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A simple bul eiTective metbod is ~ntec.l for evaluatiog lhe free vibration characterisrics of a Ouid-filled 
<:ylindrical shell witb classical oound.uy condi rions of aoy type.. Effects o( slatic liquid pt:essure, in-plane iu«1ins 
and liquld frce surface mQtions are taken inh> 3ceount. A cl:~mped-frce cylindrical tank Is analyscd and the 
accurney of lhe results is ~monstr~red by cnmparing tbem wilb. expedrneotnl results fuund in lit.,ratunJ. 

Keywords: Tlüo Walled Shells, Free Vibmtlons, f1uid-Sbcllloteractioo , Shell Boundary Conditions 

lntroductlon 

Knowledge of lhe free vibradon charactcrlsliCS of Ouid·filled cylindrical shclls Íl; of considerable 
prac1ical interesl, considering lhàl mc>Sl cylindrical sbells are utilisc~ as coruainmenl vesscl.s or tanks 

for lhe storage of Ouids. Tbe combiocd effccts of inl!"rlialloadiog aod hydrosmtic pressure on lhe shell 
wall, lhe effects of lhe free surface mo1ions in shells partially tilled with liquiu and lhe coupling 

bctwccn nuid and shell wall molions may oiTccl signilicantly lhe dynamic bchaviour of fluid filled 

sbells. The study of sucb topics has lcd to ao cxtensive literature on lhe subjcct. Uut lhe m<~jority or 

thesc works is concemed witb particular scts ofboundury condi tioos for the shell and lhe nuid medi um 

(Jnin,\974, Yamaki et ai.,I984, Chibo c1 al., l 985, Gonçalves e Oatista,l987). 

The purpose of lhe present work is 10 devclop o general forruulalion for lhe problem, based on lhe 
underlylng idcas of 1bc bierarcbical finile elemeot melhod, which !.IIIOws onc 10 obtaio 1ho frec 

vibralion frequt:ncies and vibralion modcs of cylindrical sbells parlially or complclcly filled with 

liquid and subjec1ed to any consistent sei of boundary condllions. 

The vibrul iOn<> o r lhe shell ore examirl1!d by using Sanders shelllhcory (Sandcrs,l%J). 111C Ooitl Í!ô 

1rea1cd as non-visc{)US aod incomprcssible and i lS molion is nssumed to be irrolalionul. ln order lo 
solve lhe problcm, lhe parúal differemial cqualions of motion in tcrms of lhe ~hei I tli!'placcme.nls are 

1ransfor mcd into a system of first order ordinnry diCferential cqualions in lerms of lhe shell 
displaccmcnls nnd stress resultnnls anda solulion busct.l ôn tlie use of linL'llr nnd trlgonomctric shnpc 
func1ions is derived. Thcse system variobles nre lhose voriablcs which dcsc.:rihc lhe nllltu'<~ l und 

geomc1ric boundary condilions of the shell. Thc fluiú vcJocity potenl ial is cxp<liHktl in 1crm~ of 
hruruonic functions which smisfy lhe Laplace equalion 1erm by 1erm and thc rclcvunl bóunc.hlT)' 

conditions. 

Solutions are presented to show tht: cffcct of o variable height of l iquid on 1hc nuid and shell 
natural frequcncics. They show lhat lhe e[fcct of lhe liquid on thin vcrtil.:al cylinúric.:al umks is quite 

signilicant nnd musl ulways be lakcn into account i o dc:sign. Comparisons of thc prcscnt numerical 

results wi th those oblained by other theories and from expcri mcnls urc ftlund lo bc goo(.] untl 

dcmons1ra1e lhe validity ofthe present methoclology {Ramoo,1993). 

Manuscript roceived: April 1994. Technical Editor: Agenor de Toledo Fleury 
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Basic Theory 

Shell Equatlona 

Coosíder a thin-walled circular cylinddcal shell of lengtb L, radius R anel tbick.ness h. The shell is 
assumed to be made of an eJastic material with Young's modulus E, Poisson's rntio v and mass 
density Pc:· The bollom of the sheU is assume<! to be flat and rigid. The radial, ciicumferential aod 
axia I co-ordinates are den01ed b y, respectivel y, r, O and z and the correspondi og displacemeots on lhe 

shell midcUe surfooc are in tum denoted by W, V and U, as shown in Fig. 1. The tank is frlled to a 

hcíght H witb a non-viscous, incompressible and irrotatlonaJ liquld of mass density pf . The time is 
denotcd by t. 

I 

i 

H 

/-------------·11==~-----, 
................. .,.,. ... "' 

..... ~ ... -- ... -...---.t___._--------.,.,-

LIQUID ~---- t~ 
REGION 1 \/~w 

___ ... ----~--------........ ,.,.. e r i R , __ 

L 

T 

j_ 

Flg.t Tank geometry and c:o-ordlnata eyetam 

·me dynamic bchaviou.r of ellL«tic circular cylinders can be described by the following equations, 

according to the non-linear ~hcll theory of Sande{s ( 1963) 

1 G~.; + 1 2ô;~i +v (;.o+;+ ô (;,o_;) 
2Ü~ +a [l;. i +~.o+ 2ôl;.t (;,a-~)] .o+ 

- - - r 
ab[lw.t8 +u. 0/4-31v.~/4). 0 -y O - O (Ia) 
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- - - - -
2alôw.~ (I v,;+ u. 0 + 2ôlw.~ (w. 0 - v)] - 3abl [lw, ~a+ u.a / 4- (31v. ~) / 4] -~ + 

2ô (;,a-~) [~.a+; +ô (;.a-~) 2 
+v {I~.;+ ôl2;~~)]-

2- - - - - [ - - 2 2-2J 
y w -p+ {v_ 0 +w+vlu.~+ô (w. 0 -v) +vi w. } -

{2ól2;.;[t~.!; +01
2
;\ +v(~.o+;) +Ôv(;, 9 -~)

2~]} .~­

{2ô(;,9- ~)[~.O+; +Ô (;,0- ;) l +V (J~.\ +Ôl2;~~)]} ,B­

{2ôal (;.o-;) (I~.~+ ~.o +2ôl;.; (;,e-~)]}.~-

(lb) 

{ 2ôal;,; [I~.~+ ~.a+ 2ôl;, ~(;,o-~))} . o+ bt
2Q2

;, ~~+v(;, 09 - ~. 0)J. ~; + 

bLw, oo-~.o+vi2;,~;J,oo+4ab l [l;,;o+~. o/4-3/4l~.~].;o- O (lc) 
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Solutions of the foregoing system mus1 satisfy the following natural or geometric houndary 
cooditionsat; -O and; - l (Sandcrs,l963) 

a[l~.;+~.e+21õw.~(w. 0 -~)]-
3abQw.~0 +~. 0/4 -31~.çl4] .. t 

• 
- n 

- .. - - - -
2óa(w. 0 - v) [1v.i+u. 0 +2õlw.~(w. 0 - v)] -

- -
4ab [ l w .,. 0 + u 0/4- Jlv ~:14] -... . . ~ .o 

• - m 

... 
or u - u 

... 
or v -v 

_,. 
or w - w 

.. 
or -w t = s ... 

l n the foregàng the following non-dimcosíonal quantitics have beco inuodul.'\.'CI 

(2} 
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u - -· h. 
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b. 
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I • -· 

L' 

w 
w- -· b • 

QxR 

b 
ô- -· 

2R' 
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a-.-....· 
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2 pcR2 (1-v~ 
y - p -

E 

N)(8 R M R
2
b 

" q • Cb; t- --· 
Ch ' 

m---
Oh 

2 
(1-v)p_ 

4Eô
2 

(3) 

wbere C - Eh/ ( 1 - v
2
), O - Eh

3
/12 (1 -v~ and N , Q , N 8 and M are tbe shell stress 

od 
. fl . ll )( )( )( 

resultantS a p IS lhe wd pressure. 

Now tbe equations for lhe statíc cleformatlon as weU as tbe free-vibration aonlysis of a fiuid-filled 
rank will be derived. 

One of the purposes of lhe present paper is to presenta general method for evaluating the free 
vibralion characteristics of a circular cylindria~J shell wilb classlcal boundnry conditíons of any type. 
Fa- Lbis, &lndersequations wlll be convened into a set offirst order adlnary differential equations. By 
observing from lhe natural and geometric boundary conditions, one can conclude lhat lhere are, in 
effect, eight fundamental variables when lhe tbeory is appiied to tbe ana~ys!s of s!!.ells under any 
possible combinatioo of bwndary conditioos. These are the displacements u, v aod w, íhe romrlon s 
aod tbe genernlized stress resultaots n, t, q and m (see Eqs. (2)). lt is thus reasonable to seek a set of 

eight first order differential equatioos involviog ooly these eigbt variables. 

The eight varíables associated witb the vlbrations of the prestressed shell consists of ao axi­

symmetríc static pre-stress field 

(4) 

whicb occurs prior to exdtatioo, plus an additiooal field 

A 

V1 (~,6,t} • {G1,ô,,v,,tl,wt,qt,St,dl.} (5) 

rcsulting from lhe excitution. 

F(X' lhe free harrnonic vibrntioos of a complete cylindrical shell it is appropdate to represent these 
additional variables as 

A 

V 1 (~,0,t)- {u 1 (~)cos(~eO),n 1 (Ç)cos(K9),v1 (;)sin(K0), 

t 1 (;) sio (K6), w 1 m cos (K0),q1 (~} cos (KO), 

s 1 (!~) cos (KO), m1 (~) COS (KO)} cos (rol) 
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where K ts the circumferentlal mode number and w is tbe narura1 frequency. 

Using.Eq.s. (1) and (2), eliminating tbe dependence of ali lhe shell variables upon tbe co-ordinate # 
by means of expansioos (6), and retainiog ooly linear terms in the incremental quantities one obtains, 
after varlous algebraic manipulations, tbe followlng set of eighl fi rst order differentilll equations in 
terms of tbe elgbl incremental variables 

(7a)· 

BbK [lÓK (3b- 4) J 2 
o1t--- -u1 + t 1-16KS1 -24ÕS (v1 +KW1) +Qu1 =0 

' " 9b + 4 I I ( 4 + 9b) 0 
(7b) 

4 K(3b-4) UbK 8Ô 
v - t + u ---s +--s (v +Kw) -O 

1.!; al(4+9b) I lab l 4+9b I 9b+4 ° I I 
(7c) 

2 
VK (v -1) Í. 2 2 J VK 2ÔV 

t 1.~-~n 1 + 1 
Lm (b+1)v1+K(bK +l)w +Jm1--1

-o0 v1 -

2ôvK 8aõ 24a~ÔIK 36a~l,21 2 36a
2
bô

2
1K 2 

--D W - --S I - S S - S V - S W + 
I 0 1 9b + 4 ° 1 9b + 4 ° 1 9b + 4 ° 1 9b + 4 ° 1 

2 2 
24abôK (v -1) 2 
---s0u1 + (2õw v1 - 2ôxw w 1] + .Q v1 ... O 
9b +4 I 0 o 

(7d) 

(7e) 

2 2 
V (v -1) Í. 2 4 J VK 2ÔVK 

q1.~ -~o 1 + 
1 

L"(bK +l)v1 + (bK + l)w +-
1
-m1--

1
-o

0
v 1 -

2 2 2 2 2 • 
2ôvK 8ôK 24abôiK 36abô. IK 2 36abô ht 2 
--ow ---st- ss- sv- sw+ 

I o 1 9b + 4 o I 9b + 4 o I 9b + 4 o 1 9b + 4 o 1 

2 2 -
24abôtc (v -1) PF 2 

9
b+

4
s0 u1 + 

1 
2ôKW0 (v 1 +Kw1)+ l+Qw1 -0 (lf) 



16ab~e2 12bK ql 16abl 
m - u - t + - + --s + 2ôs n + 

q 1(9b+4) 1 1(9b+4) l I 9b+ 4 l 0 L 

24abÕK 24abÕK
2 

2ôn
0
s1 + ---s

0
v1 + s

0
w1 • O 

9b + 4 9b +4 

l 2 2 
where n - y (1) / 1. 

The associated boundary conditions are 

• • 
"t - nl or Ul • UI ; 

tl - 11 
• • or VI • vl ; 

• • ql - ql o r w, • wt' 

• • 
ml • ml or Sl • SI 
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(7h) 

(8) 

ln order to solve these equations one must obtain tbe axisymmetric solution of lhe shell sobjea:ed 
to the static liquid pressure. The equatioos for lhe stario case are obtaioed from tbe foregoi ng as 
follows 

(9a) 

"o.~ - o (9b) 

(9c) 

(9<1) 

(9e) 

{91) 

I where Pt. - [(I - v
2

) pFgR2LIEb~ (I - Ç), while tbe bouodary conditionsare given by 

• 0 o • 0 o 
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• or w - w o o 

228 

(lO) 

Wilh lhe aim of applying lhe Galerkin procedure, lhe eighl fundamenlal variables are represemed 
in non-<limensional forro by 

NM 

ul <s> • U 1 f1 + U2 f2 + ~ U1~ 
1- 3 

NM 

"t (Ç) - N l f1 + Ni2 + L N;f; 
i- 3 

NM 

v I(~) - V 1 f 1 +V 2f2 + 2: Y;f; 

i - 3 

NM 

11 (~) - T 1f1 +T2f2+ Í: T;fi 
, _ 3 

NM 

w, <s> .. W1f1 + W-)2 + _2: W;f; 
i - 3 

NM 

q, (;) - o,r1 +02r2 + _2: O/; 
i -3 

NM 

sl (!;) - s1r1 +S-/2 + _2: SJ; 
i- l 

NM 

m, (;) "'M1f 1 +M 2f2 + _2: M1f; (li) 

i- 3 

wbcrc lhe Lrial func1ions f1, are given by 

r, .. < 1 - ;> r'2 =; 

f; - sin [ (i - 2) n!;J ; i .. 3,NM (12) 
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The first two Linear funct.ions are u.sed to enforce tbe boundary conditioos at s - O aod s - 1 . 

Ali tbe bigher order trial functions are zero at each eod of lhe shell aod represent s imply additlve 
rcfioements of tbe displacemeot and stress fields. A s imilar modal solutloo is used to descr,ibe lhe 

axisymmetric static varlables ( 4). The first fow shape functioos are illustrated in Fig. 2. 

(a) (b) 

Fig. 2 Hlerarct\lcal ahaJM tlnctlona of (a) linear anel ~) trlgonorlle1ric tonn 

The use of Eqs. (1) together wíth the propa;cd modal solutloo allows ooe to satisfy ali na rural and 

geometric boundary conditlons exactly aod obtaln ali dlsplacements and int&nal forces wl th tbe sarne 

degree of aocuracy. Furtbcrmore, no additloool manipulatioo must be carried oul áfter the solution is 

completcd sioce lhe eight varíables of the precedlng formulation are the varlables wbich are generally 

of ínterest in lhe anatysis of sbells. 

Mak:ing use of the expaosions ( li) and applylng a Galerldn error-minimizatioo procedure, one 

obtains a set of 8NM algebralc equations. These equatíoos are unfortunately too long to be presented 

here; lhe ioterested reader will find thcm in Ramas (1993). 

Fluld Equa1ions 

Tbe ícrotational motion of ao incompressible aod noo-viscous Ouid can be clesaibed by a velocity 

poteotial + ( x, r, O, t) (Lamb, 1945). This poteolial fuoction must satisfy the Laplace equatioo which 

can be written Ln non..<J iruensiooal formas 

(13) 

2 
where ~- (y 41) / R. 

Tbe dyoamic Ould pressure ncting on the shell surface is obtained from tbe equntion 

(14) 
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At the Jiquid boundary lhe following conditions have to be satisfied: 

At ; -o: (il<l>/ilt;) .. o (15) 

At t; - li/L: 
2 2 

(a <ll/ilt) + (g/L) (a·<ll/at;) - o (16) 

At r ~ 1 : (il<l>/ilr) .. zlô(ilw/ot) (17) 

Further, for a fluid-lilled shell, tbe fo11owing restriction must be i.mpa;ed 

Lim (il<ll/àr) -O 
r-o 

(18) 

Tbe boundary conditions suggest seeking the sot·ution for tbe velocity potential in lhe folllll 

NMF 

<l> "' L Am C05 (~m~) I" (~mr) cos ( KO) sin (rol} + 
m•l 

NM 

L B
0

rocosh ( a
0
;)J" (a

0
r) cos ( KO) sín (rol) 

n-1 

(19) 
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wbere ~m - [ ((2m- 1) /2) (~L/H)], J" and J,. are, respcctively, lhe Kth order Bcssel funclion 
and modified Bessel functíoo of the first lónd and a

0 
are lhe roots of thc equaúon 

dJ (a r) /drl - O 
o: " r• I 

(20) 

Tbis modal solution is obtained by tbe superposüi<>n oftwocomplementary problcms, as Shown ín 
Fig.3. 

The modal solution (19) already satisfies the Laplace equation and boundary condíttc:m (15). 

Subslituting Eqs. (6), (11) and (19) Loto boundary condilion (17), usíng eóS (t;ps) as a wei~hting_ 

function and applying the Galerk.in method, one obtains lhe Ouid modal amplitudes Am .as a funcllon 

of lhe shell modal amplitudes Wj' Then thc resulting poteotial funcrion Is substitutcd into lhe sloshin~ 

condition (16) and the Galerkin mcthod is used once more ro obtain a system of llomogenéous linéar 

cquations in tcrms of tbe modal amplitu.des B., and Wj' The function Jo<(apr) is usl!ú as rhc 

weightin,g funotion in tbis Galerkin procedure. 

Wilh equafion (19) lhe bydrodynamic prcssurc Pr rakes the form 
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- PF <}l NMF 1,. (l;m) NM 
PF - --cos (KO) COS (ali) }: COS (f;mÇ) . }: l5mjwj-

Pe 2b m • 1 l" (~.m) I c mm j - 1 

p 2 2 N M 

/<' (J) 
4
y COS (K0) C0S (wt) 2: COSh (an;)J~ (a

0
) (B

0
/lôl 

n • l 

(21) 

Substüuting this expression in (7), one obtains the additional terms necessary for the free-vibration 
nnalysis of fluid-fillcd tanlcs. 

Tbe resultingcigenvalue problem can bo wriuen in t.he form 

tÇ 
{---• r 

......- ! 

~ 
~ 

I 

.... 
= 

""l; l 
-~ - •r 

p= 

I 
ô+ 2 õw - =2y S-
õr ôt 

I 

i 

+ 

Fig. 3 Sotu1ion of the fh.id problem by the auperpoaltlon principie 

(22) 

tç 
I r - -.. r 

t 

j j -+ =o\ I ôr 
i 
I 

Thc coefficient matrices [K] and [M] coosist of t.he coetiicients obtained from the shell equations 
(7}, thc subruatriccs [K110), [K1) and [M.10 ] are given by Eq. (16) and (M

1
) and [M

2
) are 

dcrlvt:d from J:.q. (21 ). 

