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Agstract

The FEARS system is an experimental finite element system
which uses adadtivity and parallelism to alleviate computational
orotlems of the metnod. This report contains a formal
sdecification of the system which is complete down to, but not
including, the numnerical processing. It functions as a

realistically comolex example of <the specification technique
usede.
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THE FORMAL SPECIFICATION OF AN
ADAPTIVE, PARALLEL FINITE ELEMENT SYSTEM

&32 The finite element method is a numerical method with many
f,% asplications and 3reat oractical importance. It also reguires
£ 1

%‘Q computations and data manipulations which are expensive and

unwieldy. The FEARS (Finite Element, Adaptive Research Solver)
§ oroject has attacked these proolems on several fronts: Adaptive
techniques have b»peen developed to streamline the input phase,

i

assist the user”s intuiticn, and achieve an ootimal cost/accuracy
5alance; parallelism has been introduced to provide data

s23mentation and the potential for exploitation of parallel
hsrduare. The current status of this project 1is reported in
{Zave o Rheindoldt 77] and [Zave & Rheinboldt 79].

The FEARS system has been designed as an experimental system
to test the valiaity and usefulness of the ideas atove. This
technical reoort contains a formal specification of the current
version of the system, which difers only slightly from that
presented in [Zave % Rheinboldt 77] and [Zave % Rheinbolct 791,

The systemn is specified aown to the Llevel of, but not
including, the numerical processings The specification itself
follows ideas prasented in CZzave & Fitzwater 771,
[(Fitzuater & Zave 771, ([Zave 78], ana 1is cublished here as a
raalistically complex 2xample of the application of those ideas.

I do not wish to duplicate the explanations of this
scecification technique which can be found in the referencead
articles: This report fs intended as a supplement to them, The

syntax of the soecification language used here, however, has been

chosen rather aroitrarily (if the wunderlying concepts prove
usefuly the exoerience of many users will eventually contribute a
w«icgely acceptasle syntax). For this reason, I will explain
br}efly the syntax used.

sgecification of & Systenm
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The specification becins with a section of symbol ic
oarameters, so that Dinding of their values can be delayed.

Tne system is specified as a set of processes. There 1is a
s2parate section of the specification for each type of process,
30 that the system consists of (in orager) bu + 1 “user"®
orocessesy, one "control" process, b2 "“two-subdomain'" processes,
51 "one-subdomain" brocesses, o0 "zero-subdomain" processes, and
bs "solver" processes.

A process is specified by its successor function. The first
entry in the section soecifying any process is a specification of
its successor functions The successor function is a function on
the set of all possible states of the process, called its "state
scace".

ALl sets wused in the specification are specified (in

alphabetical order) in the last sectione.

saecific

tion o9f 3 Function

-—— e - .-

10

ALl functions are declared by naming their domains and
ranjes,y as in:

function-name: ;

s> BEungs set ennrbeoisat.

If the function 1is pcrimitive then it is not formally
soacified further. Instead there will be a comment on its
declaraticn descrioing what it shoula do.

if the function 1is non=-prinitive, it is defined by a
functicn~expression 1in terms of “smaller” functions, arcuments,
and constants. A function—exoression can use tuple-formation:

(xy yy 2),
composition:

f(a(h)),
and selection:

Coletly D22ty ¢ o o DN2ENY,

Thp selection evaluates to the first fi such that pi is grue.

Since the specification Llanguage is “strongly tyoed",

argument Lists (formal and actual) must match the declared

domsins of their functions, and defining expressions must match
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the ceclared ranges of their functions.
In the spacification of each orocessy the successor function

definition is followed oy specifications of the functions used in

wdo

ite They are follosed by specifications of functions wused n
them, etc. FOor th2 most part the arrangement of functions is an
intuitive Llinearization of the underlying tree structure. The
definition f1 = ( f2(f2), fS(f4) ), for example, would be
followed by soecifications of f2, 2, f4, and fS (in that order).
Major suctrees, hosever, are separated into "groups”. The root
of a group subtree is reached via a statement such as:
turn: TURN GRIOUP

found in a place where a specification of the function *turn"
wduld have been expected. "Turn®” 4ill then be found as the first
soecification in the “TURN GROUP™ section, to be found a few

pases latere.

e

specification of a2 Set

ALl sets are declared simply by giving their names. A
orimitive set carries a3 comment describing what it should
containe A non-primitive set is defined by a set-expression in
tarms of "smaller'™ sets and constantse.

A set-exoression can be made wup of enumerations of
canstants:

{ true, false },
unions:

SET=-0NE U SET-TdO0,
and cross-products (cross=-product has precedence over union):

SET-ONE x SET=T40.

