 76. Mathematica physics generation
system 72 takes the PDE and physics description as an input and outputs
generated physics 52 (see FIGURE 5), as previously 35 described. Generated
physi cs 52 can be multiple generated physics systens 52 and can be plugged
into sinulator 76 as shown in FIGURE 5. Generated physics 52 can be

dynami cally available to'the WO 01/ 27750 PCTI USOQ 28237 23 end- user

anal ysts to use for nodeling (not for data input). FIGJURE 8 shows, for
exanple, three generated physics 52 that provide the end-user anal ysts a
sel ection of physics fromwhich to choose. A single sinulator 76 can thus
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wherei n the pordous rbeimethednffaim buher eamprisiag e gren of gengratingene gpmprgdret Gl ai m
1, furthermédRnadcs aRtDitiBiflet ShiffRarP EondRiBRMBdel BijecTOMhe 4R bfmbYe nfdbel objects for

25  estimating the error in the one or more equations, and wherein the generating a symbolic

representation step further comprises generating the symbolic representation using the one or more

error mode] objects.

5. The method of Claim 4, wherein the model objects and the error model objects are

30 intermediate user-viewable objects that can be used to verify progress.

6. The method of Claim 1, wherein said generating optimization rules step comprises

pre-calculating the geometric invariant quantities of a simplex.

35 7. The method of Claim 6, wherein said pre-calculating comprises sorting one or more

resulting equations for proper placement into the numeric core code.
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nodel obj ects and Dirichlet boundary condition nodel objects fromthe one
or nore _P,pectsfor 25 estimating the error in the one or

equati ons, an% erein the generating a symbolic represgﬁ?’gﬁ?"@ﬁl’%tep
further conprises generati ng the synb®l ic representation using the one or
nore error nodel objects. 5. The nethod of C aim4, wherein the nodel

obj ects and the error &P Qbj ect s 30 i nterrredr at e_user_ viewabl e

obj ects that tan Hécmee f&‘%rlr‘f"ﬁ? %%@?P@glgaﬁ({;”ulﬁfgemmfdmwm@O& mi,
wherein fklsd generating optim zation rules step conprises pre-calculating
the geonetric invariant quantities of a sinplex. 35 7. The nethod of Caim
6, wherein said pre-calculating conprises sorting one or nore resulting
equati ons f or9.pr oFbe mpthetbadilain 1) finther cdmprisingthe step of oenvertingisymbalion@nesl/ 27750
PCT/ USO8 e fan &g} &m@.ﬁb&mamgggmangﬂt@hmhlh.grrméﬁ,ragmmgngq zation rules
are semantic op§ zation rules The nethod of CAaimI, Turther
conprising the step of converting synbolic nanes fromthe | anguage of the

synbol i ¢ | angwage Thé ﬁ&ﬁ&cﬁif@lauh 0, finfier hﬁ:@hsul:gauesltepﬂif Qéentlig 4\@t dfastinage. 10.

The methpd of Claim 1 urt he ris the of neratin set of
test i np@ f e of 8?’38?&* “851 "f’Faf'{i:g grf?)agrl'x %""Pé’é“ ‘éﬁlc"%ﬁ ﬁ%‘%{ ?rrat rix
oper Ht or te anecbr madecsxmmrc regdwaﬂrmdmmtnsmaﬁperams basesl op i ggneratt;irlmus-ymtwl ic

resi dual gond tangent matrix operators based on the generated inputs to t est
for errors 11. The method of Caim1, wherein the synbolic |anguage
translator is Mathematica. 15 12. The method of Claim 11, further

conpri si ng the. st ghe MéthGdVNCiaitg 1,iWHere@tiR sbdIR I guaBéiiinb @S Mathekieh, USi Ng

Mat hematica's Integrate function. 13. The nethod of Claim1l, wherein the
one or nore equations are partial differential equations. 20 14. The

met hibd of O d2m 1JThe méthodaif Qlainh &1, Gmtbergpmprising thegten bf swivingdizne otmora f our -

di nensi o od of daim1l, wherein the

i nputti n%ﬂigiogﬁyﬁg&%gﬁorne%é%m %é'ﬁrﬁgﬁd all 25 other steps are
automatical ly performed by the conputer. 16. The nethod of Claim1, wherei n
the si mul at orj3c0MThé H&Bodef SRy € FwheRinlie@he britidPé éqatRins 80 Parkid) GiffBRAtial €
operators and test code file. 30 17. A systemfor creating on a conputer a
native 0%7“3 %rs and test code file for a finite element sinulator to
node20 fluid flow in porous nedia, conprising: neans for inputting into a

synbol i ¢ | angyage rhy AR Slain? 1 whkreil Bk Encf Hidke cGitioR MlscRBd AL €F S

dimensional physical system.