Ouc to thc sparscncss of che mass rnatrix, before altempting to establish tbe eigenvalues 
t:orrcsponding to thc shell and fluid natural frcqucncics, a condensation prooodure is \IS(..'(l, leadiog to 
an cigcnvaluc problcm or much lower dirnension. 

Results 

Some calculations 10 lCSI the theory rn lhe case or partially filled shells ís presented horcin. Tho 
numcric.:al paramctet'S used for thcse studics and thc adopted boun~ry conditlons are shown ln Píg. 3. 
Thls shell was prcviously studicd nUI'llCrically and experimcntally by Chiba, Yamaki and Thni (1~$). 
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~ =1: 

1 

L H 

~ =0: 

2R 

n=O 
m=O 
q=O 
(t=O) 

u=O 
w=O 
s=O 
(V=O) 

L= 113.9mm 
R = lOO.Omm 
h=0.25mm 
H= variable 
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E= 5.56xl09 N/m2 

v= 0.30 
Pc = 1.405xl03 Kg/m3 

pp= l.Oxl03 Kg/m3 

Z=500 
(Z=L~!Rh) 

Fig, 4 Clamped·free circUlar cyllndrtcal ahell partlally filled wlth llquld 

Th compare the results wilh expe.riment, the liquid depth was varled such thal lhe fractional filling, 

H/L, took the following values H/ L - O, l/4, 1/2, 3/4 and 1 and the correspondíng :Erequenoíes and 

vibrarionmodeswerecompured. Thesedatawere~lllincdbytakingNM ~ 30and NMF ~ 3 . 1nall 

cases analysed bere these numbers of rerms were sufficicnt 10 actain convergem;e 10 within J %. Tbe 

three lowest shell frequenciéS and the Jowest liquid siOShing frequency ate shown in flg.5 as a funcrion 

oftbe circumferentfal wave number K . Also shown ln Fig. 5 are tlte experimental results obtained by 

Chíba el al. (1985). Tbese experimental resulls wece taken from the Ogurcs in Chiba e1 ai. (1985) and 

tbe values' accuracy is as good as dlrect reading of lbese fi.gures permitted. For each liquid height, Lhe 
numerical resuHs agree weU with tbe e-xperimental rosuHs. lt can be observed lbatlbe shell frequencies 

decrease rapidly with íncreasing H/L. This lowering effect is mainly due 10 an increase in kinetic 
encrgy wilhout a corresponding increase in the strain cncrgy of tbe sbeii-Iiqoíd system. For ali cases 

aoalysed here, tbere is lhe well known dip in lhe frequency curve as the shell mnkes transitioo through 

the lower valucs of K. 

To see lhe variatíon of lhe mode of vjbmtíon witb lhe liquid dcptb, axial di&lributions of the 

vibr~11ion amplitude were delermined for K .. 8 . Thc results are illustrated in Fig. 6. The maximum 
vibration ampHtude is takeu as unity. As one·c an see, lhe effect of the conlained liquid on lhe rnodc 
sbape is mos1 significant when H/ L = 114, l/2'aod 3/4. 

On the other hand, the effects of the filling ralio H/L on tbe si<X>hing frcquencics are ncgligible as 

sbown i o Fig. Sf, especially for high valoes of K. The fundamcnlal sloshing frequcncics for low valucs 

of K are also listed in Table L and compared witb the sloshing frequencics for a rígid tank (valucs 

between brackets). These fre.qucncies may be convenicntly exprcssed in lhe fonn (Ramos, 1993}: 

1 gut ( 11) 
f - - -ronh a­
r 2Jt L 1 L 

{23) 

in V<bich f[l rs i o Hz; and a 1 is the lowest root of Eq. (20). As expccted, thcre is líttle inOuence of thc 
flexibiJity of the Ulnk on lhe lowex s)osbing_frequcnf:iCS 
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Table 1 Slo.hh,Q frequencln {Hl.) 

H/L 

I( 0.25 0.50 0.75 1.00 

2.6766 2.9819 3.0210 3.0263 
(2.6731) (2.9780) (3.0174) (3.0222) 3 

3 .5933 3.7345 3.7403 3.7406 
(3.5874) (3.7295) (3.7353) (3.7356) 5 

4.2663 4.3244 4.3252 4.3252 
(4.2606) (4.3186) (4.3194) (4.3194) 7 

Conclusions 

A simple- yet effective - methodology has been proposed for evalualÍog tbe free vibration 
characteristics of a fluid-filled cylindrical shel l witb classical bouodory cooditions of any type. To 
examine lhe vibnllions of the shell a set of first arder differential equations in terms of the shell 
displaccmeots and stress resultants, bascd on Sandors sbelltheory, was deduced anda simple modal 
sotution buscd on the use of linear and trigonometric shape functions was dcrived. 

lJy using a coosistent shelltheory, by choosing appropriate system variables and devising a modal 
sotution that satisfies any set ot'boundary and oootinuity cooditioos for tbe shell and lluid medi um and, 
finally, by tak:ing into account the eJfccts dueto static defonnations, i o-plane inertias and liquid free 

Nomenclature --------------------------

C " Shell membrane 
stiffness 

O • Shell flexural stlffness 

E Young·s modulus 

f; Trial functions 

II Uquid height 

li / L ,. FiUing ratio of lhe liquid 

h Shell thickness 

I k .. Kth order modified 
Bessel tunclion of the 
first kind 

Jk "' Kth order Bessel function 
of the first l<ind 

K Stiffness matrix 

I. ,. Axiallenglh of shell 

M Mass matrix 

M,. N~, Nxo. Ox =Shell stress 

resuttants 

m, n, q, t • Non-dimensional 
stre&S resultants 

p ., Fluid pressure 

p • Non-dimensionalload 
parameter 

R .. Radíus of shell 

r, O'z aRadial, oiroumferential 
and radial ooordlnates 

s .. Angle of rotation of shell 
edge 

1 "' Time 

U, V, W • Components ot 
di$plaoement of shell 
mlddle surtace 

u, v, w • Displaoements divlded 
by h 

Z • Batdorf's geometric 
parameter 

an • Roots of the first 
derivallve of J ~ 

b = Slendemess r:atio 
(h/2R) 

.c • Círcumferential wave 
number 

v • Poissons's ratio 

!ll .. Velocíty potential 

parameter (/4j>/R) 

4> "' Velocity potentíal 

Pp Fluld mass denslty 

Shell mass density 

~ • Non-dimensional axial 

co-ordinate (O s!; s 1) 

l;.m • Axial wave parameter 

O • Frequenoy parameter 

w • Natural frequency 

) 0 .. Relatod to static pre­
slress state 

) 
1 

• Incremental time· 
dependentquantities 

( ) -c: =Deri\lativewlthrespeçtto 
• .. the non-dlmenslonal 

axial co-ordinate 

( ) • .. Prescribed value 

( ) 1 .. obtained from the 
1 0 eloshing condítíon 
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surface motioos, the present analysis overromes many of lhe shortcomings encountered in previous 
studies for shells ln vacuum or partiãUy fllled with 1iqoid. Bence rhe present formulatícm is q~pable of 
furnj shing a consistent soJution for a wide range of tank geometries and wave numbers. 

Comparisons of the nwnedcaJ resulrs with tb~ obtained by other tbeories and from experimerrts 
are found to be good and show tbe validity of the present methodology. 

\ 
\ 

ki/L = 0.25 

H/L= 0.0 
~ 

1st mo_de 

2nd mode 

3rd mode 

Fig. 6 Etleets of the fllllng ratlo H/L on the axJal vibratlon mode ahapea, K ~ 8 
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Abstract 

ISSN 0100·7386 
Prrnted ln Bra:zll 

A dynanJÍC:<~IIy c:ompens.:ued dectricn-1 pyrnpnmete.r wilh manuf:tclu:rcd platlnum Olm scn~ors was c:onst!uct,•d. 
theorl"tical, and ex.perimcotn.Uy cvatuatcd. The electronic: airc:uit is constilulcd of a Wbeatstone btidgc. hign g~i11 
vohnge n-nd current nmplifiers, aod n sisn;lllioearizc.r. Thooreticnl relntioos are deri\<ed to deS<'ribc lhe ccrcct of 
lhe sensors properties o.o lho i.ns1rum-enl steady and dynamic re.'l-ponses. The &ensitivity of lht: inS1rUnlclll dU<l ln 
Lh-e angol:u dependence oo rbe direction of the radiation, respoose time, effect of tcmpcrature, úlliog nnd 
lioéarity bavc been also investigatcd. 
Ktywurds: Pyranomeler, Radiometer. Solarimeter 

lntroduction 

According to the Worl.d Radiation Center. WRC (1984), lhe solar rndiation reccivcd from a solid 

anglc of 2.-c stc:ruúiuns on u horizontul surfnc.:e is rcferrcd 10 as gJoool radinrloo. This: lnc.:luéle.<; rntlimion 

reccivcd directly from thc solid anglc of the suo 's disk and also diffuse sk)• rndiation thal hm; nccn 
scattcrcd in trave.rsing the utm~phcre . 

Tbe instrumenL necúcd for mcasuring solar rudint.ioo [rom u soliu ang,lc of 2..-:t stcrauüm::. into u 
plane surface anda spectral range from 0.3 to 3.0 flnl is lhe pyran01111.:1cr. Still according l<l thc WHC, 
1bc pyranomctcr is sornct..inlCS used 10 m<.:asurc solar radia1ion on surfacc:<: tnclincd 10 lhe horizomnl 
anu in lhe invcrted positíon to measurc refl..:cicd global radialion. Wbcn tnL~Suring Lhe diffu::-c 

component of solar mdintion ~lonc, lhe di reei solar c.:omponcnt may be scrcl;.'ncd from thc pyruoomclcr 

by a musking dcvicc. 

Pyranometers normally use tberrnoelectric, 1hcrmoresis1ive, photoelectric, pyroclec.:tric or 

bimctallic c:lcmcnts us scnsors. Since pyranomctcrs are exposed continuaHy in ali wcathcr condi1ions 

·rt1ey musl be robust in design wbile rcsiSJing lhe corrosive effects of homid air (cspcci<llly nc:nr thc 
$e8). The rcceivcr should bc hcrmctically SL'llJed inside its cusing or tbc t:Using must be c:usi ly 

r~movablc so thnt any condensed moisturc çao bc removeu. Whcrc thc rcceivcr i!!> not pl·:rmal)t.'ntly 

~leu a dcsicc.at-or is usually 11ttcd in 1he base of the inslrument. Thc prop:-nies or pyn.momct~·r which 

.are of conccrn when cvalmlling the accumcy aml quality of rndiation mcasurcrncnt :m.:: scm:ilivily. 

stability, responsc time, cosine rc:sponse, ~imu1h responsc, lincari1y, lcmpcruiun: r~~pon~ an-d 

spcc1ral rl'Sponsc. 

Tbe WHC points that tlm~e cla!>St!S of pyr;.lnomcacr L~J.Jl bt.l dcfincu on thc basi:. of 11ídr tu:l.'Uracy 

aod ovcrall sys1cm ~r(omJaocc, as outlinc:d in lilblc 1. 

l nthe pyranomctcr inventcd by Callenélar althe start of ahis ccntury (Coul:son, 1!>7.'i). the sensor 

COnlained two pairs of platinum wirc grids wound on mica, constituling aújacx:nt urms or u Whçut~t(lnc 

bridge. One paír of gríds was c.ootcd whh black coam\.'1 to absorb sunlight whilt: 1hc mhcr pu i r wlr.' 

"hj·ghJy réllcc1irrg. Thc 5.8 c:m sq~mrc grid:; wcre mountcu in~idc oro evut:uatcr;l glus .. .;; hulh uhou11) t:Jlll ~n 

'111"11fli1SOript received: March 1994. Technicat Editor: Carlos Alberto Carrasc-o Altemanl 
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cJiameter. When exJX)Sed to sunlight each pai r of grids suffcred a different resistnnre change, dueto the 
tcmpcraturc diffcrence betweeo tbem which wns nearly proponionalto the inteosity of iocident solar 

radiation. Varinble resistors in the other rwo nrms formed a seJf adjustiog Wbeatsmoe bridge whase 
output could be converted to incident solar radiation througb n callbrntlon factor fumisbed witb each 

instrumcnt. Two dccades after Cnllenc.lar, A.K. Aogstrõm developcd ao clcctrical compcnsation 
pyranometcr in which the tempcrnture of two whlre strips was roaintníncd cqual (hy electrical heatlng 
to compensa te for lowcr solar radiation absorption) to that of two black sensor strips of identical 

gcomctry. Thc tempcr.uures of the strips werc mcasured by tberroocouples. ln principie the iostrument 

coulc.l bclong to the standard clnss as does the Angstrõm elcctrical compensatioo pyrbeliometer 

(Coulson, 1980). llowever it was ncver widely used. 

Table 1 Ctaa•lfieation ot pyr•nom.ter. • WRC (1984) 

Cbaracteristic Secondary 
First Calss Sccond Cl ass Standard 

Resolution (smallest detectable change ln wm·~ 5 10 

Stability (percentage of tuJI &cale, change/year) 2 5 

Cosino response (percentage devlation from the 
< 3 < 7 < 16 

mean at 1 0° solar elevation on a clear day) 

Azimvth response (percentage deviation from lhe 

mean al 10° solar etevation on a clear day) 
< 3 < 5 < 10 

Temperatura response (percentage maximum 
due to change of ambient temperatura within the 2 5 

operation range) 

Non- linearity (percentago of full scale) 0.5 2 5 

Spectral sensitlvi!)t (percentage deviation from 
2 5 10 

mean absorptance 0.3 to 3~•m) 

Response tlme (99% response) < 25s < 1mln <4min 

Pr~:.-cntly thc bcst und moot widcly acccptcd p)•rnoomcters pOSSc!)S thcrmopile type scnsors. 
hcGIU~ tlf thcir long t~rm ::.IUbility ilnll bc1.:nl.l:iC their rcsponsc is only wcakly wavelength c.kpt:odcnt. 

ll< r.,.~vcr. -.ince outpU1 c.l~pc.:n~ on thc tcmpc.:rmurc dilTcrence bétwcen sensor and heat sink whicb is a 

fuL,Ction of thc: thcrmal dlllractcrblic. ánc.l gcomctry of eadl clcment, thc scnsitivily varies from onc 

unlltPunnlhcr umJ coch in~trurncnt mU'-t hc individually calibratcd. 

Rad1011,ctcrs aou ur uhsolutc solmimctcr~ of ck'ctricnl compcnsalion unc.l of subslitution such thc 

/\ngstrlim pyrhclionwtcr, thc Wilson /\clive C:uvity Radiometer and thc olcctricnl compensated 

pyr!lfHlmctcr fir~l c.lcvt:lopcd hy Lobo (l.oho anc.l Belo, 198.1) ore instruments which buvo two 
uh:.-ol utl'l y clrual scnsnr:-. in tht.'i r u1:~i gn. 

Hy 1hc áhovc rL·asun thc in~1rumcnt prOJXlliCd in thisstudy L'Ombiocs thc sclf-adjustiog fcaturc of 

< ·ullclld;tr ('l)Tanwnctcr with th.: ..:h:ctri~al compcnsation uf 1\nglllrôm in."trumcnt. The absorbiog antl 

nnn-ab,mhing thcrmorL·~istiv..: :.~·n:-ors :.m.! mllintainL'd utuppwximatcly cqual temperalurc!> by an 

clc1.tmnu.: fcL'<IIXIck t:irwit which, througll !!.Uituhlc cboice of britl,b'C ratio, prcfcrcnlially hcms thc noo 

ul\-.t>rhi ng N:n:-(lr. This inslrutncnt is intrinNcally mut.<'h lcs.<> ~nsitivc 10 thc thcrmal surroundings thnn 

illcrmopi h: unit~ ano i~ sei f calibrati ng t.lué lO thc clcclrical compcnsation fcature, dispcnsing 

individual ca1lthrut ion ol instrumcnt1' proviucu 1hc solar (ahsorbing) unc.l clccuical (compcosating} 
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e.lemeotS are geometricall-y and thermally iden1Jeal ln each unit. l'he íostallalioo of tbe absorbing 

sensor in a black body cavity could red\loethe unoertninty in absorptivily by an ordcr of magnitude 

(Wilson, 1983) and yield a standard ctass pyranometcr ata rclarively low cosi. 

Description of the Proposed lnstrument 

ln t.he instrument proposed the sensor el.emems are connecred acrorcliog to tbe clrcuit tn Fig. l. The 
blackened solar sensor R. and sliielded comp(tosation electrically beated sensor R0 , with ilig.h 

temperature coefficients of resistance occupy parallel arms of a Wheatstone bridge. 11:Je resistances of 
lhe other arrus on the bridge are pracrically temperature independent. The relatlve resistancc values or 
lhe solar and rompensating sensors are sucb that electrical heating of solar sensor is negli~ible 

compared to the absorbed solar energy wbilc solar hea.ting of tbe compeosating sensor is negligible i o 

refation to clectrical heat dissipation, if the cornpensaling sensor is shklded. lo the bridge circuit of 

Fig. 1, that condition is obtDined wben Rc<<R, Tbe sensors are coosu:octed wirb thcsamc geometry 

and orientation for equal thetmallosses atequal temperaturas (sce Fig. 2). 

Undcr opcratioo thc bridge is ioitially balaoced wllh sensors shielded from suolighL On exposure, 

absorprioo of solar energy raises the lemperature of tbe solar sensor am.l unbulaouts the. bridge. Tbe 
unbalance electromotive force is ampliCied by the feedback circuit wlüch incresses bridgl! curroot, 

heats the compcnsanogscosor Rc tbus raising its temperature and resistancc, and tend5 to rebalancc the 
bridge. Bridge current is measurcd by the potcntiaJ drop across thc precisiQn resistance R r. lf am:plificr 

gain is sufliciently large, residual bridge unbalance Lc; small and both sensors auaio upproximutcly Lhe 

same temperature. Hence the instrument, espccially i f installcd in a black body cavity, cau yicld a quasi 

absolute pyranomctcr siocc ihe elcclrical powcr supplied to the compcnsatiog sensor R,. cqut~l.s thc 

incidcot radiatioo i o lhe solar sensor R5 • 

Rf 

FiQ. 1 Compensatlon bridge clrcl:llt dJagtam 
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ln Fig, 2, the two sensors used for the preseot pyranometer are shown, and Fig. 3 shows detail of its 
scnsing part. Although there are fllm sensors available commercially in almost any dcslred 

conflguralion, the special purpose of tbe presenr pyrnnometer in wbich botlt sensors sbould nave lhe 

sume gcometry, spatinl orientation, and 5Urface and at lhe sarne time different electrical resislance, that 

i~ R,. >:•R< , it was decided to manufacture both sensors usiog lhe ceramic tecbnique or pnint and tire. 

ln theory any material could be used as the ftlm scnsing element. However, metal li c condoctors are 

most cmployed ln film resistaoco-tcmperature trunsducers. Tecbniqucs sucb as sputtering andor 

cvnporation can produce almost nny metal film desired. ln general the th in films do not reacb thc 

higher valucs of tcmpenllure coefficient of resistnnce or metallic wire. Acx:ording lO Sandbom (1972), 
the luck of facllities for sputtering or evaporating nlms bas made metais such as platinum, gold and 

~ilver popular for lilm sensors. These metais were and still are used i n simple thin film techniques by 

thc glassware industry. 