The state space of a process is defined implicitly by the
set-expression giving the domain and range of its successor
functiones If an initial value is needed, it is given after the
name of the set of «4hich it is an eslement, as in:

/ successor-function:
300LEAN o o true o o x OTHER=-SET
~==> 300LEAN x OTHER=SET.

lotcinsic Prinitives

l




i
é S,
{

-

The intrinsic orinitive sets are the integers (I) and the
numbers (8).
There ar2 a nunber of intrinsic primitive functions:

; “orcj=-x-y", x and y integers, projects an x-tuple onto its
first y componesnts;

"e3u" s o predicate which tests any two objects of the same
type for eguality;

"sum" and "max" perform the <indicated operations on any
nancer of numeric argunents;

“aiff', "gquotient", and "“product" are binary arithmetic
operators;

*ste" and "gte” are the binar{ numeric predicates ‘greater
than or egual®”, "less than or equal";

“xc-t", t 3 strin3j, is an exchange tfunction of type XC and
class t;

“xa-t"y, t 3 striny, is an exchance function of type XA and
class te

Any semantically neaningful expression, such as a function
dz2finitions an element of a tuple, an agplication of a function,
a "pi:fi" in a selection, a constant in a set enumeration, a
Jnion term in a set-exdoression, OF a cross-product term in a set-
expressiony, can be th2 subject of indexed repetition. A simple,
and fairly restrictive, syntax seems to oe sufficients To repeat
a function specificatiaon, for instance, one would write:

j1<"func333n-name(i)"

omain-set-expression

)"
-==> "range-set-expression(j)’

(j
s §
“function=-name(j)" "parametgn-list" =

i "tfunction-expression(j
This stands for eight specifications. Each quoted phrase stands
for a string «hich may have "j" in it; if so, each instance of j
will be replaced by one of the integers from 1 to 8 on that
integer”s repetition.

Any rzpetition construct can reglace any single instance of
the repeated exoression. For instance, the expression

7 (aybyj1<cj>3)

is equivalent to

(ay09819c24¢3);

S S
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the exgression
J1<£>3 (a,2)
is equivalent to
f(f(f(a,d)))
(f“s domain ana range nust be the same, since it is applied twice
to its own valuz); and the exoression
j1< x SET-j=NAME >3
is eguivalent to

SET=1=-NAYME x SET=2-NAMS x SET-3=-NAME,

(=]
=
"n

specification

The remainder of this reoort is the specification itself.




cu
5o
b1
S0
bs
bc
bpo
5t

CINSTANTS
ch
cr
cm
ce
cs

ct

ct

J0una
pound
bouna
couna
dounai
oound
doundg

20ungd

on

an

on

on

on

on

an

on

the
the
the
the
the
the
the

the

numoer
number
number
number
number
number
number

number

of
of
of
of
of
of
of
of

users minus 1
teo-subdomains
one-subcomains
zero-subdomains
solvers

commands per turn
passes per command

pairs in a two-subdomain report

the nighest oossible error value

the cost per element of refinement

the ¢
the ¢
the c

the ¢

Jst
Jst
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of computing a micro-stiffness matrix

oer element of computing error indicators

oer 2oint of setting up a linear system

of the cost per pcint of solving a linear
systan

the cost ser element of refining and solving for the
new soint




USER PROCESSES

SJCCESSOR 5RQOUP

- jl<user-j-successor:
PHASE o o first « « x FLAG x STATUS x
1 ADJACENCY x MESH x POSTDATA
-==> PHASE x FLAG x STATUS x ADJACENCY x MESH x POSTDATA
user-g succassor(pyfysyasymed) =
equlp,first): = ; ;
first-step(initial-j~adjacency)
'equ(a,agggc):
3 other-stes(turn(f,s,m),a,d)
>ou

initial-j-aijacency: DOMAIN INITIALIZATION GROUP

first-step:
ADJACENCY
-==> PHASE x FLAG x STATUS x ADJACENCY x MESH x POSTDATA
first-step(a) =
Cother,
initial-flag,
initial-status,
a
initial-mesh(a),
)1n1t1al-postdata
initial-flag:
=-==> FLAS
This non-deterninistic function represents the user”s
choice of initial "manual overrice® flag.
initial-status:
-==> STATUS
This non-deterninistic function represents the user”s
choice of initial status reccorde.
initial=-mesh:
ADJAC:ENCY
===> MESH
This non-desterninistic function represents the creation
of all user-specific data kn initial mesh is based on
the adjacency relation, uhlch is the "skeleton" of the
domaine.
/ initisl-postdata:
-==> POSTDATA
This non=deterninistic function reporesents the user”’s
choice of initial post-processing data.




turn: TURN S35RO0UP

MESH) x ADJACENCY x POST

X A
FLAS x STATUS x ADJACENCY

x o

SH x POSTDATA
My
)post orocess(sya,m,d)

neu-tlai:
FLAG

This non-deterninistic function repre ents the user”s

choice of a new "manual override" flag between turns,
post-process:

STATUS x ADJACZINCY x MESH x POSTDATA
-==> POSTDATA

Thls'non-detern1n1st1c function represents the individual
user”s osost-praocessing, of any kind. For instance, all
numerical output is g2neratec by this function.

his function may include a seguence of queries t
suddomain processes, for the purpose of getting DOMAIN
informatione These gueries take the forms:

(¢]

XC= r.Z.](xa-a.Z.J((Qns-ler.q )) 1 in { 11 ° o o
b, in T«0-30ERY, y1eld1ng a result in

¥‘9?ANsw°3;'(c ) in € 1

XC=TFeleoe]JXa3=Ge'loe answery,gJ) n Y s e e 9
o) s Q9 in 5NE-GUER7, y1e[d%ng a result in
IVE-ANSWER; )

b 4 r.D.J(xa-a.O.]((agswer,q))). Joam L Iy s e e 9
) y g in ZERC-30JEFRY, yielding a result in
ZZRO-ANSWER

e b i dlicice . . Al b i i d i o8 . it




system.

1
=subcomai
-subdcmai

]

1

1

istic function represents the creation
Je)=subccma

ize-j=-user(a)>bu,

ize-2.
ize-1.

-control(a)

al-domain?

n
r

SROUP
n1i
of the domain for all users of the

DOMAIN

‘a) =

_i-user(a)
a)

2258
(a

z-a:iacency
CENCY
proj

This non-deter

tial=-
-—=> ADJ

ini
>2u
initialize(a

DOMAIN INITIALIZATION
ir<

Ner )
——ad
-a>d

Qa2
-~

-

- 1

-

emain,aomain-select(d,2.j)))

in

-

j-subdomain

-
“Ce

tialize=contral (3)
xc=c(a)

ini
1<initialize=1.j=sundoma

b
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DOMAIN
i -=-=> NULL !
i initialize-1.j-subdomain(a) = § ; 1
4 T x3=aslej((jnitialize-domainysdomain~-select(d,1.j))) 1
3 )
& 1
i j1<initialize-J.j=-subdomnain:
. DOMAIN !
i -==> NULL 1
£ initialize=J,j-subdomain(d) = . :
3 s xa=3.J).j((initialize-domain,aomain-select(d,0.j))) i
E 4 9
: domain-select: |
DOMAIN x ADDRESS |
===> SUSDOMAIN |
This function selects the adcressed subdomain segment. 1
%
J-J

= g
:
2
A ¥
i
= {
o 4
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J é
1
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4
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TUJRN GRIAUP
turn:
FLAG x STATUS x MESH
===> STATUS x MESH

turn(f,s,m) =
receive=-status-out
(2na=turn
(taka=a=turn
(start-turn :
mysend=-status-in(f,s)))))

sena-status-in:
FLAS x STATJS
-—=> NULL

senc-status-in(f,s) =
xa=c((f,s))

start=-turn:
MESH x NULL
-==> HULL

start-2.j-supdomain(m)>b2
start=1.,] -subdomain(m)>b1
start-0.) -subdomain(m)>b0

j1<start=-2.j-suddomain:
MESH
-==> NULL

start=-Z.j-sudcca ) z
$63 xa-a.2.1((______ngg:gggg nesh-select(my2.j)))
34
ji<start=-1.j=-suddomnain:
MESH
-==> NULL
start-1.j-suddomain(nm {
jia

xa=ae.lej((initialize-user
>31

j1<start-N.j-suddonain:
MESH
-==> NULL

start=-C.j=-su2aomain(m) =
xa-a.J.]((1gigi_g_;g:g§gr,mesh -select(m,0.3j)))
>%p
mesh=select:
MESH x ADDRESS
===> SU3MESH
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This function selects the addressed subdomain segmente.

take-~a-turn:
NULL
=-==> NULL

take=a-turn(n
proj=2-1
4

cnw Z2=2

Eceive-renort(send-command(;;gg)))

Snmand(r)

)

ceive-report

(senj-commang
(make=command(r))))

maka=commani:
REPIRT

-==> COMMAND
This non-deterninistic function represents the user”s
choice of his next command, ovased on the last report.

mMmand
coMvayNd
-==> NULL
senu=-commanalc) =
xc=-m(c)
receive-reoort:
NULL
-==> REPORT
receive-resort(null) =
xc=r(nyll)




3
> 13 !
satisfied:
REPORT
mwmd £ trupe Talsg )
This non-daterninistic predicate represents the user”s ‘
: choice <4hether or not to terminate his turn,
i end=-turn:
H NuLL
---> MESH
E | end-turn(pull) = |
§ unite=nesh ¥ 3 ]
3 (j1<end-2.j-subdomain>b,
2 j1<end-1.j-subdomain>bi,
- )11<end-0.]-subdomain>b0
3 1<end-2 j=-subzomain:
; -==> TWD=SU3MESH
end=2.j-sud3dmain =
e xc=re2.j(xa=ae2.j((fjnalize-user,null)))
52
j1<end-1,j-susiomain:
===> ONE-SU2VESH
3 end=1.j-sudb3amain ;
: Sy xc-relejlxa=- a.1 j(Cfinalize-user,null)))
)