15, The method of Claim 1, wherein the inputting step is performed by a human and all
25  other steps are automatically performed by the computer.

16. The method of Claim 1, wherein the simulator comprises a solver, a user interface

and the native operators and test code file.

30 17. A system for creating on a computer a native operators and test code file for a finite
element simulator to model fluid flow in porous media, comprising:
means for inputting into a symbolic language translator one or more equations and parameters
describing the model to be created by the simulator; _
instructions for generating one or more model objects from the one or more equations and

35  parameters;
-

AL



describing the nodel to be created by the sinulator, instructions for
generating one or nore nodel objects fromthe one or nore equations and 35
paranet ers;wWQO¥27980" | [ [1ill [I1II 1"1" it I'1l CL MW @CIUSRAES237

PCT/ USOVB237 26 instructions for generaéing a synbolic representation for
one or nore residual anpd tangent trix o e.rafors of the.(ﬁlae gmrmre nodel
obj ects; i nstr UBtEMEHeEs ?bﬁengéw&aﬂ?‘%"’(ﬁ%s 198 15 ARG T O TP FBO HEESPT ¢

i nvari ant gaARbperdt@sofalie dnb 6r has mddd bbjeyd t angent natrix operators; 5

i nstructions far_generating pumner.l I 3 .

i nitializing caPrIgide ot ﬁe“g'ag?ﬁ%% infzatod |"ﬁ%sﬁg a'ﬁ%nhq%g %%g“%"@sfq’? fhe vesidual

| anguage o4nditdngens patois loperatpranguage transl ator; instructions for formatting
and optd m zi ng {hBGcRHEIRE béneaBfghumeiEcoltofitant Rfta SRR ihifiall 22 G618 8&Ue in a
translator;, and‘ Instructrons for generating the native operators and test
code file WHgh bY%E@S@P‘ﬁ'{:Pgt'H’&“%BF"P'E‘%‘eflﬂgléageT TW&’Q‘}‘P‘EH@"E‘? i ¢ | anguage
transl ator to Yihéhetich§ifor forhatiiny 20 otiMdiffigthéunshetie sdre culie using the symBolic Tirguagy st em
of daim17, wherejn the inputting instructions further conprise

i nstructi o8k ®hputting the one ore nore equations and paranmeters using
a graphi cal useinstiutions foagenerating thdwertive/opbmiorsand st godedie by morstsing the splich &le

gr aphi ¢al | LS4 ' t 15 entering
mat hemisjlqtSl [ cgﬁ%g@%ﬁbgﬁﬁg?%{a?%%}gomﬁg?&%]ﬂgtfv%gqé%t%rées?cﬁﬁfﬁg porous nedi a
conprises an oil reservoir. 20. The. systemof Caim 17, further conprising
i nstructions forg. gengk afstetilor@Mim 97, wherei thedbputing strivtiokel furthef @pfisef  om t he
one or nore nodel objects for estimating the error i.n the.one or. mor e
equat i ons, SRS & é‘ipﬂm%@e PRFSYS RSP PYIAUODF 37d PARIEFRUFR, %ra%t%?ﬁgfri gertace

r epr esent atoitiesyibolic mpuagetjuisiane theigrphical aser duesfadepmppisingragibfatignal galettsfonbol i ¢
represent agi ' or nore error nodel objects. 21. The system of
Caim %8 %ﬂ%%?é#'%éhgﬁ%'%%gg&?sébj ects and the error nodel objects are 25

i nt ermedi ate user-vi ewabl e objects that can be used to verify progress. 22.
The system of Qeai Mph{ sysithidr@idim 3R ivlerdein e pofdut MAkfa doRtiprids RESiPreicABir.