Thc liquid pnint matcrials usually are a chloricle, sucb as platinic chloride, aod nux dJ~lved in an 
oi I whicJe. The solunon is paintcd on a glass or o:rumic baclángaccording to tbe design and then lired 

to a specific tcmpcrruurc. Thc bcat reduces thc chloride tO a pure metal and fuses it to tlte backing 

mutcrial. Films made in that manner are also found to be stable and reproducible. Thc resistaoce of tbc 

li lm is controllec.J by the numhcr of coats of film paintthal are lirtu on the probe. 

PLATINUM FII 

GOLO CONNECTIONS 
GOLO CONNECTIONS 

Fl;. 2 O.tall of the compenaative anel aolar aenaora 

ln thc manufacture or thc scmmrs for lhe presem pyranometer. thc Liquid Oright Platinutn was 

~·mploycd . Thc lilm scn~rs wcrc mnck by pninting CClatS on a microscope slidc with dimension of 2 
cm 'C 2cm x I mm. 

More sJX'Cilil.: dctails of thc con.c;lructioo o! thc lilms are vcry well tliscusscd in the bo()lo; of V.A. 

Sandhorn (I •)72) anc.l in thc pafl'!r by De Lima ( 1987). With thc samc gcometry and sensor effectivc 

are<:~ , cxt'lutlin~; arca nf thc clcctrical conncctions. unucr thc ambient tempcrature ol' 29°C rhc 

cotnpt:ns.ativc :-.cn~1r h<Kl thc r~istõ.lncc of 4.96 ohms and thc solar sensor hnd a r~islllnce of 498.26 

ohms. A" .suic.J hcforl', hrch sc~ocs hnvc ap!Xoxim~u~ly the samc cCfcctive arca howcvcr vcry differcnt 

v<~luo: of ch:ctri~.:<~l r~ist<~nccs. ·nw way this wlll> rcali~ is simplc: thc compcn~tive sensor has W 
stnps ur pfutinum lilms conncctL'<.I in parallcl, and thc solar sensor shows the sarne strips of platinum 

lilm aligncd in scri~. Thick luycr$ (.lf gold films ore tho clcctrical conncctions. 

'll1c prim:iplc of openHion for thi~ pynmomctcr, whosc elcctronic L'ircuit Is shown in Fig. 4, is 

h<J:-.iUtlly rhc:: )oólnw a' lhe onc ora conMnnt tcmpcrwurc hot wirc uncmomctcr or nn ab..t,Oiute radiOIDI.:h:r 

or dcctrical ~quivulcncc {Wilson. 1983). Thc cloc1ronics of tho prcscnt instrumcnt consists o! a 
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Wbeatstone bridge with the solar and compensa tive sensors ln parallel, a differential voltage amplífier 
(IC1-IC2), a power amplifier on a O:irllngton conügunnion, an analog multiplier (lC..~-IC8), aod an 
analog-digital converter. The tirst stag_e, berng a high gain voltage diffcrcntial ampHfier, was 
assembled observing care. with regard to noise interfe.tence, offset c.ontrol aod thermal drift. Tntegnue 

circuits used for tbis ampllfier are instrumentation operational amplifiers in a configuration showing 
CMRR of llO dB, in-put offservoltagc of 3 mV and thermal drifl of 0.6 ~~V/°C, acooréling to the 
manufacturer specification. Besides these requirementS, it was oecessary to disLribute passive 
components nround the integrated circoil to reduce noise a,nd pllrasiric capacitances on Lhe p$lnu:d 

círcuit board. The power amplifíer is bascd on two coupled NPN LTansistors on <1 Dadington 

configuralion. 

!lllj SOLAR 
RADIATION 

SOLAR 
SENSOR 

COM PENSATIVE 
SENSOR 

_TO ELECTRONIC 
CIRCUIT 

Fig, 3 Oetall ol the aenslr1g body ot lhe pyranometer 

The circuir uscd to effectively determine the thcrmal díssipation on tbc compensative sensor is lhe 

anàlog multiplier. The multiplication 1s realized by menos of the logariti1m and antilogaritbm 

operational ampiificr circuit ln which lhe set of integratcd circuit 1C'3-JC8 is labclcd in Lhe Fig_ 4. 

Theory of Operation 

Thc first law of thermor.lynamics for the two scnsors is wrillcn in tbe foii~Jwing rorm: 

( 1) 

(2) 
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Fig. 4 Electronic clrcult for the compenutlve pyranorMter 

whcrc A is the sensor surface area, C is the composíte thermal capacity of each sensor and its subtrncte, 

U is tbe global beal lransfer coefficient bctween thc sensor aod surroundiog, H is tbe intensity of solar 

roUiution falling on lhe sensor surface area A, t and t~ are sensor ternpera1ure and ambient temperature, 

rcspcetivcly, 1: is tbe dome opticaltransmissivily, a is rhe radia tion coeflicient of absorption, O is lhe 
time, v l/R is the eLectric power dissipated on tbe sensor, and R is 1be electrlct!l resistance. 

Subtracting Eq. ( 1) from Eq. (2) lho following expression is ootained: 

v~ I R.:. = H ~ta)s" • - (ta\Ac]+ v; /Rs - d(Cst~ - Cctc)t d9 -

- U~i\s(t~- t~)+ Uci\c ~e - 18 ) 

Rcplacing thc resiS1ance of cach sensor by 1be e.x.pression: 

R = R,. E+ il~- t,.)] 

(3) 

{4) 

wherc 1~ is lhe temper<Hure coefficient of rcsistance and Ra Is: the electrical rosistance nt ambient 

tcmpl!raturc, lhe cxpression (3) will tum Jo 
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(5) 

being rc = Rc- Rca and r5 = R5 - R 58 

The term v; / R., represents tbe electrkal energy dissipated by Joule effect in tbe compensativc 
sensor. Tbe first term in tbe ri.gbt band side of the expression (5) represeots the net radiant energy 
absorption between the solar and compensative sensors. The second term 10 U1e right side of th:n 
equation is tbe electrical energy dissipated by Joule effect ín lhe solar sensor. Tbc t'hird and fou.rth 
terms is the net energy stored betw:een both seosors and the fifth and sixrb terrns represent the oet 
encrgy l~t by convectJon bctween bolh sensors. 

f.:xpression (5) is lhe general cquatioo for lhe presenr pyranometer. Coosidcriog lht: compensative 
sensor shielded from Lhe solar rad1ation and by this reason the term (ta.}eAc irl the nq. (5) ís 

Sllnulled, the general expressloo for the ste-ady-state sensltivity of lhe py<ranometer will be 

(<í) 

~oth scnsors were manufacturc.d with the sarne matt:rial and geometry in such way that A,= -"r· 

c, ;: CC. u. e u . and 13s Q 13c · The te-rm ~v; •R_l in equation (6) will not be ~on~idered wh.en 
di I 

d . h h d{vl •R ) . . . d compare w11 I e __ .!~....!-. smce lc >> 15 an R, >> R •. 
cO I 

Equation (6) is then reduced to 

dV< = RJra)A, 
dH 2V< 

Obscrving Fig. I wc sce thm the output vollagc in thl.! dilThrcmlal ampliflcr is 

G · e · R 
or V = - -~ c 

< R. + R ~ 

(ôa) 

(7) 
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where G is lhe differenlial amplifier voHage gain nnd eb is the Whcatslone bridge unbalnncing 

clecl'romotive force. 

lnserting Eq. (7) into Eq. (6a), the steady-state sensitivity of the present pyranometer will be 

wriuen as 

dV~ _ (Rc + Rl}(ra)A. 
dH - 2G ·eb 

(8) 

The sensirivily cao also be put in terms of absolute sensirivity in tbe form 

d(v; I R,) ) 
-- - = (tcx A 

dH ' ' 
(8a) 

Equarlons (6u) to (&l) show that basically the Steady state sensltlvity of lhe present pyranometer is 

mos1 dependem to tbe rcsistance value of Lhe compcnsative sensor R et lhe effectivc arca of lhe solar 

sensor, and to the produc1 -ca, Lhe dome optical lransmissiviry and tbe radiation coefficienl o f 

ilbsorption in Lhe solar sensor, respecüvely. Allhough lhe amplifler gnin G and l be bridge unbalancing 

clectromo1ivc force'\> are paramerers lh:u Improve lhe frequency rcsponse of this 1ype of instrumenl, 

Eq. (8) shows that lhe....e parameters can cause low output sensilivity if lbeir respecllvely values are not 

!oCl appropriately. 

ln this study ii was ossumed thal lhe therrnal inenia of lhe plalinum film is negligible in 

comparison 10 the thermal inertia of lhe substrate and lhe variation of teruperature felt by the sensor is 

also fclt by lhe substrate !\urfacc under the sensor. 

TlJ! time constam of eoch seosoc with two faces promoting convcaion ís defined as 

T = 
m.,·CIJ.w 

2UA (9) 

whcr~ O\u is thc mass of :~ubstrate undcr lhe sensor, C'1J5U is the spcci nc heal of the subsmue, U is lhe 

glohal hc<ll 1mnsfcr cocfUcicnl of 1hc sco:.or lo tllC ambicnt, anel A is the sensor eiJective arca. 

Experimental Procedures, Results and Discusslon 

With cxccplion of lhe e<~libmtion in field where lhe pre.-.cnt pyranometer wa<s calibrated against an 

Epplcy I'SP pyrilnomctcr, ali chnractcristie:~ wcre obscrved in laboratory, using an artificial rudialion 

~urc.:c and lhe apparaw:- for lhe measurcment of angular effec1s shown in lhe fig. 5. Thc sys1em is 

oonstitulcd ufa base-supfX>rL and an aluminum rod 1hat holds the liglll source. \briation in thc bcight of 

lhe lighl sourcc permits diffcrenl leveis in tbe inlensity o f radiation. A rcsidentiol Comptalux K ligbt 

bulb of I 00 watts was used as artificial radiatioo sourcc. ln lhe sarne system (Fig. 5) ii is seen ao angle 

intlicator oppositc to the viower whcrc by lhe movcmcnl of lhe light sourCQ make ii possible 10 set 

incidcncc nngles ror lhe light source (cosinc and azimuth effcct mcasorement) as well inclinallon 
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angles cif tbe ligbt soorce a:nd simultaneously of rhe pyfünometer for thc dcterminatlon of rhe tihiog 

effect. Anotbcr aogle indicator ar tbe bottom of tbe system make it possible to show lhe angutar 

rorarion oftbe pyraoometer in its base for the de!erminalioo of the azimuth response. 

E 
u 

~ 
PYRANOMETER 

22 cm 37cm 

Fig. 5 System tor tt"te measurement of angular eflecla 

l n arder to determine the rcsponse time and the time consumi of tire instrumcnt the procedure was 

to submit the pyranometer to a radiation of approximaiely 1100 W/m2. After thar, thc lighl sourw was 

tumed off until the iostrurucnt reacbed a signal of approximatcly 1 W/m2. N cnn be sccn in Fig. ó, at 

the condition of heating.. the time constalil was of 16 s against a theoretical value of 17 s. Thc 

lhcoretical value was calcula1ed by Eq. (9). ln order lo evaluatc thc cxpre::;sions of scn!'itivities and 

time constant it wns roeasured and assumed pararoeters as shown in Thble 2. Uoder c.:ondilion of 

coollng the measured time constam was of 27 s. There Is a slgnificant discrcpancy bctweco tho 

mc.asured time constanrs of be<lting aod cooling. Tbe reason for that discrepancy is that 1hc pyrcx 

substrates where both sensors are roanufactured have d.lfferent process of heating aod cooling dorin~ 

traosicm operation of the ins.trument. Better explainiog, when radiarlon falis on til~ solar sensor, lt 

heats by lhe nbsorption of the solar rad iarlon and sfmultaneously lhe suiJ.strate uodar anu around thc 

sensor will be heated in a smaller teroperature. The electronic system of lhe pyranomc-1cr will 

compensa1e this behavior kecping lhe compcnsative sensor whb the same tempcruturc as tbc solm 

sensor one. The compensative sensor wi 11 always hnve tbc sarne tcmpc-rmure as thc solar onc, howcvcr 
during the. proccss of cooling '<llthough bolh sensors have the samc temperaturc thc SLlbstrmc o f 1bc 

compensative sensor bas difl'crent thermal slorngc thnn tbe solar sen...,er ant.lthe stabilicy of lhe sigoal 

wíU !Je reached wheo lhe na1ura1 coovection on lhe sóliiJ sensór is completcd. It is [j~'llrod ~n this time 

1bat lf both sensots nre kept ínsid:e the dome of the pyrnoemeter the time constnnts· fer hcnll'ng mHl 

cooliog certainly will be the sarne. As can be seen ln Fig. 6the rcsponsc times, deflnc<l as thc- tlmé to 

rcacb 95% of lbe final value, were of 50s imd 75 s tcspeétivciy. 
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One of tbe most common errors in pyrao.cmetry is lhe cosine rcsponse whích is tbe depeodence of 
lhe direoional response of tbe sensor upon solar elevation. ldeálly, tbe response of tbe reccivcr should 
be proportional to Lhe cosine of lhe zenith angle of tbe radlation beam. lb de-termine the variation of 
response with aogle of incidence, ooly lamp sources should be used, because Lhe spectral distrlbution 
of the suo chaoges too much v.~th elevatlon anglc. Thus ao appareot variatioo wíth solar elevation 
anglc could be observed which, i o fact, is a variatioo dueto non_-homogeneous spectral response. 
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Fig. 6 Rt1pon11 time 

120 140 160 

Fac1ors tha1 contribute 10 the cosi ne errors are: lhe dcpeodence of the incideoce angle of lhe 
radiation benm with lhe absorptioo oocfficien1 of the blnck paint used in the solar sensor; defects on lhe 
çrystalline struc1urc of lhe dome aod incorrect sensor leveUng. There are factors with less lmpor1ance 
such as curvature in the surface of the sensor and internal reflectíon of the beam ioslde the dome. 
Using the ~ySiem presentcd in Fig. 5 for the determinatioo of the angular effects for sevc.ral ang)es of 
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incidenoe (0°, 100, 20°, 30°, 400, 50°, 60°, 700 and 80°) measuremenls wcrc mken of ihe radiation in 

opposilc positions and mean values were derennined for every specitlc llngle of incidence. Thc llght 

sourcc emilted a irradiation of abouL200 W/m2. 

The following exprcssion was used for lhe delenniomion of lhe percemage deviation i o lhe cosU!c 
responsc: 

H - H
2 

cosZ 
d% = x iOO 

H
0 

cosZ 
(10) 

whcrc H0 is lhe radimion signal when the light be.am is ala normal angle of incidencc, cos Z is Lhe 

cosine of tbc angle of incidence .Z and li is lhe radiation measuremenl whcn thc light beam is ui thc 

angle of incidence of lntercst. 

As can be seen in the Fig. 7, the mcasured cosine response o f the compensarcd pyranomctcr 

prescntcd deviation from. 2% ~lhe incidcnce angle of 10° to -23% i n lhe incic.lence anglc of 80°. 
According to làble I , lhe deviution o f 23%, in the cosine respo·nsc does no1 classify 1he present 

p)Tilnomeler and one of the main rcason for lhis substanlial dJfferenoe is duc lo the dome used. Dome 

ucbpted frorn residcn1ial l amp bulb is notthe most approprime ror this kind of apJiicalion. 

N 

8 ---IDEAL RESPONSE 
o O EXPERIMENTAL RESPONSE 

o~L---~~--~----~------L-----L-----L---~~---L----~ 

o• to• 20• 30• 4 0• 5o• eo• 10• ao- go-
Angle Z 

Fig. 7 Co•lne r .. ponH 

Figure 8 shows thc azimu1h respon!.C of thc propa;cd pyracome1cr. ln I h is ciTct:t , lhe dcpcndcncc 

of lhe rcsponse of lhe instrumcot lo 1hc azlmu~h anglc formed by thc solar ruoilllitm unú thc ~cnwr 

levei ui horizontal posilion lurn."> tO bc ucccnluatcd owinly ai high Mglt!l> of inddcncc. Thc superf1dnl 

djsoon1inuity i o lhe dome and a11hc sensor surfucc u.mtributcs signif1camly for 1hcsc u~viali~lQs, For 

Lhe angle of incidcnce 80° (or 10° of elcvation of 1he light he<Jm to thc ~nsor plane). rotuting rlle 
instrumenl in stcp of 1()0 , thc dcvimions wcre bctwccn -3 LO -2.1% fromlht' ""C<~~ I'l'I:"J rl\1.'"" v~luL' 
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lt has been observed by llUIDY rcsearcbers that even oommercíal pyranometers wlth hlgb accuracy 

sbow variations in lhe sensitlviry when opernted with sensors in tilted positions. 

1t is usual to detect varialions (rom 2 to 5% in lhe sensitivity of such pyranometers (Coulson, 

1975). This lcind of problem is associared with conve.ctive processes inside tbe domes of some 

pyrnnometers (De Lima and Parrelrn, 1990). 

0° ~5mV 

Fig. 8 A:dmuth ruponse 

Thc rilting cffccr of rhc pr~l!nl pyronomerer was ooserved by rhc use of Lhe experimental appararus 

.shown ín fig. 5. Figure 9 shows lhe rilríng effect of the prescnr pyranomcter. As cnn be seen i o thar 
ligurc rhis compcnsated pyranomercr pracricaJiy didn'l show scnsi riviry when operared lo tilted 

[)0.\itlon This bchavior was expected because lhe compensarive SCD-'IOr was aJso designed 10 avcid the 
rilríng and rcmperature eff«ts. 