J1<end-).; subdama1n
—==> TERDO~-SU3IMESH
Jgmain

.]x-

end=J. j=suddomain =
e xc=redej(xa=aedej((finalize-yser,null)))
5
unit2-mesh:
< x TAD=-SJU3MESH >b2 x j1< x ONE=-SUBMESH >b51 «x
g x ZERO=-SUBYMESH >b)d

Y
s function joins segments to form a complete MESH
Jcture again,

receive-status=out:
MES
-==> STATUS x MESH

receive-status=put(n) =
(xc=cCoyll),

Ry, =t 00 oY




SJCCESSOR 3R0UP

control-s
PHAS
-==> PHAS
control=s;
Legqu

c

ming

w

.10

ety Py
e O

s&c; e x ADJACENCY

~C

VLU ~OUN
we 0 xe O

e

'equ(

HY DY © o
N 1w o
"

D
- e

QI
it T e 0

e

(gther,a)

send=-status-out
(cleanup~-turn=-status
(do=-a=turn
3 (ayreceive-status=in)))

l-adjacency:

2
Y
ol-adjacency =
L

clecnup-turn-status((tcu,cttyctCcySPCyaeySNer),ys) =
((sum(tcuyctt)ylyctcySpCsaCySNyr)ys)
senc-status=-out:
STATUS
-==> NULL

senc-status=-sut(s) =
xc-c(s)
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-1
cleanup-commanc-status(s),send-report(report(s)))

nand-status:

mand- sta 5c5.ctt.ctc SPCyaeySNyr),s) =
.ae,sn'r

CUysCttyctcySDCy2€y5NyPr)y8) =
raulazae,sn),ct sspcysumctt,cte))

ERROR x SOLUTION=-NORM

is function computes the relative error to be used as
e measure of refinement.,

turn-status:
ABJACENCY x FLAG x STATUS
-==> STATUS

turn-status(a,f,s) =
s
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st LN S A

i 5 PASS GROUP

oass-gf-needea:

. IGNAL x ADJACEINCY x FLAG x STATUS x COMMAND x STEP
E R ===> SIGNAL x ADJACENCY x FLAG x STATUS x COMMAND x STEP
; é pass—if-needed(3yasfysyc,t) =
- Eequ(%.gggg):
 § S9839T9SeCyt)
@ )

(&)

v
wxy

-~ (D X -
-
Vet ® |=h—H0

wano9Q Vet Q 3O

—rre | -

o
mww

; COMMAND

(]
e =
jre==—for

r—

—

)): rde
ae.sn§7§§s= true,
H s)

20950

Lrrav
I=h/~e Qe

ss-estimate(r,s)),cl): true,

Vet errt 1~ = |t >~

N~
WL~ A~h )
P00 ® ®ct
D A~~~ @0 p= |
O OC
MO oD
Mo e O~ =3¢

—

es the cost of a long solution pass,
a in the status record, the node/

he constants crycmyceycsycle

rrula is (cr)(re) + (cm)‘ae) +

e) + (clL)[(r)(ae)]x*3, where er is
9f refined elements, and ae is the
active elements, based on

VPt~ DU ODD
[=4" 2= & ] ~T O>P>N
Let®» O My - OO

(3! clysplyr),t) =
: Qeng

: shart

i St Bl the . 4l AT




xtu'(nax-hlgh-cuto‘f(s).max—lou-cutoff(s))

neu-cuto

ffs
===> CUTOFF

V’n

This non-deterninistic functicn represents the user”’s
choice of new cutoffs, when the "manual override" flag
1S oOn.

off(3 ;1<(lae.lsn.lhc.llc.o)>b2) =
lhe>as

<(laeylsnylhcylhl,y,p)>b2) =

N0 O
~h
~h
0~
v

Qe

[ 0

~ -

max
cass:
ADJACENCY x STATUS x LENGTH x CUTOFFS
-==> STATUS
pass(assylsec) =
error-indication-phase(comoute-phase(a,Sylyc))
compute-nhase:
ADJACENCY x STATUS x LENGTH x CUTOFFS
-==> STATUS
ccmgute=-phas=2(a,s,lyc) =
Ee:u(l.iggfgfz' !
retfine=-and-short-solve(s,c)
’
egu(l n3):
3 l5%§=§alve(refine(a.s,c)) 1

refine-and-short-solve: REFINEVMENT AND SHORT SOLUTION GROUP
refine: REFINEMENT ONLY GROUP
long=solve: LON3 SJOLUTION GROUP

error- indication-ohase-
TATUS
———) STATUS

errcr=-indication-phase(s) =




>21

ccmputz=-errors

(syget-new~derivatives)

get-new-derivatives:

-==> j1< x NJULL >21

jet-new-derivatives
J1<new=1,sj=der

-——)

tive
Xa~ae

new=1¢ j=d2riva

xc-r.1.j

compute-errors:
STATUS x 31< x
-==> STATUS

comgute-2rrzrs(s,n)

-
=

jvatijves>b1l

j1<new=-1.j-derivatives: :
NULL

1 Jt(ngu derivatives,null)))

NULL >21

b | newer=status(s,j1<error-2.j-supdomain>b2)

ji<errcr~-

c=ed>

b | error=2.}
E | Ac=r
- >02

rsynull)))

AND x STEP

.3pl.r).t)

sum(t,1)




RZFINEMENT AND SHORT SOLUTION GROUP

refine-and-short-solve:
STATUS x CJTOFFS

===> STATUS

refine-and-short-solve(s,c) =
short-n2w-status(s,refine-all-and-short-solve(c))

and-short=-sol ve:

hort-solve( ) =
-Z.J-and- hort-solve(c)>b2)

)1<ref1ne-2-; and-short-sol ve:
CUTOFFS
===> COUNT

refine-2.j=-ana-shor
XC=rs2ej(xa=ae:
>32

short-n2w=status:
STATUS x COUNT

-==> STATUS
short-?ea-status(((tcu,ctt.ctc.soc.ae'sn'r),s),c) =

tcu

ctt,

sumzctc.shart -pass-caost(c)),

sum(sac,1),

as,

of a short passe The
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REFINEMENT OMLY GROUP

refine:
ADJ
STA

UHT‘I

AC
—> TU
refine(a,s,c) =

long=-ns4=-status 3 E
(sysunmarize-refinement(asall-refine(c)))

-t
D~ e
"

j1<refine-2.;-suodaaain:
CUTOFFS
===> TWO=-SU3REFINEMENT

refine-2.j=subdomnain(c) =
xc-r.Z.](xa-a.Z.]((ref1ne,c)))

- -——- - -

> i %
one-refine:
TWO=-REFINEMENT
—==> REFINEMENT
cne-refine(t) =
(ty(j1<refine=-1.j~-subdomain>bl))
ji<refine-1. g-saodonain:
===> ONE=SUSREFINEMENT
refine-1.j-supcomain =
ah xc-relej(xa=aelej((Llist-pointssnull)))
0
summarize-refinement:
ADJACENCY x REFINEMENT
-==> COUNTS x SU3SET=INFO
summarize-refinement (a,r) =
(make=-counts(r),find=-subsets(a,r))
make=-c -
’ R WENT

g
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ADDRESSES

nction creates the orders which

N
R
fu
L bdoma1n and solver processes what to
o
le
im

- T Qv

.~
c

i
o

ox

n phase, It works as follows: 3
is "active” if its numbers of active
ments are non-zerow The solution

al sets of adjacent active

their adjacent one- and zero-

By ey

* D

¥

ocCc i< m™m

¥
g
i
:
¥
3
g
i

o
points and
sucsets are
Two=-suzdoma
subdomains)

‘I
The entry esoondlng to & tuc-sundoma1n, a
SOLVER-4DDRESS, gé if that two-subdomain is not
active, and 1s the a ress of the solver process
handling the subdcmain®s subset, if it is active,
] Thare are as many active solver processes as there
| are sudosets. The entries for all superfluous solver

:nncmm-o-

0n Iy r

D =82 () rt=te
(2] ~ 00Kt OH
-0 VDIM3r~0 =
tn -~

cxm-mﬂnm <<

For an act¥ve solver. the SOLVE-ORDER contains a
List of all points in its subset belonging to one- and
zero-suddomains, a count of all points in the subset,
and a List of two-sudbdomains belonging to its suosete.

long-neu-

SUBSET=INFO )

st
TUs
——> STATUS

long~new=statu
2w

(long=n c;rd(s,c.b),b)

"SUBSET-INFO

record
CtCySPCya3€y3SNyr)4S),
c

ytsl)>bs),

sumzctc,long pass-coat(tae,tre.11<pc>bs)),
sum(soac,1),

ae,
sn
)auatient(sum(j1<oc>bs),tae)
s'
)
lony=-gass=-cost:
COUNT x COJUNT x j1< x COUNT >bs
-==> COST
This formula gives the cost of a lon? passe The
criginal formula is (cr)(tre) + (cm)(tae) + (ce)(tae) +
§1< + (ecs)(oc) >bs + j1< + (cl)(pc)**3 D>bs.,

|
o
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LONG SOLUTION 3ROUP

Long=-solve:
STATUS x SJU3SET=-INFO

§ long-solve(s,(vya)) =
pro;-?-i
(s, -
(]1<order -Z.J-sundom in( )>b2,
))1<arde -se)~solver(v)>ps
)
jl<order-2.j-sudadonain:
i SOLVER-ADDRESSES
--=> NULL
1 order-2e.j-sudodcmain(a) = j
3 xc=re2ej(xa-ae2e.j((partial-Llong-solution,
' ))sotver-setecfta.z.]f
)
>22
solver-select:
SOLVER-ADDRESSES x ADDRESS
-==> SOLVER-ADDRESS
This function selects the adcressed solver process
addresse

j1<5rder-s.j-solver:
SOLVE=DJRDERS

-==> NULL

order-sosj=solver(v) = !
xC=-aeSej(order-select(vysej))