optim zation rules conprises pre-calculating the geonetric invariant
quantities. 30 23. The systemof C aim 22, wherein said pre-cal cul ating
conpri ses usi nQoa SiThpkBiem cTEldi U7, furthenminptisingifstuctionofosgeheratinglogeidraioge t he

e, , . o d . i It ;
Sauat i She FBF e GaipsR i bt afor ¥Rl e P HfmBlnd e or Sl elllre i
of C ai m 1¥quativins aed wherdiethe jrstrustions fir generatingassymbelicgemesentation Syhenvompriseon 35
rules. 111 indthub it ot %Jnuai]nlg the Lynlboiic rkprl%sellxtatibn qging the one or more error mode] objects.

21. The system of Claim 20, wherein the model objects and the error model objects are

25  intermediate user-viewable objects that can be used to verify progress.

22 The system of Claim 17, wherein said instructions for generating optimization rules

comprises pre-calculating the geometric invariant quantities.

30 23, The system of Claim 22, wherein said pre-calculating comprises using a simplex
method and matrix operations to calculate the geometric invariant quantities, and sorting one or more

resulting equations for proper placement into the numeric core code.

24, The system of Claim 17, wherein the optimization rules are semantic optimization
35  rules.



L Ms WO 01/ 27750 PCT/ US00/ 28237 27 25. The systemof Caim 17, further
conprising instructions for converting synbolic nanmes fromthe | anguage of
t he synmboMM12Z¥uage transl ator to the high | evel progPaemmiseapstaInguage.
26. The systemof Claim 17, further caaprising instructions for generating*

a set of test I nputs for_.qne gr re of, the synbolic residual and tangent
matri x oper at 3?5 a %ﬁ?’%ﬁﬁ@?‘f"ﬂz ft"ﬁ%’ °°81§’f'ﬁ[’ﬁ‘§“ﬁ‘¥t’°t"ﬁé” 6W§3Wgsﬁﬂ*’?§‘°synbol i C
resi dual nameéb froantfxciatgungetof the symbeliclupuagelvassiatbr cotht high lgeh pogteding lanpusgs t 0
test for errors. 27. The systemof Caim1l7, wherein the synbolic |anguage
translator is Mathematica. 10 28. The systemof Claim 27, further

conpri si ng i néér ucThesnsent ofiClaim| 17, fprgher tpmpiisieg ioftruptinngfor gegeratitigaises ofifesthout

usi ng s Mat RS roforSndrd Sra shBolit HGialal £1A tangSht mARR op¥&ibS MdhiclhiWel7, Wherein
the one or nore equations are partjal ditferential 15 equations. 30. The
syst em ofoutghts phfhexye oy Rere @f"ﬁmf“’rfés'@ﬁ'e‘mﬁ fangeat IRAtEY, PReTatosTRaseq o8 tiejafisrateds oy -

di nensi onputspdgs e arorsyst em 20 31. The system of O aim 17, wherein the

i nputting means are a conputer interface and wherein a human inputs the
one or nore equation and. paraneters and all other instructions are

aut omat i cal | y2per f Brerspstenbgf Qlévm 1. ovhprginghe sy®bolic Tinguage wanslatonis Mathginaticd. 7,
Wner%bln the high |l evel programm ng |anguage is Java, C++ 25 or Fortran.

33. e systemof Claim17, wherein the sinulator conprises a solver, a
user interfaces antheshaenefiGlaim 255w omerisipginsimetiontigesolving|the one.pyfpory | ||| -
i 1iii | flequktiond Without using Mathematica’s integrate function. L

29. The system of Claim 17, wherein the one or more equations are partial differential

15 equations.

30.  The system of Claim 29, wherein the one or more equations describe a four-

dimensional physical system.

20 31 The system of Claim 17, wherein the inputting means are a computer interface and
wherein a human inputs the one or more equation and parameters and all other instructions are

automatically performed by the computer.

32. The system of Claim 17, wherein the high level programming language is Java, C-++
25  orFortran.

33. The system of Claim 17, wherein the simulator comprises a solver, a user interface

and the native operators and test code file.
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