Concerning rhe change of sensitivity dueto ambient tempcrarure varíarion, tbe WRC ( 1984) 

alfirms rhat thermopile instrumen ts exhibit changes in sensiriviry wirh variarions in instrumcnt 

rcmpcwrure. Some in.struments are equippcd wirh built-in tcmpcrature compensation circuits in an 

cffort to maintoin a consumi response ovcr a large range of temperatures. Thc tcmpcraturc cocfficient 
of l:iensitiviry may be measured ln a tcmpcrature-conrrolled chamber. The remperarure ln the chamber 

is voricu ovl!r u suitablc range (-40° ro +40°C) in 10° sreps, and held sready ar eacb step until thc 

n.:~p(ln~c of thc pyranomclcr:> hus swhilized. ln rnc prcsenl case, rbe pyranomcter and Lhe systeru ln 

hg. S w~rc insrullcd insidc a chambcr whcre rhc tcmpcrnrurc could bc monirorcd (rom -10~ r·o +40°C. 

llndcr a "gnal ol' 200 w/m2• mcasurcmcnts werc takcn in ste.ps of HfC and lhe results didn'L 

..,ht•\\ nn_y ~•gnilicativc diffcrcncc from thc ê.XJX."Clcd value (less than 1%). 
I ho.: o.:OJiihruunn or :~ pyranomctcr consisL~ of the dctennrnation of its calibration factor and the 

tkpcndcm:c ui' rhis on cnvironmcntal conditions such as tempcrature, irradiance levei. spectral 
dt~lrihulrnn nltmlc.li:Hh .. ' C. temporal vnriation. angular distribution of lrradiancc and inclination of tho 
lllSII"\111\Cn\ 
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The comparison of tbe present instrument wi th a rcference pyraoometer entailed thc simultaneous 

operalion of bolh pyraoometer moun1ed horizontally, si de by siC!Ie, outdoors for a period of lime of two 

days. The refercoce pyranometer used was the Eppley PSP pyranometer. The measurements interval 

was 1a1ten as 15 minutes. 

Thc other melhod used for the calibration of tbe present pyranometer was realized in tbo 

laborarory. ln tbls mclllod the self compensated pyranometer wus cxposed to a stabilized tungsten­

filament lamp installed i.n tbe systcm shown ln Fig. 5. lo tbat case tbe test pyranometer aod tbe 

standard pyranometer were expa;ed to the sarne conditioos. 

The stalistical analysis of the measured sigoals of the Eppley and of the compensated pyranometer 

presented values ofcoefficient of dctermination (correlation factor) close to uoity (0.99). This 

demonstrates high correlation betwecn lhe signals of lhe Eppley and of tbe presen1 pyranometer. 

Considering tbe indicator of lhe deviation of linearity as the result of three standard deviations 

from lhe mean of ali readings, rbe.devlodon in tbe lincarity was smaller than 1%. 

The combíncd results of the calibration in field and io laboratory are sbown io fig. 10. The 

obtained calibralion factor was of 104 V,m2{W against the tb~retical sensit ivi ty defined by Eq. (Sa) of 

O.S.'U0-4 V.m2/W. The uncenainry in the calibrntion factor was of 1%. 

The resolution of a radiometcr as deliocd by Lhe WRC (1984) is lhe smallest detectable cbange i o 

W/m2. The resolution can also bc defined as lhe rclation between the resolution of the electrical 

mcasuriog instrument (in tbis case a voltmeter) and the sensitivity of thc pyraoometcr under study. 

Using sucb delinition the present pyranometer prescnted a resolution of 1 Wtm2. 

---Nomenclatura---------------------------

A = sensor eiTective surface 
arca. m2 

/\ 1• A2• /\1 and A4 = aoalog 
mulliptier amplifiers 

C = t.hecmal capacity 
(mcp) JIK 

cr = specfic heat at constant 
pressurc. J/Kg K 

Ct, = Whc:atstone bridge 
unbalancing electromotive 
force. V 

do/o= pcrcentage deviation in 
lhe cosine response 

G ~ di!Tercnlial amplificr 
gain 

li = intc~ity of solar 
rndiation. W/m2 

H0 = intensity of solar 
radiation at normal 
incidence, W/m2 

K ... t.hcrrnal condoctivy, 
W/mK 

IC = integrated ci.rcuit 
m = mass Kg 
R .. olcctrical resfstance. n 
r= variation of electrical 

resistance., n 
t = temperature. °C 
T = time constant, s 
U = global hcat transfer 

cocfficient. W/m2K 
V =- electrical voltage. V 
Z = angle of radiation 

incidence 

a = radiation coefficient of 
absorption 

P = tempcrature eoefficient 
ofresistance.. III< 

T = dome optical 
transmissivity 

e= time, s 

Subscripts 

a = ambiente 
c= compensativo 
ef= effectivo 
f .. feedback 
s = solar 
su = substrate 
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ConciLJsions 

Th~ough lhe theoteticál !ormulation of tbe preseoÉ pyr;~~nometer witb electdcal co!DpensaHen, tiS, 

manufacture, and evaluation, il was possfble to reach lhe fonowiog·conclusi:ons: 

Response time of less tbao 1 minute encompass tbis as a lirst class py.ranomercr aecortling to 
tbe classificaúon oftbe World Radiation Conter (Thble 1); 

The dome used for th1s pyranometer was not the mosr approptriate aod coosec;rueotly the 
angular cffec.ts didn•t presem good results; 

The presem pyranometer accosed ao exccllent resolution of 1 Wjm2; 

The instrumem practically didn't show seoshiviry to the variatioo of ambient temperature anel 
to the operarion in tilted position, and 

Developments in the design of seosors aod electronics will conduct the present instrument to a 
standard olass pyranometer. 
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Abstract 

Form and dimensions of mech~nical elen1e nts vary from one pari to .anothcr due to lhe peculiariti~ of 
man-ufucturing processes. Tbose varinlions are ool dependent on llle size of lhe manufactuting bateli and affect 
the functionnl and assembly perfor~nces of lhe products i o wbich lhe parts work. Dimensional synlhesis during 
d~-sign stage must inclúde lhe proper transformation ofthe functiooa·r and assem'bly requiremeats, and its 
allowable variatlon, in cost-effective dimen.slons aod toleranoes. 

ln lbis paper n statistical tolerance synlhesls procedu1e is described. II is ba.sed on the assumption tha1 the 
dimensiorn; of the individual pnrts can be cpnsldered unlfotmly disiríbuted wlthln the interval of :illowable 
Uimensionnl variation. The formulation is dlreated •lo solve lhe cáse offlts wblch funct:Jónal requlrem·ênts depcnd 
on tbe linear combinaíion of two tenglh di'mension~. (i.e. cy-liodticàl flts). T he small numbet of combined 
dimensions lea:ds to a distribulion of lhe funotional requirement which depa:m srrongly f~om normal, depending 
on lhe dimensional tolera nce va1u.es sWI ilól assigned.Jn t.b.e described prooedaue, tbe form and propellies of 1 he 
dislrlbulion of lhe functianal requiremenl c;an be infeted a prio.ri, dueto lhe earlier incorporation of ee()nomic 
tolerance dimibutfon cri teria. 

Kcyword~: Tolernnces, Fits, Statistical synthesis 

lntroduction 

Some varíabllity must always be cxpcctcd io tho size and Shapc of mcchaoical com.ponents 

produccd by manufac1uring processes. These variatious affect the functional and assembiy relations 

umung components witbin a product, ln such a way that the performance of the product depâr1S fr'Om 

design optimum values. Therefore, functíonal requiremems and its allowo.b'le variatlo:o musc be 
considcrcd duríng dcslgo sta:ge if adequatc dúneosioos and rolerances are to be assigned. 

Durlng dlmensioning task, th.c dcsigocr might take in mlnd lhe whole Ufe cyc4e of the product, 

which could bo thought composed ofd~ign itsclf, manufacture, as:;embly and operation. Tíght 

lol~:ronccs are rcquircd to e:nsure pr<>per operatlon and lntercbangeability, tbat are crílical matters for 

lhe 1wo lallcr stagcs. On lhe orher band, since tolerao:ee vatues a.re ,jn-versely propor,tional to 
m<1nufacturing costs (Lce and Woo, 1989), loose tolerances are required to al.low econo:mical 
manufacturing. Thls dichoiomy must be managcd by mlerance syntbesis pmcedures wh:icb, lo 

addition. might be simple enough to mec1 tl1e requirements of a rnpid and effective design. 

1okrunce syn1.hcsis pn:x.-ess cvolvcs i o four steps (Roy, Liu aod Woo, 1991): 

(a) ldentification, ckscriplion aod quanJífícruion of the require.menrs rela.ted witb produet 
pcrfonnancc. Thcse rcquircments could be imposed by assembly and/or operallon condilions. 

(b) l dentification of lhe dimensional characterístics aCfectlng func·tiooal and ass.crnbly 
rcq ui rcmcn1s. 

Maovscríp.l reoeivéd: february 1994. Technlcal Edilor: Leonardo Goldstein Jr. 
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(c) DevelopmenJ of funcnonal equatlons, relating func.tronaland assembly requJremeots(as 
depeodent variables) wilb dimensions and tolerances affectiog tbose reqoiremcnts (as 
independent variables), 

(d) Detennlnalion of a cost-effectlve-solution to the problem of rolcrnnce dislrlbution. 

FWlCtional equations cnn be either dlmension coodilion eqootioos or toleraoce cquaúons. The first 

oocs relate tbe functional and assembly reqoircmcnts to the actual values of dimcnsions. 1110 second 

ones relate lhe varialion of the fuoctional and o.ssembly requirements lo the dimcnslons and tolcrances 

involved in lhe problem. Tbe formulotion of the tolemnce equations requ.ires lbe previous ossumplion 

of o bnsis of dimensioning. Basis oC dimensionlng conccms to tne expcdcd vaJues of dimensions and 

tbe way tbey will combine 1ocreate extreme condJtions of ossembly and OJXMBtlon (P'a:tirri, 198S). The 

most COillmon basis of dlmensioniog ore the worst-üm.ii and lhe stati.slical. ln lhe worst-fi.mir basis, thc 

l im.it values of the dimensioos, determined by tolcraoces, are expected to combine in a deterministk: 

way. To!erances assigned under tbe assumptioo of tbis basis lead 10 hlgb maoufacturing costs but 

ensur.e absolure lnterchongeabiHty aod operation performonce belwccn tbe dcsired limits for ali thc 

products asscmbled wlth ports whioh dimensions are "ln toleranc:e". 'fhis design criteria ís also known 

as "full-accept:ability dimcnsioning" (Michael and Siddall, 1981}. The statistical basis of dimensioning 

consider thot lhe dimensions of lhe clcments ln a fit will combine accordiog to tbe Jaws of chonce. As 

the wCX'St combination of ports with limit dimensions is oot likely, tolcrance volucs could be increased 

if a little number of products hàviog functional or assembly performances OUl of tbe desired limits can 

be justified. Economic advaotages could be reached if cost increments, related to pari rejcction and 

additional operatlons lhal mlght be performcd du:ring assembly, ore boJanced or cX"ceeded by lhe 

machíning cost reduclion due to greater tolerance values ollocatlon. This dl.'Sigll/manufacturing 

principie has been described by Djorke (1989) as limited interchangeability. 

Sratistlcal rolerancing requires an adequare knowledge of the distríbution of the dimcnsion 

condition. This distrlbution depends onde dlstributioos clthe individual dimcnsions involved in lbe fit 

and on tbe matbematical rclatioos among them. Allending to tbe distribution o f lhe individui!l 

dimensions, two maio coses can be identified. l11c first 0110 is when lhe dimensions can be considcrcd 

norma'Jiy or goussian distributed, whlcb ís lhe cose for parts produccd within a statisticol proccss 

contrai environmen!. l f the functional perfonnonce of a fit can be coosidered dcpcodcnt on lhe linear 

combinotion of nonnally distributcd dimensions, the distrlbotion of the dimcnsion condition resulls 

also normal ond tbe solution of thc problem is simple. l11e second caso is whcn thc distribulions of the 

individual dimensions are expected lo depart from normal, os a consequcnce of manufacturing proccss 

peculiarities. l n sucb case, the exoct calculation of the dístn'bution or thc dimcnsion condition is 

difficult and time consuming. As a consequcnce of this facl, approximatc melbods havc bcon propa;.cd 

to estima te these distribution. ihe mos1 common one is based on lhe opplication of thc central I imit 

tbeorem (Meyer, 1970). The application of th.is theon.'m implies that thc distribution of t.he dimcnsion 

condition 1ends to becomo normal, independenl of lhe dislribu.Lions of the individual dimenslons, as 

longas tbe.number of dimcnsions in the assembly is large cnougb. 11lls approximute cri teria aJn no1 bc 

applied to tbe tolcrance synthcsis of a grcai numbcr of mcchanical products bccausc of lhe limitation 

imposcd oo lhe nwnbcr of dlmensions invo/ved lo the dimcnsion com.lition founulation. ln such cases, 

a distribution model musl be adoptcd for lhe individual dimcnsions to calculnlc thc distribution of thc, 

dimension concUtlon. 

Oistributions of iodividual dimcnsions dcpcnd on lhe pcculiarillCS of the manufoct:Uring pro<XSSCs 

and are no1 aiWllys koown. lt has bcen suggestcd lhat such c.listributions g.cnerally mcct lhe following 

set of .assump1ioos ( Jie, 1991 ): (a) tb.e range of shopcs could vury from a rcclllngular or cqual­

likclihood 10 an approximatcly normal distribution; (b) thcy may not bc symmctrit:411 ahout thl! me-;~n 
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value; (c) their. upper and lowcr Jimíts are frníte. These assomptions could aJso,bo considered·valid for 

prcviously inspected elernenrs, teãr:ly to be assembte.d~ rr mustbe poi'nted !bere tbat tbe standaTd 

devintion vnlue of tbe rectm1gular distribution is the grearest amoog lhe standard dcviations of olber 

alternative distributi·on models postolated LO be used ln rbe statistital analySis of maóu:faétl.lred 

dimenslons (Mansoor, 1%3-1964). Then, lhe rectang.ular dísnibutton could be appl ied ro aHow a 

conserva tive statisrical toler.ance synthes1s when the pr·occss cbaracteristics are not ·we!T kliOWO 
(Bjorke, 1989). A tolerance synthesis procetlure assuming a staüstical basis with rcetanguhl'r 

distributíon is descnbed i'll thls papcr. It is direcred to be applied dorlng thé deslgn stage of cylindrical 
fits and otbcr mcohànical sySiems, wben tbe equation of dimension condition can be·expressed as the 

linear combination of two dimensions and two unrestriclcd 1olerances must be allocated. The 
dimensions will bc uss•umed urtliormly distributcd withio: the in1erva1 determloedl by the upper and 

lower allowable dimensional Umirs. As lhe shape of the distribution of the dhnensioo couditjondeparts 

from normal and depends on lhe rolerances of lhe i_npivldaal dimensions ínvolved ln lhe fit, a 
modification in the order of the procedore iS proposed. Tim economical t0~erunce disrribution oríterla 

are uppri.cd early durlog the synthesls proccss to infere lhe·Simpe anel properties·of the dlstribution of 
t he di mension :condirlon. The disrri bution cri terion adopt-ed í:n !hls pape.r Js ao àppr.oxi mate ooe, lmown 

úS the "diffi.cul1y factors molbod" (Fe>rtini, 1985; Bjorke, 1989). 

The Distributton of the DimensJon Condrtlo.n 

lo tbis pape r, funcriooal requirements whose Yãlues depeno on the llnear cotnbiiNltion oi ·1wo 

imlependent vari.able diruensions will be considered. Tho most common and sim pie example of this 
situation in mechanical conSiruCúon is .glven by isolated oy~indr~cal flts. 'lbe assembly and fonctional 

pcrform11m:es of sucb üts dcpcnd siroogly on the differcnce between lhe di amei~ of sbaft ilod hoJe, 

hoth variable duc to tbc uncertointies associaled with manufactuiiog processes. Functlooal 

rc4uiré!uc!lts on cyUndrical.fíls could be eilher represented by lenglb dimcnsions, like tb.e clearance in 

a shaft/plain benriog nssembly, or ()lher dimensions, like the force or torque rransmllled by ao 
intcrfcrcnoc fit ln thc I ater situntion, n ocarly cottSla.nl factor dcpending on lhe elnstic properties o.f the 

clcmcnts iovolvcd in thc [ir relates thc value of the interference 10 the correspooding value of çb.c 
functional rcquiremcnt. Allcodiog l O thc scope of this papcr, function.al requiremeots tha1 ·can be 
cxpn:sscd by the following general equatlon could bc managcd: 

2 

Yw = "" A .X . L. I I 
(1) 

i • L 

l ;qumion ( 1 ~is also known as cquation of lhe dimcnsion condlüon. ln this paper the conccpl of 

oimcn.-.;inn çon<.lition will bc usco as <~n cqniv<•lcntto Lhe conccpt of functional tcquiremc~lL 11 mustlie· 

nntetl that thc scalc rnc1-ors A; in cquation ti) relate cach var1able l'cngth dirnension X; to i ts effect OJ] 

funclic)nul rcquircmcnt yW' Thcse (<lcrors ClJO bc rf>0:1itivc or negmive, so includio·g ln Lhe S(.:·o~ of the 
proposcu mcthouology tbc fits whosc fuoc1ional rl!quircments depend on lhe sum of individual 

uimcnsions. ·1·hc absolutc valucs of Ll1csc fae10rs can bo ei(her one equal to each orbcc, as i o lbe ease of 

intcrfcrcm.-c li ts, or onc di ffcrcnl to cach othcr. An examplc of til e ~ater situalion Is given by the 

synthcsis of fits that must mccr a funciional requircment u-t non rcference 'lemperalure when the. 

dL'OlCnl~ invoiVL'cJ arç Jn;:J!.Ie Of llléll\!-TÍlliS wjt\)ujffr.:n,:\11 liWft1lal éJ!'f>00SÍ00 faOfOrS. 



Ir has been stated that tbe distribotloo of individual dimensioos depends on be pecuJiarities of the 

manufacturing processes. The dimensions of similar parts are variable from one port to anotber and 
may be considered as random vanate, independently on tbe size of tbe manufacturing batch. ln 

addltion, parts are manufactured in different macbine tools (Y ln different moments, so that dímensions 

could be aJso considered independent. ln this paper, individual dimensions are expected to be 

stocbastio and independent variables anda rectangular distribution will be assumed for thern. Each 

dtmension will be considered composed of a constarit part, wba;e value Is the distance to lhe middle of 
lhe tolerance interval J.'i, anda variable port determined by tbe corresponding tolerance value 1;, (Fig. 

1). Then, lhe assumed disttibutionsof lhe dimensions can be ex(ressed as follows: 

(2) 

I 
I 
I 

I 
.... 1 .>------~-_;_i -~ 

Flg. 1 

The statistical propertíes of the Individual dimensions can be obtained from rectangular 

distribution formulas. Tbe expectadon value is equal lo lhe above de6ned medi um value J.ti and lhe 
variance o~ could be calculated in 1erms of lhe oouesponding tolenmce value: 

' 

(3) 

Tbe cbaracteristic values of lhe distrlbution ot lhe dimension corxlltion can be obtained tbrougb the 

appllcation of the properties of both expectation and varlance to Eq. (1). Tbe tinear combinatíon of 

uniformly distributed dimensions leads to a distribulion of dimension condition wbich is always 

symmetrical respect of its medium value. Tben, lhe expectation ~yw and variance o;..., of tbe 

distribution of the dimensioo condltion are, respectively: 

(4) 
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(S) 

The shape of the distrlbution of the dimeosion condition depends on. tbe relatlonsh.ip betweel) the 

vnlues of the 1w0 dimensional toleranoes, whioh are atready na known. If the values Qf both tolerances 

are nssigoed to be equal, tbe distribution or dimensioncondition results ln a triangular shape. The 
shape of tbe distribution becomes a trapezoid when different values are assigned to tbe dimensional 

tolerances. ln this paper, a tolerance syntbesis procedure will be derived to maoage tbe Jater situatioo, 

as it iodudes logically the pa;sibility of equaJ-value tolerances. 