>2s
order-select:
SOLVE=-ORDERS x ADDRESS
-==> SOLVE=JRDER
This function selects the adcressed solver process orcer.
ﬂ 5 3
|
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J1<tuo-]~subd
TwWd=S
-==> T40=-S

cco
wwg
ovw
C O=.
2°£D
>

; : two-j=-subdomnain-
3 § two-j=0dey(

>0¢
ji<cet=2.j=0r
-==> TW0=0

d

R

cet=-2.j-order
XC‘a.Z.j

>02

ji1<two-j=-obey:
TWwC=SU
-==> TW0=-S

U
two=-j—obey(
[e,u(%

ser): :
Q!I_L) s XC=r 02 o) (m))

c-r.é.j(tuo-ansuer(d.m,t))

e):
ort-solve(dym,t))

1]
0
c
~
T0

nd=short=sol
’
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®
0
(&
~
(1Y
® <t N~ I I
w1
wi—~
N~ CI0 .
mo  ~d
VD
Qi »
-0 cC
nllad f\

Vo
Qe

Long=-solve(d,m,t),t)

10

wpw
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~NO Ty o~
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1 ~I

):
ycomgplete~long-solve(d,m,t))

m (0}
n n
c c
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(2] —~0
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two=ansmer
Tw 'AIN x TWO-SUBMESH x TWO-QUERY

ion answers a query asked of a two=-subaomain
its Llocal datae.

MAIN x TWO-SUEMESH x CUTOFFS
SH x COUNT
t

ion refines the mesh structure accordinc to the
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3 cutoffs, performs a short solution computation on the

E 5 newly refined 2lements, and procduces a count of refined

E & e lements.,

- *refine:
TWO-SUSDOMAIN x TWO-SUBMESH x CUTOFFS
===> TWO-SU3YESH x TWO-SUBREFINEMENT

This function refines the mesh structure according to
the cutoffs, and procduces counts of active points, active
e lements, anc refinec elementse.

-SUBREFINEMENT))

refinement~j-
proj=-2-1
>32

¥y

4 ———

oagucing updates for the sclver process desicnated
e this two-sutdomain”s sutset.,

H x UPDATES) x SOLVER-ADDRESS

x TWO=SU3MESH x PARTIAL=-SOLUTION

o
UL}
e

integrates the partial solution
and completes the local solution.

long=solve=
TW0=SU
-==> TWC=SU

lonu=solve~-
groj=2

2200

4

[ e ] wiwu-
- 0

~tn OCOoOv
u—~ >»>r—
- P riry

i *errcors:
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7 TWO=-SUZDOMAIN x TWO-SUSMESH
===> TWO=-SU3%ESH x SUMMARY
E This function computes error indicators and prepares a
% summary.
:
¥ ji<error-j-result:
B TWO=SUZDOMAIN x (TWC-SUBMESH x SUMMARY)
E § ===> TWO=SU3DOMAIN x TWO-SUBMESH
- errcr=j-result(c,(mys)) =
' i Eroj=2-1((dym)yxc=r.2.j(s))
>0¢
TTTTTETRTSTTOACtion may include a sequence of queries and
upcates to neighvoririg one- and zero- subdomain processes.
The q¥erzes ta%e_%?e forms:))) 5
XC=T o X2=aele an rsC mn
3 In*INEtaddry2Ps¥ELaSa 03 a gesult in"oNE> Ansuéa-
xc-r.u.l(xa-a.G.J((aggggg g Jy 3 in {1y, o« &
G In ZERO=GUERY, y1e[ ing a result in ZERO-ANghER.
The ucdates take the form:
xa=aelej((ypdatesud)y j in €1y o « b1}, u in ONE-UPDATE.

i T A O B ki o it

PR
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jl1<one-j=-subdom2in-
] ONE=SU3DOQOMA
--=> ONE=-SU3DOMA

one-j-subdomnain-s
cne=j-coey(a ¢
>21

sy

ji<gset-one-j-
-==> ONE=O

get-one=j=-
XC=ae.