Wben partia! ioterchangeability ai teria is applied. rbe stntistical tolerance synthesis of tiiS requires 
of an explicit formulation of the relation.sbip between the extreme allowable values of tbe functlonal 

requirement and tbe number of products ln the productíon batch whose functional requirements are 

expected to be out of such desired.limlts. The required formulation can not be obtajoed yet, because of 

its dependency on the values of lhe dimensional toJerances. The flrst step in order to ach.ieve tbis 

objective is Lo srandardize the distributioo of lhe dimension condltion. This could be achleved by 

applying the following equation: 

(6) 

The distribution of lhe srandardized variable of dimeosioo cooditioo Z (Fig. 2) can be . yw 
mathematically defioed for different intervals of tbe variable. 

f(z y) 

t , + t 1 Zum 
- 2(fy 

FIQ. 2 

p 
2 

Consideri ng that d ifferent values could be expected ror the rwo dimensional tolerances, tbe 

corresponding distribntion is a trapezoid, symmelric respect or zero vaJue. ln order to ad:rleve a simple 

statemcnt o f the problem, only equations of lhe dlstribution for positive values of the staodardized 
vnriable will be givcn in this paper. 
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Witbin tbe first intcrval (7), the formulation of the probabiliry denslry function is independenc on 

the value of the stnndardized variable (8); 

abs ( absA 111 - abs~~) 
o< z :s; ---------

yw 2o 
yw 

2oyw fi (Zyw) • ______ :..__ ____ _ 

2 

L absA1t; +abs(absA1t 1 -abs~t2 ) 
i-1 

(7) 

(8) 

Thc secorxl interval (9) is cbaraCierized by a linear dependency of tbe probability densily functíon 

on the value of the standardized variable of lhe dimension conditlon (10). 

abs (absA1 r1 - abs~c2) 

2oyw 

2 

}: absA1t1 
i • I 

<Zyws----
2oyw 

(9) 

( 10) 

The range of allowable variation of lhe functional requírement, which is related to quality 

performance considerations, is a known valoe during dimensional synthesis. Then, the tolerance of 
dimcnsion condiLion V w can be defined as tbe difference between upp!r and lower acceptable limits of 

tbe funccional requirernent. Jf such limits are replaced in Eq. (6), the corresponding functional li mil 

values of tbe stondardized varlable can be obtained. Formulatioo for positive li mil is: 

Z,,m • ( 11) 

As a consequcnce of tl1e adoption of the limited lnterchangeability concept, a proporüon or thc 

manufacturing batc.h wouldbe expcctcd to bave functiooul requirements out of allowahledcsign limits. 

So, the worst possible combination of the lim!t dimensions, dependent on lolcrance values still not 
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nssigned, will define ao actual range of variatioo of fuocôonal requirement greater tban one de:fined by 

specified functional ümits. This fact could be expressed in terms of lhe standardized varíable of 

dimension condition. For positive values of such variable it could be written as follows: 

(12) 

An odditional consideratioo must be done in arder to relate the limit values of the dimension 

condilion lo tbe number of products wbich are expected to have functional requirements our of such 

limlts. Within lhe common practi~ of mechonical design, toleranoes of similar arder are assigned to 
lhe diffcrcnt parts involved i o a fi r. As a consequence, the accumulation of events in the rwo symmetric 

triangular areas of the distriburion of lhe srandardized dimension condition will resull great~r tbao the 

generally accepted rejection ralios. Then, lhe eq~ration of ·rhe probabillty density funclion 

corresponding 10 lhe secood interval of the slandardized dimensioo condjtion f2 ( Zyw) ( 10) can be 
integratcd to relate the limü values of the stanclardized varíable to lhe amounl of products having its 

functiooal requircmenrs out of such limits P (see shaded areas in Fig. 2): 

(13) 

i • I 

Replacing thc koo.Yn values in equmion ( 13) and solving it, the dcsircd equation cao be obtaincd: 

2 

p - ---- (14) 
2 

n ubsA.t 
I I 

i • I 

Thc last cquation dc:pends on lhe unknown values of rhe individual tolcrances. 'll1en, 11 can 1101 be 

still uscd in order lo relate the limit valuo of lhe stondardfzed dinwnsion condition Lo the correspondlng 

proportion of functiooal-faulty products. 
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Tolerance Synthesis Formulation 

The secood functiooal equatioo or tolerance equatioo must relate ibe varia1ion of the functional 
requirernenl V w 10 lbe dimensioos and tolerances. ln lhe particular case of requirements depending oo 
the Jjoear oornbinalion of two individual di rneosions, lhe tolerance cquatioo can be derlved from E"<)S. 

(5) and (11): 

2 2 
Zi1on L 2 - (A.t.) 3 I I 

i - 1 

(15) 

ln this equa1ion, the atlowable variotion of lhe funcllonal requirerneot depeods on to! e rance values 
and oo lhe li mil value of thc staodardi2ed dimension coodition. Any pai r of tolerance values satisfyiog 
slrnultaocously Eqs. (14) and (15) will resuJI in an aoceptable solution to the functional problem: lhe 
cxpected proportion of fits assembled wilh randomly selccted parts wiH function wltbin the specified 
limits. But, not any of such pairs of tole.raoccs will glve a cost-effective soJutioo 10 1be dimensionlng 
problem. ln oonsequeoce, a 1olerance synlhesis formulnlion must include lhe consideralion of 
manufac1uring costs aotl its relatiooship 10 dimensiooalloleraoce values to facilitate ao op1imum 
IOieram;e assignmenL 

During design stage of mechan.ical (Xodocts, there is a Jack of information on cost componenls and 
ils dependence oo 1olcraoce vatues. On lhe other hand, cost calculations requlre proccssing facilities 
not always avaílable and are time consuming. 1b overcome such contrary state of affairs, a simplified 
metbod bave been proposed providing an approach to op1imum tolornnce al location. The procedure, 
called lhe di fli cully (or complexily) fac tors mclhod (Fortínl, 1985; Bjorke, 1989), involves tbe 
evaluatioo of tho relative complexity of maoufacturing tbe diffcrem pariS i o a flt. 11 is bascd on the fact 
lhatthere is a close correlat!oo berween 1hc rclalive difficullies of machiniog lhe maling parts and 1be 
relative manufacturing costs. 

The difficulty of manufacturing a dimcnsion to a specified precision levei depcnds on the màlt:rial 
frorn which lhe part is made, Lhe manufacturing process to be used, lhe size ond shape of Lhe clcmcot 
and other less importanl factors. Tbe evalualion of such difficulty can be expresscd by a number K; 
associated to cach dimension involved in a fit. An approximatioo 10 lhe lowest overall rnanufacturiog 
eost of a fit could bc acbieved assigoing greater lolerance values to tbe dimcnsions having greater 
difficulty factors. Applying Lhis cri teria to dimension conditiops depending oo thc linear combi:oation 
oftwo uniformly disLributed dimensions, lhe toleronce values result: 

( . -I 7 . absA. 
-hm ' 

112 

(16) 
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Attcnding lo rhe Jarer equarion, tolerance values depend oo lhe Jimlr value of lhe standardized 
diroeosion condilion, yer not knowo, anel on dif(iculty factors, lol.erance of lhe functional requiremeor 
anel scalc factotS, ali of them already known duriog rolerance syotbesis. The proposal of lhe authas is 
to replaoe rhe onknown toleranoe values ln Eq. (14) by the equivaleots in 1erms of difficolty factors. 
This leods 10 an explicit relationship belween rbe allowable proportioo of funclional-faulty produots 
and lhe corresponding limit value of the slandardized dimension condltion. ln order to aohieve a 
grearer simplicity in the derived equatlons, lhe relorive difficolty oonoept is lnrroduced ln this paper. 
lbe relalive difficully of maoufacluring lhe mar:ing parts Dr is defined as the square roo! of the ratio 
berween the diffioulty facrors corresponding to each element involved in the fit: 

o -r 
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(17) 
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Tolcrancc distribution Eqs. (16) can bc modiOed by cxpressiog rbem in tem1s of this caoce.pt: 

Ji.vw Dr 

'l absA. 2 112 
"'11m '(J+ D ) 

r 

(18) 
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An expllcit relationship between lhe acccptable proportion of functional-faulty productS and the 

corresponding limit value of the standardized dimeosion cooditioo can be derived wben Eqs. ( 18) and 

(19) are replaced in Eq. (14): 

(20) 

Tbis way, lhe characteristic values and statislical propcrties of thc distribution of lhe dimcnsion 

coodition could be known witbout knowing the value of thc dimensional tolerances. Thc value of thc 

rclativc difficully concept, depending on complexity factors, can bc o.s:~igned a priori lo the solution c1f 
tbe functionaJ-related problem. A plot has been obtained relatlng tbc li mil value of tbc standardizcd 

dimcnsioo condilion to lhe relative dífficulty factor for diffcrent valucs of lhe allowable propórtion of 

functiooal-faulty products (Fig. 3). As in cornmon industrial practice thc difl'iculties of manuJacturing 

lhe parts involved in a fitare ralber similar, values of rclative difficulty factor Dr have been varied 

between 0.5 and 2. This allows as indifferent assignment of lhe sob-index to cach matting p<JrL 

Then, tbe proposed stnlistical synlllcsis procedw-c could be resumcd as foii(J\V!): 

(1) Determine tbe complexi\y fuctors K; bascd oo manufacturing considerations. Calculutc thc 
relative difficulty Dr uslng Eq. (17). 

(2) Assume a permissible proporiion P of functional-faulry prcx.hJCIS, based on manufacturiog antl 
quality cootrol policies. 

(3) Determine tbc limit value of the slnndardized dimcnsion conditioo Zlim usiog the Eq. (20) or 
Lhe plot in Fig. 3. 

(4) finally, calculare Lhe dcsired tolerance valucs L; rcplacing thc values alrcady caJculatcd in Eqs. 
(18) and (19). 

Tolerance values synthesized thjs way will givc a cost-cffcctivc solution to the functional prOblcm 

in hands. Thc desired proportion of assemblcd products will funotlon wilhin the desircd fimits if thc 

actual distributions of tbc dimensions could bc ropresenlcd conservalivdy by equal -l ikelihootl 

distributions. 

,Qiscussion 

As ir has been stated previously, lhe shape of thc distribulion of thc dimcnsions produccd by a 

manufacturing process depcnds on thc particularities of thc procc.ss ilself and is not rdatcd to thc 

nmount of paris lhat are going to be manufac1ured. Statislical tolerancc synthc~is i:; basctl on un 

adcquate knowledge of the dislribuJion of individual di mensions and on tho possibility of detcm1ining 

lhe shape of the distribution of dimension conditioo. No problcrns arisc if individual dimcnsioos could 

be considered normally diStributed or if the amoont of dlmensions in\.'Oivcd in the !it is largo cnough to 

1rcsult in an npproximately normal dlstribution of U1c dimension condition (consC(II•Cncc of thc 

applica1ion of thc central limirtheorem). 



G. D. Donatelllahd S. Bocl:l:e 

Wben manufacluring small balcbes, or even unique parts, it is nearly impossible to obtain tbe 
shupe ·Of the actual distrlbu1ions (which generafly deparl from normal). ln addltion, tbe functional 
pcrformancc of a large nombe.r of mechanical sy~aerns depends on n small number of individual 
dimensions. ln sue h cases ii has beco a common practice to synlhesize dtrnensional tolerances under 
lhe assumption of tbe worst [i mil basis of dimensioning, so resohing in restrictive tolerance values. As 

1he toJerance synlhesis procedure proposed here represcmts an alternative to the ilppJlcarioo of tbe 
wo.rst corubination criterion, it rs reasonable lo evaluate the benefits that could be nchíeved rating the 
tolerance values calculated using both .metbods. 

Thc second funclional cquation or tolerance equntion derived frorn the nssumption of the worst 
li mil busis can bc expres..<oed as follows: 

2 

V"' - L absi\1~ (21} 

I M 1 

Thc tolcrance of the dimension condition V w and rhe scale ractors A; i o Eq. (21) are equa'l in value 
tbm those considcrcd ín thc staJ:istical formulation: lhey depend on tl:le prodocr functloo. ToJerance 

valucs corrcsponding to thc assumption of thc worst possible eombinntion has'beenJéfemified wilb the 
supra-i ndex (w). The corrcsponding tolerance distrlbution equatlons can be deri ved rrom Eq. (21) 
base{) on lhe distribution criteri-n alrc:ady nppllc(l for the stallstical formulation. ln tcrms of lhe rclative 

di fficulty conccpt, the cquations are as follows: 

(22) 

w 
w obsA 1 t 1 
I----
2 - ah~n2 

r 

(23) 

Thc g11in of applying tbc proposcd stmjstica:t rotcrancing mctbodoJogy cao be exprcsscd as tbe ratio 
I"~Ctwccn lhe sum of thc tlimcnskmal tnleranccs calculatcd by both mctbotls w bc compared: 

2 

(iain .. (24) 
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Reptacing lhe tolerance dlstribolion equations in (24), lhe gain can be expressed in terms o! rhe 
scale .factors Ai> the relarive difficulty D, and the aooeptable pto(X)nio.n of f~nctional faulry wQCiu.c~ 1? 
asfoUows: 

Gain - (25) 

A family of plots bave beeo obtained in order lo test the behavior of the gain for differem v alues of 
tbe involved variables, Each pl.ot correspoods to a <:lif.ferem value of tbe ratio bctwcen scale factors 

affecting bOtb diroensions A 1/A2. ln common engineering practice, the scale f'actors are not e JCpeciiUI 

10 be quüe different one to each otber. Tbeo, the ex1reme valucs considered i o this paper are 

A1/ A 2 - 0.5 (Fig. 4) and A 1/ ~ ~ 2 (Fig. 5). To illustratc the bchavior of tbe gain when the 

influences of both dimensioos on the performance of the flt are equal, a plol corrcsponding 10 

A / Az - 1 is also shown (Fig. 6). ln lhe provided plotS the relative àil'ficulty has been consideTed lo 

be the independcnt variable. The parametcr characteriziog cnch curve is lbe proportíon of functlonal ­

faulty products, being rhe selectcd values 0.0025, 0.005, 0.010, 0.020 and 0.030. 
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For each cons1ant value of lhe ratio belwcen sca1e fnctors, lhe gain increascs with an increasc in tl1e 

permissible proportion of functional-faulty products. ln lhe cases character'izcd hy an cqual influcncc 

of lhe dimensions in the functional performancc of lhe product (A 1/ A 2 .. L)., lhe gain cxhinits lilllc 

variation wíth the variation of ·lhe ré·làtive cliflioulty, tbough maxímum vai ues must be expccled wh~.!n 
the complexity of manufacturing both parts i.n, the fít are cqual (seo Fig. 6). ln 1hc aforcmcmioncd 

cases, the values of tbe gain ar-e small for the minor values of the accertable proportion of functional ­

fauhy products. lncreaslng such proporliot~. moro intcrasliog benefíts coul<J ba rcadu>.d (gains up 10 

1.20 forP = 0.03). 
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When the scale factors associated to eacb dimension are no1 equal, oor are lhe mano.facturlng 
complexities, higber and lower values c§ lhe gain for eacb constanl vaJue of lhe proponioo P can result. 

Such values are associated with particular combinations of lhe relative difficulty Dr and the scale factor 

ratio A/~. When the ratio between scalc fnctors is less than the unil (see Fig. 4 for example), ,lhe 

gain increases whilc rclative difficul1y decreases. Jf a smaiJ proportion of functlonlll-faulty products is 

aUowed, this behavior could lead lo cases lo wbich no gain can bc obtained performiog ihe proposed 

slatistical 1olcraocing me1hod. A similar siloalion is reacbed when tbe ratio between scale (actOr$ is 

greater than tbe unit (see Fig. 5) simultaneously with avalue of relarive dlffieulty minor tban lhe unJt. 
Conversei y, the afc;remeotiooed behavic;r of lhe syscem could be managed by the designer to increase 

the benefits that can be achlevcd. U 1be fi1 is designed in such a way tbat lhe scale factc;rs mtio and lhe 

relative difficulty are simultaneously greater or smaller tban lhe unit, tbe resultanl values of the gain 

will be higber. 
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Though lhe gains associorod wirh lhe applicatíoo of tbe proposed mcthodology are rather small, i t 
provides a [easible alremn1ive to lhe tolerancing proocdure bnsed on tbe wors1 possfble coml>lnation o f 

limít dimcnsions beca,use of its simplicity. No oomplex calculus or special information are rcquired 10 

syntbesize dimensioos and toloranccs of l:he elemems involved ln lbc fit. Future effortswil l bc directcd 

to extend 1be application of thc proposed procedurc to fils cbaracterized by fuoctional requi rcmcnts 

witcb depend on more tban two dimensions. As thc number of dimensions involved in a dimcnsion 

coodition incresses, tbe tendcncy of tbe distribulion of dimensioo condition is to cluSler mon: evcn1s 

around tbe medi um value. Then, if lhe desired formulalion is obtained for such problems, i t oould bc 

ex:pectcd that lhe galn will increase as the number of dimcnsiom assodated in the fil increasel>. 

Conclusions 

A sLStístical talerance synthesis melhod based on tbc ass:umption thatthc unknown distributions of 

dimensions could be conservatively represcn1cd by means of Lhe rt:ctungular or equal-li kell hood 

distribution hove been proposed ln this papcr. Equations have bcen dcvclopcd 10 be applicd in 

mcchanical systems wbosc funcliooal per(ormance depends on the linear combination of lwo 

indcpcndent dimensions. The methOdology is simple enougb to bc applied during conoeptuul and 

embodiment design stages aod provides an aprroach to oplímum tOicrance allocation, as longas it is 

supportcd on simullaneous analysis of functional performance aod manufacturing coslS. 

Thc npplicalion of the proposed method could produce economical bcncti ts during rrumufucturc, 

via the colargcment o f dimensional tolerance valucs (respel., of those that can be obtained b)' thc 

assumption of the worst possiblc combination of limi t dimensions). 1\s i t has beco discUS!.cd at'lovc, 
greatcr benefirs are expeclable lf thc merhoo can bc cxtendcd to fits depending on u grcater numbcr of 

individual dJmensions. 
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Abstract 

ln this paper the problem of spncccraft orbit transfer wilh minimum fuel oonsum,pliJ>n is considored. A new 
version of lhe suboptimal aod hybrid control approaoh of oumerlcally treating tbe probkm, where one can take 
into account tbe acçuraoy j.n lhe salisfaclion of COILHraloJs is developed. To sol v~ the D'~>nlinoar programming 
problem in each lteràtion, á slodraslic llersion of lhe proj.ection of tbe gradient méthód Is used together with rhe 
well-known hybrid approach ro find the oprima! conLrol in lhis kind of dynamic problem. For the m;lJleuvers 
considered, the spacecra.fl is supposed to bo in Keplerian motloo peiturbcd by lhe tbrusts wheoever they are 
active. The lhrusts are ass·umed ro be of fixed magnitude (either Jow ot hlgb) and opcrating ÍJl llll on-off mede. 
The solution is giveo i o lerms of lhe Jocation of lhe ''buming ares'', "time"-'blstories of tbrost anitttde (pitch n:nd 
yaw), final orbit acquiredand fuel consumecL Numerical resulis.are prcsenled. 
Keywords: Optímal Transfer, Stochnstic Approximation, Optimal Contrai, Spaceçr:):ft Orbit Maneuver 

lntroduction 

Tbis paper comes in sequence of a previous one, where the àutors (Prado and Rios-Net-o, 1989) 
numerically solved the pn~bl~m of spacecraft maneuvers with minimum fucl expendiaure using 
suboptimal and optimal control associaied with a nonlinear progr.amming preje.cti·on <>r tbe gradienl 
mclhoo. Here, the sarne prOblem is considered with lhe differcnce. tbat ahe constraims do n01 need to bc 
exaclly satlsfled anda stoohastic versíon ()[lhe JXOjec~ioo of abe gtildient is uscd (Rios-Neto and Pinao, 
1987). This is done 10 realisaically trea1the nurncrical imi.ccur~cies and/or nexiblliay in terms of 
toleram::e in ruission rcquirements, lcading 10 situatlons wbere· lhe .final stale is consarainêd to Jie inside 
a given region, insll.lad of bci!lfg an exact va1ue. "fhe results of num-erical siruuJati'ons are eompared to 
assess tbe fucl savings given by lhe stochastlcal approacb. A more general study of lhe problem of 
orbit transfer maneuvers is available in Prado and Rios-Neto (1993). 

Definition of the Problem 

The basic problem discussed rn this papct is lhe problcm of orbit ttansfer mcneuvets. The ob}ccaivc 
of this problem is to rnodify the orbit of a given spacecrafl. ln the case t:onsidcrcd in this paper, an 
ioitial anda final orbit around the Eart.h is complele.ly specified. The problcm is to find how to lransfer 
the spacecraft belween those two orbits in suqã a way Lhat the fuel consumcd ~s minimuru. Thete is no 
time restriclion involved bcre and thc spacecr.aft can leave and arri.ve ai any poiot in the givcn itJi,tial 
and final orbits. The mancuvcr is performed with lhe use of an engine that is ablc to ddivcr a tbrust 
wiah conslant magnitude and variable directlon. Thc mcchanism, time 110d fucJ l:Onsumption lo ~hangc 
lhe direcaion of lbe thrusa is noa considercd in ahis paper. 

Model Used 

The spacecrafl is supposed to be in Kcpleria11 motion eonarolled only hy 1hc 1brusas, \vhcnevl.'!r 1hcy 
are acaive. l bis means tbatlbcre arotwo typcs of ruolion. 

Manuscnpt recelved : Juty 1994. TechnicaJ Edjtor; Agenor de Toledo Fleury 
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i) A Keplerian ocbit, that is an orbit obtained by assuming that ttle Earth's gravity (assumed to be 
a point of mass) is the ooly foroe act:ioo on lhe sptcecraft. This motion occurs when the thrusts 
are na firing, and 

ii) The motion governed by rwo forces: the Earth's gravity field (also assumed to be a point of 
mass) and the force delivered by the thrusts. This mctioo occurs during tbe time that tbe tbrusts 
are firing. 

Figure l shows rhis siruatioo. FE is thc gravitational force of tlle Earth (assumed to be a polnt oJ 
mass) and F1 is lhe force giveo by tbe tluusts. 

Throst Fíring Throst oot Firing 

Fig. 1 For<: .. actlng ln 1ha aatalllte 

Tbe lhrusts are assumed to have tbe following clwacteristics: 

i) Fixed magniMie: lhe force generated by them is always of coostaot magnitude during the 
mancuver. The value of rhis coostant is a free parameter (an input for lhe algorilhm developed 
here) that can be high or low; 

ii) Constanl ejection velocity: meanlng that lhe velocity of lhe gases ejected frorn lhe thrusts is 
coostant. The imponance of !h is fac! can be belter onderstood by examining Prado (1989); 

iii) Eilher frce or consttained únS~Jitsr motion: this means tbat the directlon of tbe force given by 
Lhe thrusts can be modiflcd du:ri ng lhe transfer. This direction can be specifled by lhe aogles u 1 
and u2 called pilch (Lhe angle between ·the direction of the thrust and the perpendicular to lhe 
linc Earth-spacecraft) and yaw (the angle witb respect to the orbital plane). The motion of 
those angles can be free of constrained (consumi, linear variatíons, forbidden regions for firiog 
lhe thrust, etc.), and 

iv) Operorion ln on-off mode: it meaos that íntcrmediate states are not allowed. The thrusts are 
eithcr at zero or rnaximum levei allthe time. 

The solution is üveo in Lerms of lhe time-histories of the thrusts (pitch and yaw angles) and fuel 
consumed. Severa! numbers of "Lhrusting ares" (ares with tbe thrusts active) are rested for eacb 
maneuvcr. 

lnsteod of time, the "range angle" ( lhe angle between the radi11s vector of the spacecraft and an 
arbitrary rofcrcnce linc in thc orbilill plane) is used as rbe indcpttndcnt variable. 

Optimal Control Problem Formulation 

The minimum fucl spacecrafr manouvcr can be treated ns a typical oprima! control problcrn. 
farmulatl!d as foUows. 

Objective Function: l.et Mr, lhe final mass of lhe veblcle, 10 be maximiz.ed with respect 10 tbe 
COOLrol~( . ); 

Suhjcct tç1: 
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(1) 

Ç~(?_C. ~· s) - Ee (2) 

(3) 

(4) 

wbere x is a state vector, f (.) is lhe tlght hand s.ide of equations of motion, as in Biggs (1979) aml 
Prado (1989); s is the i ndependent variabl e ( s0 s s s sr) , Ç~ (.) anel f~ (.) are 1 h e ai gebraic 
dynamic cons1raints on state and coorrol of dlmensions ll1e and m~ ~ ( .) are thc boundary constrarnts 
of dimensloo fllb; and ~~, ~~, !?~ etror vectors satisfying: 

IEe;l s Ee~. i • 1, 2, 3, ... , m., (.5) 

(6) 

(7) 

where the fixed given values Be~. Ed; , Eh; characterizes lhe region arouoo zero within whlcb c rrors 
are considere!d tolerable. 

Suboptimal Method 

ln this approacb (Biggs, 1978; Rios-Neto ond Ceballos, 1979; Rios-Neto and Bambace, 1981; 

Ceballos and Rios-Neto, 1981 , Prado and Rios-Neto, 1989), paramctrization is uscd for an 
approxlmatiOó of rhe comrol (angles of pitcb u 1 and yaw u2), and for the problem at hand: 

(8) 

(9) 

wbere p1, P2• p3, p4 are the paramctcrs to be found; s is the instantaneous range anglc and s, is lhe range 
t11ngle of lhe instanl when tbe motor is turncd on. 
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Witb this, for each "buming are" in tbe maneuver, lbere is a set of six variables to be optillliud 
(start and end of thrustlng and tbe four parameters for tbe angles of pitch and yaw). Note that Lhe 
number of"burning ares" is cha;en "a priori". 

Witb control parametrizatlon, tbe problem is reduced to one of nonlinear programming, which will 
be solved by tbe stochastic version of tbe projealoo of the gradient method. 

OptJmal Method 

Thls approach is based on Optim.al Control Theory (Bryson, 1975). First arder necessary 
condltions for a local mioimum are used to obtain the adjoint equatlons and lhe Ponlryagin's 
Maximum Principie to obtain the control angles at eacb range angle, leading to a "1\vo .Point Boundary 
Value Problem" (1PBVP). where the difficulty is to find tbe irutial values of lhe Lagrange multipliers. 
Tbe treatment given here (Biggs, 1979) is the hybrid approocb of guessing a set of values, integmtlng 
numerically aLI tbe djfferential equations and tben searching for a new set of va)ues, based on a 
nonlinear programming algodtb~. Witb this approacb, lhe problem is again reduced lo parametric 
optimization, as in the suboptimal method, wlth lhe difference tbat lhe ongle's parameters ore replaced 
by the initlal values of the Lagrange multlplíers, as variables to be optimlzed. 

The metbod by Blggs (1979) was used, where the "adjoint-control" transformation ls performed 
and instead of tbe initial values â. Lagrange multipliers one guesses controlangles and tbeir rates at tbe 
beginning of tbrusting. With this, it is easier to finda good inltial guess, and the convergeooe is fasteL 
This bybrid approacb bas tbe advantage tbat, since the Lagrange multipliers remai.n constant during tbe 
"ballisric ares", it is necessary to goess values of tbe control angles and íts rates only for tbe first 
"burning are". This tmnsformarion reduces vcry much the number ofvariables to be optimized and,ln 
conseqoence, the time of convergence. 

Numerical Method 

To solve the nonlinear programming problem, the stocbastic version of the projection of the 
gradient metbod (Rios-Nero and Pinto, 1987) was used. 

l ts general scbeme is resumed in what follows: 

Giveo avalue p of the searcbed vector of paramet.ers p. from ao ioitial guess o r from ao 
lmmediately previo~ itemtion. a first order, direct searcb approach is adopted in a typical íteration to 
determine an approximate solutioo for the increment óp in tbe problem: 

Minimize: 

(10) 

Subjec&&o: 

(11) 

- -
~~(p+Ap) • J3Ç~(p) +~ (12) 
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where J (p) is the objective function, ~~ (p) the equality consnaints, Ç~ (p) the acrtve ,ineq,uality 
constràints at p. and O :s a< 1, O :s ~ < 1 are chosen close enougb to one to lead to incremeo:ts Ap of 
a first order of magnitude. 

Linearized approximations are taken for the left haod sides of Eqs. (11) and (12) 10gether witb a 

stochastic interpretation for the ettors ~~ aod !?~· resultiog in: 

(H) 

(~-l)Ç~(p)- (d[Ç~(p))/dp)âp+~ (14) 

wbere ~~ and ~~ are now assumcd to be zero mean unifocmly distributed errors, modeled as: 

where E{.) indica te Lhe expected value of its argument. 

The condition of &). (lO) is approximated by ~he followiog "a priori infoonarion": 

T -
-g~J (p) - 6p+~ (15) 

where g 2: O is to bc adjustcd to guaraotee a lirst order of rnagni(ude for the_increment, that is, sucft that 
âp is smaJI eoough to permit the use of a lioearized representation ofJ (p + óp) and ~ is taken as a 
zero mean uniformlt clistributed randcm vector, modelling lhe a priori searching ecror ln the direction 
of tbe grad:ient ~J (p) with: 

T 
E[!:~E 1 - P 

as its diagonal covatiance matrix. The values of the variances in ~ are cboseo suoh as to charoQierizc 
an "adequate order of magnitude" for the dispersfon of ~. The diagonal forro adopled ts to modelthe 
assumption that ii is not imposed any a priori corrclation betwcen tbe cnors io thc gradicnt 
components. 

The simultaneous coosideration of Eqs. (U-15) characterize a proble.m of parametet ~timntioo , 

which in a com~ct notadon cao be putas follows: 
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U - U+n .(16} 

Y .. MU+V (17) 

where §~- gVJT(p) is the "a priori informatioo"; :y~p; 

[ T - T - J r~ (ú -1) Ç: (p); ( (~- 1) ç~ (p)) is the.observation vector; 

T [ - T - 'I'"] T f.., T 11 
~ ~ (d(Ç~(p))/dp): (d(Ç~(p))/dp) j; y .. ~~; ~~J· 

Adopting a critetioo of linear, minhnum vadance estimation, the oplimal search increroent can be 

determioed using the classJcal Gauss-Markov estimatioo, wbích in KaLman form (e. g. Jazwinsti1 

1970) gi ves: 

(18) 

P -P- KMP (19) 

(20) 

where f is defined as before; !t~E [yy1 = diag [Rk' k = 1, 2, ... , me+ md]; and !' has tlte 
mcanlng of being the covariance matrix of the errors in the components estimates of y, i. e.: 

(21) 

To build a numericalalgorithrn using the pro(.JOI>ed procedure, the followingtypes of iterations ar~ 

considcrcd: 

i) Initial phase of acqulsition of constraints, when starting from a feasible poinl that satlsties the 
incquality constraints, the search is dooe to capture the equality constraints, including those 
incquality constraints tbat eventually became active along this phase; 

lí) Scarch of the minulnum, when from a pointlhat satlsfies the constraints i o lhe llmits·of 'lhe 
tolc.roble crrors V in Eq. ( 17), the scarch is done to take ihe objectLve .f~;~ncdon (Eq. {lO) LO get 
ncarer LO the minimum, this senrch is cooducted retaxing lhe arder of magnitude of Lbe error 
bounds around de constraints; 

üi) Restoration of the constraints, when from a point thal resulted from a type (ii) iter·ation, tbe 
search is dooe to restote constralnts sallsfacüon, wiihln the limits imposed by the error V in 
Eq. (17). -
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Rios-Nero and Pinto (1987) suggest how to cboose good values for tbe numerical paramerers, lhat 

must be differenr for eacb type of iteration. 

Simulations and Numerlcal Testa 

The algorirhrn was coded in single precision FORTRAN IV, and lhe calculnrions where performed 

at the Instituto Nacional de Pesquisas Espaciais (JNPE) in á Burrougbs 6800 compu1er. 

Th veri fy lhe algorlrhm proposed, lhe mancuver for tbe initial pbase (orbit rransfer) of tbe First 

Brazilian Remote Sensiog Sa1elli1e was simulated. These results were compared wllh thc ones 

obtained by the deterministic vecsion (Prado and RJos-Neto, 1989), witbout flexibility in constraint's 

satisfaction. 
35r---------------------------, 
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This trnnsfer phase will occur with thedata given in 1bble 1 (Carrara and Souza, 1988), Table 2 

(Prado, 1989) and Thble 3 (Prado, 1989). 

Table 1 Data for trailefet phue of tt. Flr1t Brazlllan R•mote S.nalng Satelllte mt .. ton 

Orbirs lnítital Final 

Semi-major axis (km) 6768.14 7017.89 

Eccenmcity 0.0591 0.000 

lnclinalion (degrees) 97.44 97.94 

Ascending node (degreos) 6727 Free 

Argument of perigree (degrees) 97.66 Free 

Mean anomaly (degrees) 270.0 Free 
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Teble 2 Etro,.. ali~ f« final Keplertan e !emente 

Semi-major axis 

Ecoenbicity 

lncllnatlon 

5.0 Km 

0.001 

O.Of deg 

Table 3 Algotlthm paramete,.. 

Coostrnints rostoratioo 

0.5 

0.5 

dlag (10000 ; ... ; 10000) 

0.2 

Mioimum Search 

1.0 

1.0 

diag (O.o1 : ... : 0.01) 

0.2 

Tbe choice of tbe number of"buming ares" was done after testiog different values and concludiog 

fot 8 as being a good number (Prado, 1989). 

The solutions found (time-serics of thc tbrusring angles) are showed in Thble 4 (suboptlmal method) 

and Fig. 2(optimal method). Theoomparison wilhdeter.ministiomethodsare sbown in Table 5. 

Conclusions 

Thc problcm of spacecraft maneuvers wilh minimum fuel consumption and consideration of 

accuracy tolerance in constraiot's satlsfactioo was treated and solved using lhe new nonlinear 

programming algorilhm propa;ed by Rios-Neto and Pinto (1987). 

The resulls sbowed that some fucl can be saved by exploriog tolerable errors allowed for 

constraint's satisfaction. The amount saved ln botb examples is not negligible, sinoe it represents half 

of tbe amount nccessary for one orbit corrcction (Carrara, 1988), and slncc it ccrtainly could be bigllec 
witb more tlexibllity in constraint's satisfac.tlon. 