-0 =20
Lol |

>21

‘J1<one-j-obey:
O NE =St
===> CNE=-S!

one=-j=-obey
Cegu(

urw
oo

3 3193 OO

x (ONE-ORDER x ONE=-DATA)
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list- Do1nts:
NE=-SU3YESH
——D ONE-SUB EFINEMENT

This function nakes a List of all the points in the
current one-suomeshe.

o

c

rt

1

(2]
oo
P

c

U Rt

% ONE-SOLUTIONS

ion updates the current one-submesh with new

nal derivatives. It will
-subdomain processesy, in

g))), j in {1 e o o b2},
ing a result 1n

> AT,
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ji<solver=-j-successor:
-==> NULL

solver-j-suyccessor =
send-sclutions
(salve X
(update-j-system
(setup=-j=-system)))
>2s

jl<setup-j-system:
- LgVSYS

setup-j=-systam =
setup(xc=-aes«jlnull))

>3s

ER
Tad=SJEDCVMAIN-COUNT

e information in the SOLVE-ORDER. It also procuces

£o

39 ¢

Tgis function sets up a lLinear system solution from

t

a count of the number 0f two-subcomains in this subset.

ni-usdate:

L) =

receive-j=ani-usiat )
i j-updates)

e
update(l,receive
>5s

ji<reccive=-
-==> UPD

p LN

receive~-
Xxc-

W e
L |
~U

>3s

x UPDATES

unction incorporates the updates frcm a
s3cmaine

solve:

30
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LINSYS
===2> SOLUTIINS

This function solves the linear system.

senc-solutions:
SOLYTIONS
~=m3> NULL
senu-solutions(s) =
sroj=2-1
(ﬂgll'
UjT3send-2.j-cartial-solutions(s)>b2,
11<send-1.)j-solutions(s)>t1,
}J1<senc-C.j-solutions(s)>cd
)
jl1<send=-2.j-partial-solutions:
SOLUTICONS
-==> NULL
sen.=-Z2.j=partial- solut13ns(s) =
Lars-solutions-for(s,2.j): :
xa=ae2ej((complete-long=solution,
select=-solutions{s,2.])

>02

ji<senc-

———d>

senc=1.j=solutidons(s)
Lare- salu’tons f
(g

Xa-a .1.J

or(sy1ej): ;
yt-sclutions,select-solutions(s,1.j)))

tryeznuil

>31
ji<sencv=-J.ij=solutions:
SCLUTIJNS
-==3> NULL
senu-C.j-soLat1ans(s) =
Care=-sclutions=for(s,J.j): 3
xn-a.J.J( gut-sclutionsselect=-solutions(s,0.j)))
;::ugzauLL
>3]
are=solutions=-for:
QOLUTISVS x ADDRESS
===> { trugs false ?
P This or2gicate tells whether or nor the SOLUTIONS
structure contains solutions (or partial solutions)
for the acdressed sutdomaine
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===> PARTIAL-SOLJUTION U ONE-SOLUTIONS U ZERO-SOLUTION
This function selects the addressed solution structure,

—
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SEIS
(In Alohapetical Order)

als and Integers
%) ang (]) respectively

o

]

[

a.

"

()

1=
2w

ADDRESS =
{ j1<2ej>22, j1€1.j>b1, §1<0.j>b0, j1<s.j>bs )

ADJACENCY

This data structure contains the comolete adjacency relation
on all two- , one- , and zero-subdomains.

COMMAND =

CosST ()

COUNT ()

COUNTS

CITOFFS
HIGH-CUTOFF
TCFF

DOMAIN

This data structure contains mnappi
It must be segmented by subdomains
segment containing (redunagantly) t
relation.

ngs and bilinear formse.
s Wwith each subdomain®s
he Local adjacency

ERROR (R)

FLAG =
s $resy o)
LENCTH =
{ shorty Long 2
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MESH
This data structure contaijns_a mesh with the most recent
solutions zttached, the user”s voundary conditions, and the
lvad functional. It must bte segmented oy subdomains.
NJLL =

{ null ?

ONE-ANSWER

This data structure contains an answer to a query sent to a
one=-subcomain orocess.

CNE-DATA =
ONE=-SU3DOMAIN Uy OVE-SUEMESH U ONE=-QUERY U ONE-UPDATE U
NULL U ONE=-SCLUTIONS
ONE-ORCER =
€ joitialize-domain, initialize-user,
Tinalize-ysef, answsr, 4pdatey Cist-points,
eulzsolutions, 18w=derivativeés ¥
ONE-GUERY

This data structure contains a guery sent to a one-sutdomain
processe.

ONE-REFINEMENT =
j1< x ONE=-SUSBREFINEMENT >31

ONE=-SOLUTIONS

This data stry
inccrporated i

cture tains
nto a -SUBME

mJ

¢co new solutions to be
oN SH,
OVZ-SUEDOMATIN

This Jata structure contains a segment of the DOMAIN cdata
structure 2elonging to a one-subdomaine.

ONE-SUSMESH

This dJata structure contains a segment of the MESH data
structure d2elonging to a one-sucdomain.