Ale Ss(deg) 

525.9 

2 1053.5 

3 1619.0 

4 2132.7 

5 2326.4 

6 2852.7 

7 3418.7 

8 3932.6 

Stcx:hastic approaeh 

Determinlstle approach 

Table 4 Tr1n1ter ph11e wlth euboptlmal echem• 

Se(deg) Pl(deg) P3(deg) P2 P4 fuel (kg) 

578.6 0.4 -19 .2 0,010 ..0.126 

1097.2 5.1 32.9 ..0.147 ..().085 

1667.4 1.3 -36.8 ..0.002 0.533 

2185.6 5.6 33.1 ..0.138 ..0.071 

2372.1 0.2 ·20.5 0.010 ..0.129 

2905.5 5.9 33,9 ..().150 -0.096 

3467.1 1.2 -36.9 ..0.002 0.532 

3985.3 5.6 33.2 ..0.136 ..0.080 11.66 

Table 5 Fu.l eJq~endl1ure comparlsone 

Fuel consume<! (optimal (kg)) Fuel consumed (suboptimal (kg)) 

11.62 

11 .87 

11 .66 

11 .93 
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Nomenclature 

Cd lneqoality constraints on m
0

, md, mb =lnteger numbers X State 
s.taie/control -

M = Mass of the satetlite y 1' -
C e Equality constraints on 

T - T 
{(a-1)~~ (p): 

stale/control ~-= ( (d{~~(p))ldp) : : (a-1)~\pn Is 
E [.) = Expected value of [ . ] T 

( d (f~ (p)) /dp) ] the observation vector 

~~· ~~· ~~ =Errors in lhe n = Zero mean uniformfy a, ~ = Parameters used ln 
constraínts dislr'ibuted random equatlon (11-1~) 

f Right·hand side of the ve~tor 

equa'lions of motion p Veclor·of párameters to Subst:ripts and Symbols 

Fe c Gravitalional force Earth- befound 

Satellite p = Covariance matrix f Final 

Ft Force provided by the r = Oistance El!rth-Satelli~ .() lnl!ial 
thrust 

g Parameter used ln R E[y_yj s Start 

equation (1 5) 
~geangle ô ,. Varialion s .=c 

G Gravítatíonal constant 
11m e Vector 

b Boundary constraints 
" u Control Estimated value 

J Objective funotion 
ó( . ) De '. ) u e • A priori infomatlon" 

K Kalman matrix. --.. nvat1ve of ( •. wrr p 

VT ~~: p~l] 
dp 

m Mass of lhe Earth 
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Abstract 

Ao axact solu tlon to the transient free coovectlon flow past ao infrnite vertical isothcrmnl pia te is presented on 
1.1king ln to nccount the preseoce of specles concentrntlon. It is observed lhat an lncreose in the & Jtmidt number 
l<mliS to u dccrease [n the velocity when lhe buoyoncy ratio paramelcr N >O. However, when N > O, an incmase 
ln N lends to ~n incrcase i o the velocity whereas for N < O, a decrease in N lends to a fali in lbe vclocity. For 
N >O, an increase in Se Leads to o fall ln lhe skin·fricllon and opposite is lhe case Cor N < O. The skin-frietion is 
more for N > O as comp:ucd to lbat for N < O. 
Kcywords: F«.>c Convectioo wilh Mass Transfer, Unsleady State, lniinite Verlicall.sotbermal Plate 

lntroduction 

Transicm frce coovectioo nows pa~ an infinile vertical isotbennal flows wcre studied by many in 

pas1. Some of thesc are by Siegel (1958), Scbcrz and Eichhorn (1962), Menold aod Yang (1962), 
Sparrow nnd Grcgg (1960), Chuog and Anderson (1961), Goldstein and Brlggs (1964) erc. Ali thcse 

Sludies are confined to the flow of purc flulds lllre ai r, water, etc. 1l1ese are studies l n which rhe 
buoancy drívíng forco is arising solely due 10 tempcràtore differences. Jlowcvcr, ln maoy .Jnstances, 
along wllh tcmperature differencc, !lows also arlse due 10 diffcrcnces i o conoenrration or material 

constiturion. A commooly occuring example is thc atmospbe.dc flows which oocur dueto difference ln 
temperalurc and H20 conccntration. Agai n, in water, the density i s affected by tempcrature, 

conccn1rarion of djssolved materiais nnd suspended parriculate mattcr. Such flows doe ro combined 

l.lf(ect of çanccntrution and temperature differences !uive reccived lillle attention. Steady free 
convccrion flow ln the prcscnce of mass 1ransfer past a semi-inflnite venlcal plate was srudied by 

Gcbburt and Pera (1971) by similarity nnalysis. References to earlier Sludies on free convecticn with 
mass tran.sfcr an: citcd ln rhe paper by Gcbhan nnd Peta ( 1971). 

llowcvcr, mass transfer effectS on trnosient fTee ooovec1ion flow post an inlinite vertical isothermal 

plutc have no1 becn studied in 1he l lteraturc. llence the motivation to undertake thís study here. Exac1 

~olulions are derive(! to coupled linear cquutíons goveming the tlow and lha velocity profiles for ai r 
nnd watcr in lhe presence of different forelgn masscs are sbown graphiC::lll y. 

Mathematlcal Analysls 

Consider the unsteady free convcct ive now of an incompressible viscous fluid past an infinite 

vertical isothermul pi ate. l nirially, the fluid and the pia te are assumed to be at the sarne tcmperature T~ 
ilnd lhe concenltation levei in the Jluid is also assumed to be low so that 1be Soret-DufQUI effeClS can 
Manuscripl receív&d: July 1991. Technlcal Editor. Alvaro Toubes Prata 
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Resumo 

E5te traballlo oons.idera o problc:ola de transferência de 6roilll de um veículo espac~l com mínimo consumo Je 
combustível. ~desenvolvida uma nova versão dos métodos hfbrido) e sub-ótimos de trat:tr o problema 
numericamente, onde a predslíonn satisfação dos vfnculos podem ser consideradas. Para re.solvcr o problema lle 
programação não-linear, ~m cada iteração, uma versão estochtica do método da projeçlio de> gradiente E 
combinada com o conbeeillo método bfbrldo de controle óiimo nesse tipo de problema din~mlco. PMa ~ 
manobras consideradas, o veículo espacial é suposto estar em movimento Kepleriano perturl>ado flj)<."'flO!l pelo 

controle . O controle consiste de ·um em puxo de magnitude cons tante (a lto ou baLxo) e que opera no OINlo liga· 
de$liga. A solução é dada em termos d~ loc3ll~çiio dos arcos rom propulsão, direçno do cm puxo cm c:tJ:~ 
iMlMte, órbita final o tingida e combustível consumido. Resulllldos numéricos são apreseotnlk">S. 
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be negligible. ln many industrial applications, this assumption is true. Sois in the atmospheric flows 
wbere tbe presence ofwater-vapour is many times at very low levei . We calce thc x'-axis along tbe plate 
ln lhe vertlcally upward dlrection and the y'-axis is taken normal to the plate. Also, initíally tbe 
concentration levei througbout the lluid is assumed to be c~. At time t' '>o, lhe ptate temperature is 
raised to T~ and tbe cooceorration levei oear the p{ate is also raised to C~ such Lhat T~- T~ and c:-C~ are botb greater than zero. Then under lhe usual Boussinesq's approximation, Lhe fuJly­
developed unsteady tlow, being inclependent of the axial distance, can be shown 10 be govcrned by Lhe 
foUowing system of equruions: 

au' ;/u· • 
- v-+gf3(T'-T.,.') +gf3 (C'-C..,') 

at' ay'2 
(1) 

f)C eH' • K iT' 
p ~ ~ · 2 " ay' 

(2) 

ac· rlc• 
- D-

"11 2 
" ay' 

(3) 

with followlog lnítial and bounclacy conditions: 

t' sO , u' ~O, T' .. T~. C' .. c.;. for ali y' 

t' >O, u' • O, T' - T\v . C' - Cw at y' .. O 

u' =O, T'-T~. C'-+C\v as y' -+oo (4) 

Here u' is the velocity of lhe fluid, t' 1he time, v the kincma1íc viscosity, g 1he acceleration due 10 
gravity, j3 Lhe volumetric coefficient of thermal expansion, ~· volumetric cocfficicnt of expansion with 
conceotratioo, C' the s~><:ies coocentration, ~ lhe density, Cp lhe specific hea1 01 coostanl pr<..'$ure. 
T' lhe 1empcratu.re of the fluid, K 1be thermal cooductivily, D tbe chemical molecular diffusí1y, T~ 
the plate lempermure and C~ is lhe spccics concemration near lhe plme. 

Equations (1) to (4) reduce to following non-dimensional form 

éJu 

ot 
lu 
-

2 
+0+NC 

éJy 
(5) 
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ao c:?o 
Pr- •-

ôt ôy2 
(6) 

(7) 

wilh followiog initial and boundary condirions: 

1 "O 1 u - O 1 O • O I C .. O for ali y 

t>0 1 u-0, 0 -1. C-1 at y - 0 

u-01 e-o. c-o as y-+oo (8) 

The noo-dimensional qLU~ntities are defined as follows: 

1/ 3 2 -1 / 3 
U .. (vg~6T) , L .. (g~6T/v) 

T' - T ' 
u .. u'/U, y .. y'/ L, t .. t' / t• , 0 - ---"" 

T~-T~ 

c-
c·-c~ ~tCP v 

Pr-- Se .. 
K

1 

D c~ - c.:o 

fi• 6C 
N- f\àT' 6C·C~-C~, 6T·T~-T.;, (9) 
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Here U, L, r• are some charàcterlstíc velocity, .Jength and time repectively. Also Pr is tbe Prandtl 
number, Se tbe Schmidt oumber and N is the ratio of tbc chemical and thermal diffuslbn . Só N 
measures the relativo impottance of these diffusivit:ies which cause the dcnsity difference thereby 
causing the flow.ln the absenc:e of speci·es diffusion, N = O. N is infinite when thermal diffusion is 
absent, N '> O corresponds to th.e flow dve to COíl1bined effects of these liiffusivitíes and theo N < O 
corresponds to these diffusivities oppooing ei\ch other. 

To solve these coupled linear Eqs. (5)-(7), we employ lhe usual Laplace trnnsform technique. 11 is 
defined as 

co 

- -st 
u - J e ud r - L ( u) 

o 

co 

9 - Je-s1
9dt - L(9) 

o 
(10) 

Applying these 10 Eqs. (5)-(7) and taking account ofthe lniríal coodltions in (8), we gel 

l;; - -
su-- +0+ NC 

d/ 
(11) 

(12) 

(13) 

with following boundary condlrions ln the transformed state 

u ~ O. O = O. C = O for ali y. 1 s O 

-
u = O, O = 1/S, C = 1/S at y "' O, t >O 

-
u-0, 0 - 0, CmO as y-oo, 1>0 (14) 
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On solving Eqs. (11)- (13), subject 10 lhe boundary conditions (14), we gel oo mking lhe inverse 
Lnplace-u-ansform, 

u- -
1
-[0+rtlerfc(rr)- (l+PrTJ

2
)erfc('1./Pr")] 

1- Pr 

+ ~ {Ttjp;e-P''ll -rte-rr2}) 

+ ~ ( (I + rtl erfc(l'J) - (1 + Scrt
2

} e rfc (Tt.J'Sc) 
I - Se 

where TI • y/2/r. and Se>~~ 1 . 

Fcr Se - 1, lhe solu1ion is giveo as follows: 

I 2 2 l-
u- --[ (l+rt )erfc(rt)- (l+Prrt )erfc('l.JPr) + 

1 - Pr 

(15) 

(16) 

(17) 

KnO'Ning rhe velociry-field, we can oow derive rhe expressioo for the sldn-friction. Ir is given by 

l du I 
't - 2r· Jr. drt rr - o 

(18) 

From ( l7) and (18), we have 

• r I N 
2T1 .Jt- - - + ---

1+./Pr l+.J'Sc 
(19) 
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Resulta and Discussion 

ln order 10 gain pbysical iosight inlo lhe problem, we have carried out lhe numerical calculations 
for u. 6 and C for differen t values of Pr - 0 .71 (ai r), 7.0 (waler), N and Se. The values of lhe Scbmidt 
number are assume<! such tbat they represent o physical reality. Thus Thble 1 gives the values of the 

Schmidt number. The values of tbe Schmldt nwnber ln water are very high. Hence they are cjlosen as 

500,600. 

Tahlet Valuea of tht Sctlmldt num~r at 200C 

Pr Specles se 
0.71 Hydrogen 0.24 

Helium 0.30 

Water 0.60 

I Ammonia 0.78 

I Carbon dioxide 1.00 

~ Ethyl benzone 2.00 

7 500 

600 

Tablt 2 VaiUM oft•T 

Pr SciN -0.6 -0.4 -0.2 0.2 0.4 0.6 

0.2 0.71 0.16 0.1276 0.2873 0.4470 0.7664 0.9262 1.0859 

0.24 0.1565 0.3033 0.4567 0.7568 0.9069 1.0570 

0.30 0.1733 0.3178 0 .4623 0.7512 0.8957 1.0402 

0.60 0.2288 0.3548 0.4808 0.7328 0.8588 0.9848 

0.76 0.2505 0.3693 0 .4880 0.7255 0.8442 0.9630 

1.00 0.2714 0.3832 0.4950 0.7186 0.8304 0.9422 

2.00 0.3289 0.4215 0.5141 0.6994 0,7920 0.8846 

0.2 7.00 500.00 0.2780 0.2875 0 .2971 0 .3162 0.3258 (}.3354 

600.00 0.2804 0.2891 0.2979 0.3154 0.3242 0.3330 

0.4 0.71 0.16 0.0902 0.2032 0.3161 0.5419 0.6549 0.7678 

0.24 0.11 07 0.2166 0.3229 0.5352 0.6413 0.7474 

0.30 0.1226 0.2247 0.3269 0.5312 0.6334 0.7355 

0.60 0. 1618 0.2509 0.3399 0.5181 0.6072 0.6963 

0.78 0.1772 0.2611 0.3451 0.5130 0.5970 0.6809 

1.00 0.1919 0.2709 0.3500 0.5081 0 .5872 0.6662 

2.00 0.2326 0.2981 0.3630 0.4445 0.5600 0.6255 

0.4 7.0 500.00 0. 1965 0,2033 02101 0.2236 0.2304 0.2372 

600.00 0.1982 0.2044 0.2106 0.2230 0 .2293 0.2355 
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Flg. 1 V.loc;1ty proflln 

The velocity profllcs are shown on Figs. 1-2 for Pr - 0.71 and on Fig. 3 for Pr - 7.0 (water). 

We observe from Fig. l that for N > O, lhe veloclry of ai r decreases as Se increases. The erfec1 of the 

buoyancy ratio N on Lhe veLocity field is sllOwn on Fig. 2, for ai r nnd Se - 0.60 (water vapour). Wben 

N >O, the buoyaocy forccsactin thesamedirectloo and hencean iocreasein N leacls toan incrense in 

thc vclocity of air but for N <O, thc buoynncy forces oppose each otber and hcnce an decrease in N 
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(<O) Jeadsto a fali ln the velocity õf air. The effeot o!tbe presence of specíes conce.nttation in water is 

nOt signiflcant and hence we bave sbowp lhe veloctty protiles for only Se .. 600. As.com,pared to air, 
tlle maximum velocity of wãter is Less as com~red to that case of ai r dueto buoyancy effects. 

y 

N 
,...-----o . 6 

Pr 
Se 
t 

Fig. 2 V.loclty protllee 

0 ·71 
0·60 
0·2 

4·0 X 

The numerical values oh are listed in 'Thljle 2. We observe trom ~his mble tbàl when N Js aonSH\Jil 

and positive, an increase io Se leads w dec.rease in the skin·friction whereas exactly opfl<)l;íle is t·he 

case for N constant nod negative. ln tbis case, the opposing buoyanpy forces are pteJ>eol ane:l tlien gn 
increase in Se l.eads to an i.ncrease in Lhe skin-fri~tion. 
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Agaio, the sk:in-friction is more wben N >O 1han that when N <O, bolh- ln case of air and water. 
Tbc skin-friction i o case of air.decreases as t, the Hme,Jncreases. 

An increase ln lhe Praodll nurnber leads to o decrease i o the skin·friction. 

0·01 

-0·01 
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Abstract 

The presenl work is ooncerned witb a lbeorerical and experimental study of variable oomprcssion ratio lgnition 
internal combuslion engines. A rhoorel.ical analysis of lhe engioe, operating with a mechnnism wliicb nllows for 
variable oompresslon ralio, is carried ou t. For lha~ a simulatíon pmgrarn is ustd. ln lhe present work lhe 
simulalion model was updated with lhe inclusioo of frictioo, knocldng aod bidtocarboo emission modc:ts, omong 
otber thln.gs. An experimental work was also carried out, wilh a CRF englne. The objeelive was two-fold: to 
val itlale tbe tC$Uits of tbe tborclical model and to usess tbc beneCits of nmning an enginc witb v:.riable 
comprcssion rntio. A comparison is atso made between lbc resui!S of rhc preseot work nnd lhose from other 
aulhor:s. 
Ktywords: Internal Combustloo &gioes, Variable ComJressloo Ra tio, ModeUiog and Experimental Study 

Introdução 

O presente trabalho pretende fazer uma análise mais detalhado da proposta de Rycbter e 
Teodorczyk (1985), em que um motor é coocebido pora operar com taxa de rompressão variável. Por 
essa proposta em questão, o taxa de compressão passa a ser um parílmetro de regulagem assim como o 
avanço de ignição e relaçao ar-combustrvel. Com esta característica, o motor pode operar na máxima 
taxa de compressao possível para qualquer regime de rotação e carga, o que não acontece na> m01ores 
convencionais onde ela é determinada pela condição critica de rotação e carga, ou s.cja, alta carga e 
baL'<a rotação. À primeira visw é de se esperar que os melhores resultados sejam aqueles obtidos em 
regimes de baixa e média cargas, onde taxas de comprcssl'lo mais elevados poderiam ser ulilizadas. 

No ttabaJho de Rycbter e Teodorczyk (1985) relacionado com a variação da taxa de compressão 
dW'llote a operação de um IDO(oc o mecanismo proposto é apresentado e comparado a outros existentes 
na li Leratura. Neste, o agente responsável pela variação da taxa de compressão, ou seja, o excêntrico, e 
também o dispositivo de aclonamento do mesmo, isto é, um trem de engrenagens acionado pela árvore 
de manivelas. 

A aplicação desta proposta a motores de ignição por ceoteJba revelou certos valores de velocidade 
de aciooamento do excêntrico para os quais os efeitos foram mais pronunciados. 

Recentemente, os primeiros resultados com um protótipo, constru(do pela Universidade-de Roma, 
foram apresentados por Abenavoli et olli (1991). Os resultados oblidos por esses pesquisadores 
comprovaram que a proposta de um motor de taxa de compressão variável é factfvcl e que o motor 
funciona suavemente para uma vasta gama de parâmetros operacionais. 

O objetivo deste trabalho é quantificar, por intermédio de simulação em computador c por 
proCedimentos experimentais, o percentual de ganho apresentndo por um motor de comb~tão interna 
operando com taxa de compressão variável. Devido a dificuldades técnicas e financeiras não roí 
p<liSível a construção do protótipo de um motor que apresentasse a referida caractcrísüca, tal .qual foi 
Presented ai the 12th Brazlian Oongress ol Medlanlcal Engfneering 
Tedlnical Editor. Carlos Alberto Ca.rrasoo Allemaoi 
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idealizada pa: seus criadores; assim sendo, optou-se pela. elCeou~o dos te$tes em motor de pesquJsa de 
oombustfvejs (motor CFR. Cooperative Fuel Research) o qual po!iSii>Ult:a a varinçllo da taxa de 
compressão, ainda que de forma divecsa da proposta original, mas que n'ão inviabiliza os r.esuHados 
obtidos uma vez que termodinamicamente nl!o bã, praticamente, dHerença entre as dois 
procedimentos. 

O presente trabalho envolve fundamentalmente duas áreas de estudo. Uma foca lizou o estudo 
teórico enquanto a outra, a parte experimental. A parte teórica envolveu a simulação numérica em 
computador de um motor com taxa de compressão variável, a partir de oro mode.lo jâ existente para 
motores coovencionais. A parte experimental envolveu testes com um motor CFR, para quantifi~o 
dos benefícios quando se opera um motor com a rererida característica. Os testes foram realizados 
tendo como combustfvel o gás natural comprimido. 

Fundamentos Teóricos 

1 - Pist~o 

2-Bielo 

3-Exclntrico 

4-Mantv~Jo 

5-Pino da Biela 

6- Pé do Bíelo 

Fig. 1 Prlnc:lpio do meçanlamo 

O mecanismo de taxa de compressão variável proposto per Rycbter e Thodm::zyk (1985) tem como 
principal caracterfstica o contfouo ajuste da taxa de compressão para cada condição específica de 
operação do motor. O objetivo principal do mecanismo em quest!lo é manter os picos de pressão c 
temperatura adequados às condições de rotação e carga do lllOIOr, de modo a oúmizar seu desempenho. 