ONE=SUCRE FINEMENT

This data structure contains a List of all the coints in
a one=sudbdomain, reported immediately after refinement.
Since it #4ill decome part of a larger igg§xgg cdata
p struc:ure, it should pe implementead as a fTixeéd-length data
" structure,

ONZ=UPUATE

This 23ata structure contains the information for an
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update to 3 one-subdomain processe.

PARTIAL-SOLUTION

This data structure contains the partial solution
information that 3 solver process sends back to a

twO=suddomain process belonging to the solver®s subsete

PHASE =
{ first, 2ther )

POSTDATA

This data structure contains the user”s post-processing

data, of any kind.

RATIO (R)

REFINEMENT =

Twd=R
ONE=-R

min

REIPORT

2) «x

M3ER (1) x

c ~

X
ol |

SOLUTICNS

This data strusture contains the results

Linear system in a3 solver processe

SILVYE-ORDER

<

L
N

-10u
. 00C
Qri
-
cili1c
wors
DO

S
U
0

POINT=LIST

This data structure is a List of points to be solved

for oy a solver orocess.
TwO=-SU3DOMAIN=-LIST
subsets.

SILVE=CRDERS =

of solving a

This data structure is a list of two-subgomains in a

35




j1< x SOLVYZ=-0ORDER >bs

SOLVER-ADDRESS =
NULL U { j1<s.j>bs 2}

SOLVER=-ADDRESS:ZS =
j1< x SOLVZIR=-ADDRISS >b2

TOTAL-COST-USED (R) «x
COST-THIS-TUIN (RT x
COST-THIS-COMWAND (R) «x
SOLUTION=-PASS=COUNT (I) x
A3SJOLJTE-SRRIR (R) «x
SOLUTION=-NORW (RT x
RATID

SUMMARIES =

j1< x SUMMARY >p2
STEP (])

SJ3DCMAIN =

TwO-SU3DOMAIN U OVE-SUBDOMAIN U ZERO-SUSDOMAIN
SJ3VESH =

Tw~0=SU3MESY U INE-SUSMESH U ZERO-SUBMESH

SJUISET=INFOY =
SCLVE=-ORDZIS x SOLVER=-ADDRESSES

36

SIMMARY =
LOCAL=-A3SOLUTEZ=ERROR (P) «x
LOCAL=SOLJUTION=NORY (RT x
LCCAL=-HIGH=-CUTIFF (R) ' x
LOCAL-LOW=CUTIEF (RT x
J1< x SUMMARY=PAIR >bt
SUMMARY=PAIR =
ERRJOR=-LEVEL (R) «x
p ELEMENT=COUNT (D)
TdO=ANSJER
This data structure contains an answer to a query sent to a
twOo=csuhdonain processe
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TAdJ=DATA =
TwD=-SU3DOMAIN U TAO-SUSBMESH U NULL U TWO=-QUERY U CUTOFFS U
SOLVYER-ADDRESS U PARTIAL=-SOLUTION
R TA0-0RDER
KB
k& { initislize-Jomain, initialize-user, finalize-usar,
P ansder, re¥ine-and-short=solve, -refine,
‘a2 2artial-Lon3355T0tT3n, complefe-Tong=solution,
[ compufe=arrars ¥
L
E TAdO=GQULRY

This data structure contains a query sent to a two-subdomain
pracesse.

TA4I-REFINZIMENT =
j1< x TWO-SUSBREFINEMENT >b2

TAO=SUcDOMAIN

This data structure contains a segment of the DOMAIN cata
structures 2elonging to a two-subcdomain.

TAO=SUCLDOMAIN=-COUNT (1)
T+0-SUZME SH

This data structure contains a segment of the YESH data
structur2 selonging to a two-subdomaine

T4O-SUEBREFIMEMENT =
ACTIVE=-POINTS (1) «x
ACTIVE-ELEVMENTS (1) «x
REFINED=-ELIMENTS (])

UPDATES

Tris data structure contains the uodates that a
two-subdomain orocess sends to the solver process solving
the suds2t to #4hith the two-subaomain telongs.

ZZRO-ANSWER

Tnis data structure contains an answer to a3 query sent to a
2ero=-supdonain pracesse..

ZZRO=DATA =
ZERO=SUSDOVAIN U ZERO-SU3MESH U ZERO=-QUERY U ZERO=-SOLUTION

ZZRO=QUERY
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Tnis cats structure contains a guery sent to @
zerc-su4zidcnein pracess.,
JIRO-SOLUTION (R)
£l ’
' IZRO-SU3ZOVMAIN
This 3s5ta structure cont2ins a segment of the DOMAIN data
structure detlonging to 38 zero-subdomain.
ZERO—-SU3IMESH
: This data structure contains a cegment of the MESH cata
e structure 2elunging to a3 zero-s.bdomaine
:, \
' V/
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