A mudança da taxa de compres.'lflo é conseguida medi ame a lnstalaçllo de om exrentrico na ligação 
bicl~rnanivela, que de acordo com sua posiÇilo angular, varra a relação raio da manivela-comprimento 
da biela; assim é determloada a posição do pisUio e linalmeOte, a taJCo do compressão. 

O mecanismo em questão é composto por um pislão, uma biela, um ei.xo de manivelas e um 
excêntrico, o qual 6 instalado na lignção biela-manivela. São atilizadC6 rolamentos entre o excêntrico e 
a biela e também entre o excêntrico c o pino da manivela. Este mecanismo é, portanto, similar ao biela­
manivela convencional, apenas equipado com um excêntrico. 

O efeito da variação da taxa de compressllo, junto com a mudança de outros parâmetros 
geométricos do motor, tais como comprimento elos cursos e posição dos pontos mortos é obtido pela 
rotação do excêntrico em tomo do pino da manivela. 
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Além do ·excêntrico poder set ajustado para um determinado regime de operação do moror-, ~Je 
também pode ser acionado c::om velocidade angular const-ante (ma), relacionada co.m a da ârvore de 
manivelas (ro). O deSlocamento do pistão pode ser, neste caso, calculado por melo da seguinte 
eJq>ressão: 

onde: 

'P = deslocamento angular da árvore de manivelas 

y - r/1 (2) 

onde r é o raio da maniveLa elo comprimento da biela, e o tamanho relativo do excêntrico (ô) 

ô - e/r (3) 

onde e é a excentricidade. 

<1,: = deslocamento angular total do excêntrico 

O deslocamento angular total do excêntrico é uma.·soma-de dois ângulos, a saber: 

(4) 

onde (ao) é o ângulo de rota9!1o do excêntrico ajustado durantê o funcion·<lrnento do motot, 
independentemente do ângulo (a), que resulta da rotação do excêntrico, com velocidade angular 
constante determinada pelo projeto do mecanismo dé ac!ionamento. 

O ângulo (ao) é sempre medido na posição em que o ralo da manivela (r) está paralelo ao eixo do 
cilindro e com o pistão na sua rnsição mais <llt<l, du~ante o curso de compressão. O ângulo de fase (<xo). 
pode ser ajustado dentro dos limites de 0° a 360° e é um parâmetro de regulagem oonrínua da 
geometria do mecanismo de raio cinemático variável. 

Rychter e Teodorc:zyk (1985) propuseram 3 valores de velociàadt!s de aciooamento do. exoonttic.o: 
roa - O, roa - x0,5 ro e roa - :toro . No ptimei~o easo obtem-se apenas uma variação da tax~ de 
compre-ssão enquanto que nos demai-s também variam os comprimentos do.s .cu·,_sos ,e, 
comequentemente o deslocamento do motor. 
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Modelo Bblco para a Simulação 

Este trabalho utilizou como programa base o trabalho de Sooto (1987), onde é feita a simulação de 
um motor de combustAo inte.rna, quatro temJDS, operando segundo ciclo Otto e utilizando COO)bustfvel 

da CnHmOP' 

Para que esse modelo pudesse simular o funcionamento do motor de taxa de compressão variável, 
foram necessárias várias modificações. A principal delas consistiu na nova equação que rege o 
deslocamento do pistAo e todas as demais que se fizeram necessárias para que se reproduzisse o 
funcionamento do referido motor (Teixeira, 1992). 

2000 RPM - tOO% 

• • • . E~erimentol 
! ! ~Simulo do 

13·~--------r------r--------.------,-------.----~ 
s.o 5.5 6.0 6.5 7.0 7.5 ao 

TCito de compre..& 

Fig. 2 Torque efetlvo ve,..ue taxa de compr...ao 

Técnicas Experimentais 

Os testes experimentais tiveram por fim a veriftcação das vantagens apresentadas pelo motor de 
taxa de compressão variável teoricamente. Tentou-se comprovar o benefício em terma> de melhoria da 

eficiência térmica, ou seja, um menor cons umo específico de combustível ef.ou um melhor 
desempenho. Observou-se, também, como se comportaram as emissões de CO do motor. As 

experiências foram realizadas no Laboratório de Motores do INMETRO. 

Alimentação de Gás 

O gás natural, ao sair dos cillndros, seguia até a válvula redutora de pressão, de fabricação 
Rod.agás, onde sua pressão era reduzida a um valor variável de acordo com uma regulagem feita no 
último estágio. A seguir, o gás doba a sua remperarura e pressão medidas ~rntes de passar por um 
rotãmetro, após o qual chegava ao motor. 
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O gás natural fei cedido eanatisado por cromatografia gasosa pei~J?E'EROI\JRÁS. que revelou um 
teor de CH4 de 90,002%, de ~H6 de 7,404% e de N2 de 1,227% entre outros. 

Equipamentos &Instrumentação 

O motor utilizado, ASTM·CFR, possuí roxa de compressão-contl'nuameote varlávei entre âs H mi tes 
4:1 e 16!1, sendo port!lnleadequado~.obJeti-vos- deste ·trabalhO. 

Para medida de temperatura do gás e do ar foram utilizados tennopares, com incerteza global de 
:t 0,6°C. O consumo de gás foi medido por meio de rotâmetro com incerteza de ± 1,3%. Como 
dispositivo medidor de consumo de ar foi utilizado o método do tanque e orifício, sendo o tunque um 
tambor de 200 litros c o orifício um bocal de 19,0 mm de diâmetro. indicado como adequado para a 
faixa de vazão de ar do motor. A incerteza dessa medida foi calc~•tada em ± 5%. Como lnstnJmenm 
indicador da velocidade de rotaçáo do motor, foi ullizaào um medidor digi1al portátil, com resolução 
de 1,0 rpm e incerteza de :1:0,2%. 

Para se quantificar o torque desenvolvido pelo motor, foi instalada ama céluln de carga, atuada 
d.iretameote pelo braço do dimunômetro. A referida célula teve seu projeto e construção realizados para 
este trabalho, com capa.cidade máxima de 5,0 kgf e ínoerte7;a avaliada em :1: 1,7% 

O dispositivo encarregado de frear o motor e dissipar a en.ergia absorvida foi um dlnamôruetro 
hidráulico, operando com água em ciculto aberto. 

Foi monitorado o nível de omissões de CO, Bosch, modelo ETT 008.14, pertencente à 
PETROBRÁS, apresentando menor divisão de 0,001% com capacidade para até 9;90%. 

800~----------------------------~ 

VÓçuo aoo kPo 

T9Xfl de c.ompre:ssôo 
-10.1 

600 700 

\,..imite 

800 .. 900 1QOO t 100 t200 1300 
R.otaçdoERpm :J 
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Procedimentos Experimentais 

Primeiramente foi determinado que seri.am mantidos fixos o ponto de ignição e, sempre que 
possível, a relação ar-combustível. A rotação foi variada entre 700 e !200 rpm enquanto que a taxa de 
compressão seria variada entre um mínimo, o qual seria a de um motor convencional, a um máxlmo, o 
qual vem a ser limitado pela ocorrência da detonação. O vácuo dQ coletor de ad.injssão foi variado 
desde um mfnlrno próx:imo de ~ero (bOiibolçta dp ace~crador plenamente aberta) aJé um máximo para 
uma mesma rotação. 

Vdcuo 8 .00 kPa 

Taxa de compressc1o 
-10.1:1 

' \ 
\ 
\ 
\ I 

' I ~- .... :r 

600;---------------------------~ 

600 700 800 900 1000 ffOO t 200 f300 
Rotação t:Rom J 

Fig. 4 Corwumo eapec111ço ve.-.ue tpm • v6cuo 8,00 kPa 

O processo de aquisição de dados era efetuado, após o motor atingir sua temperatura normal de 
funcionamento, com a rotação estabilizada, no início e no final de um período de três minutos. 

Resultados 

Prot6tlpo Hall ano de Motor com Tax.a de Com:preesão Var:lável 

O modelo de simulação utilizado nesté trabalho foi oomparado com os tesuhados experimentais de 
Abenavoli et alll (1991), obtidos a partir de um motor de taxa de compressão variável, conforme 
proposto por Rychter e Teodorczyk (1985).· Esses testes foram realizados na bancada dinamom~rdca 

do Departamento de Mecânica e Aerooáulica·da lhiíve.rsidade de Roma" La Sapienza''. Os dadoo desse 
referido motor foram introduzidos no programa de simulaÇãO e assim comparam-se os resultados, !XIfa 
duas velocidades de rotação, 2000 Ct 3000 rpm. 
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Observa-se na Fig, 2comovariam as curvas de torqueefetivo, variando com a taxa de compressão, 
experimental e simulado, para 2000 rpm. São comparada; os resultados obtida; por Abenavoli et ~Jii 

(1991) e os obtidos pela simulação. NOOI·se que os resultados do modelo utHzado no presente trabalbo 
foram adequados, já que os nfveis de IOrque obtidos com o modelo foram semelbantçs aos 
experimentais, com diferenças máximas entre a; resultada; comparados da ordem de 5%. 

As diferenças apresentadas podem ser justificadas pelo fato do modelo utilizado nl!O oonsrderar os 
efeitcs de inércia do fluxo de gases, de propagação de ondas de pressão na admissão e descarga, entre 
outros. 

Foi também feita uma comparaçtlo do comp<Xtamento das curvas (!e potência efeli.va variando com 
a taxa de compressão para 3000 rpm. Foi observado que os efeitos ora mencionados se tomam 
signíficativos nesta rotação, o que faz com que o modelo utilizado ol!o consigo reproduzir o nível de 
torque e po1~ncia apresentado experimentalmente, já que aptesenla diferenças variando entre um 
mfnlmo de 18% e um máximo de 3.'i%. 

'9 .. o-r--------------- --. 

8 .0 

2 
o 
~ 7 . 
... ... -

Tolto de compressão 
10.1:1 

--- 15.5 :1 

Fig. 5 Eflcltncla 16rmlca va ... ua rpm 

Como fonna de se comparar o desempenho de um mocor de taxa de compressão varitlvél com. óde 
um motor convenciona~ foram simulados nlguns casos mantendo-se a p01.encia efetlva .constalllc para 
cada ralação. Desta forma, estipulou-se que o motor convencional leria a taxa de compressão 5.2:1~ 

que é a mfoima do motor de Abenavoll el alli (1991). enquanto que no motor de taxa de compressão 
variável es1a seria a máxima, den1ro do limite do mo1or (5,2:1 a 7,93:1), desde que não bouvesse 
detonação. Assim sendo, para o motor convencional foi delerminndo um valor de vácuo de 20 ltPà. 

cooswme para todas as rotações. enquanto que no outro motor, este parâmetro seria variado de OJO(lo a 
manter a potência efeliva constante. Como a simul.açlio foi realizada a cargas parciais, não.Ioi 
detectada a detonação. Assim, a taxa de compressão foi a máximo possível , com o mcoÇerrico 
acionado, que é de 7,71:1. 
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Assim sendo, :fpi observado o comportamento.$ eficiêneJa tértniça para QS dois casos. Notou-se 
que o motor de taxa de .compressão variável consegue obter um ga®o na ordem de 14% sobte o .motor 
convenci onaJ. 

A seguir estudou-se o comportamento da emissão de HC. A emissão de RC ·aumenta com a 
elevação da 'ta'Xa de compressão. No caso em qoostão, esse aumento varia entre 41% e 78%. 

Conforme os resultados da simulação demonstram, é vantajoSo operar um motor com taxa de 
compressão varlável. Os maiofes valores de emissão de HC, recomendam que 'se utilize algu.m 
dispositivo de controle dessa emissão, como por exemplo o catalisador de gases de exaustão. Tal futo, 
contudo, não inviablliza o desenvolvimento de motores oom tal caraoterf:stica 

8·~------~--------------------~ 
Estequiom4trico 

1 

1 

~Simulado 

-·-~~Experimen101 

"' 
... 

/ 

01~~==~=1~~--~--_j 
094 0..96 o.98 t.oo toa to4 t.06 toa 

Razao de equivolinciQ 

Fig. 6 Emlnio de CO ver.ue ruío c» eqlàval6ncla 

Motor CFR 

Como forma de demonstrar os benefícios cm se operar um motor com taxa de compressão 
variável, foram realizados alguns testes experimentais com o motor CFR, nas seguirues condições: 

1) RotaÇão (rpm): 700, 800, 900,1000, 1100 e 1200 

2) Vácuo (kPa): 8,00 e 9,33 

3) Temperarura da mistura (K..): 383 

4) Pootode ignição(0 APMS): 10 

5) Relação ar-co'mbustfvel: 16,9:1 

6) Pressão atmosCérica (kPa): 100,36 

7) Pressão de .descarga (kPa);0,20 
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Na Fig,. 3 pode-se c:bservar como a potência varl.a de acQ['{jo com a roiDçJio, com liD v11lor de vácuo 
de 8,00 k.Pa, constante para todas as rotações. A linha cbeia representa a curva de potência para a taxa 
de compressão de 10.1:1, que foi a máxima possível de se operar o motor sem detonação, em~ualquer 
condiÇOO. A linha tracejada representa essa mesma curva para a taxa de compr~ 15,5:1. que foi a 
mâxima pa[a essa condição, sem detonação. Como pode ser observado, operando a uma taxa mais 
elevada obtém-se uma potência efetiva em torno de 22% superior, mantendo-se o mesmo oonsumo 
h<Yádo de combustfvel. Na Fig. 4 pode-se observat ,o comportamento do consumo espedfioo, o q,ual é 
menor para vaJoresde taxa de compreSSOes mais elevados. O mesmo percentual de ganho entre as duas 
condições, apresentado para a potência efetiva se repete aqui. Para um vácuo de 9,33 kPa, obteve-se 
percentual de ganho médio de 38%, que vem a ser superior ao obtido OOOl vácuo de 8,00 kPa. ConcJui­
se então, que o beneficio 6 maior à medida que se aumenta o vácuo de admissão. 

Pode ser observado, na Fig. 5, o comportamento da eficiência térmica com a rotação, paro dois 
vaJores de taxa de compressão, sendo que agora a potência foi mantida constante em cada rotação, 
sendo entlio variado o vácuo do coletor de admissão. 

As condições destes testes visam comparar o comportamento de um motor de automóvel que, 
tendo um mesmo traJeto 11 cumprir a uma determi!Ladn ·velocidade, exigindo, ponanto, uma 
determinada potência do motOr. As duas condlções de. taxa de ·compressão seriam u upreséntadn por um 
motor convencional {mais baixa, limitadu pela detonação em cargas mais elevadas do que 11 em 
questão) e a de um motOr de taxa de compressão variáveJ (mais elevada). Como pode $(!r vistO nas 
figuras, com uma taxa mais elevada, desde que não se verifique a ocorrência de detonação, consegue­
se obter os mesmos níveis de potência, COOl maior eficiência térmica, COCDO era de se esperar. 

Anllllse de Emissões 

é apresentada neste item uma análise de emissões para o motor CFR. Além das medições fcita.s no 
referido motor, são npresentadas oompnralóes entre o modelo de emissão de CO com vaJores 
experimentaiS. 

Na Fig. 6 é reall.zada uma comparação dos resultados experimentais e numéricos para as seguintes 
COildições: 

1) RotaçOO (rpm):900 

2) Ponto de ignição C0 APMS): 10 

3) Temperatura da mistura (K):373 

4) Vácuo de admissão (k.Pa):O,SO 

5) Taxa de compressão: lO:! 

Como o modelo utiHzado .neste trabalho ntio considera alguns efeitos, como inércia dos gases o 
propagoç!jo de ondas dé pressão nos dutos de admissão e exaustão, e também por ni:io stt saber u 
duração da combustão, deve-se fazer uma comparação apenas quaJHativa, uma vez que os ci tados 
efeita; pcxlem ser impc:.-tantes na detenninação dos resulrados. 

Conclusões 

De acordo com os resultados apresentada;, cbega~se à conclusão que a proposta de um motor de 
taxa de compressão variável possui um potencial que merece ser estudado m-ais a fundo, 
príocipalmorue no campo experimenral. 
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Ao serem comparados os resultados simulados obtidos neste trabalho com os obtidos 
experimentalmente de um motor eqdlpado com o dispositivo variador da taxa de compressão, apesar 
de fàlta das caracteósticas do motor em questão e de algWls dados de operaçao, pode-se afirmar que os 
resultados obtidos conseguiram reproduzir os resultados experimentais. ,fsso foi verificado 
principalmente em 2000 rpm, onde os efeitos nAo considerados no modelo utilizado não sAo 
preponderantes. 

Pinulmentc, pode-se observar resultados experimcntaJs que comprovam o beneficio em·se operar 
um motor com taxa de compressão variável. Operando am motor em cargas parciais, em ta-xas de 
COillpressAo mais elevadas, pode-se obter potências mais altas, mantido o vácuo do coletor constante, 
resultando em consumo espec(fioo mals baixo assim oomo uma eficiência térmica superior. Esse 
comportamento foi observado nos dois valores de vácuo de admissão testados. Mantendo-se a potência 
constante em taxas mais elevadas, consegue-se obter uma reduçao no consumo específico e, em 
consequência, uma maior eficiencia térmica. 
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Resumo 

É ~ealiudo um estudo te6rioo e experimental sobre motores a combustão iptema, com igniçio por centelha, 
operando com taxa de compressão varuvel. É feita uma an41~ teórica sobre mecanismo que permite variar a 
lliX3 de com pressão. No presenlc trabalho um modelo de simulação existenle foi aprimorado, com a inclusão de 
previsão de detonação, de emissão de hidroellrboneros, do cálculo da potência de atrÍio, assim como a inclusão 
do dispositivo do meanismo de bxa de compressão varUvel. flbte trabalho, u.m motor CFR foi utiliudo, com 
o objelivo de valldar os resultados do modelo teórico, iooluinto o teor de CO. 
Palnras-cbavc: Motores de Combustão Interna, Taxa de Compressão Variável, Modelagem e Verificação 
Experimenlal 
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Concutrent.Engineering ooncepts are slrongly con.sidered by loday's industry as a means of tmproving all;,svects 
of lhe product life-cycle. Tbis approach primarUy suggests t-be use of teamwork, where lhe te;~m .is formed by 
englneens and experts from ali activities related lo the product tif'e-cycle. One maín funclion of tbe concurrent 
engineering team is to oegoliate lhe best solution for tbe producl developmenl. The team is oreared i1i the earliesl 
life-cycle pbases and is tesponsible for ali dedsions l)lade .regardlng lhe product unlil lhe product is out of tbe 
market. Teamwork involves lntense coltaboration and exchange of infomration. Dlft'orenl 1ools are propo.sed to 
case lhe teamwork, namely Design for Manuf;lcturing, Design for AsseJJLbly, Quality Conrrol a11d CAE/CAD/ 
CAM, etc. This p;~-pe.r describes lhe Coocurrent Engineedng.Envtrpn,mcnl (CE.E/. _as a powerful CQmpuler-aided 
tool to suppon tlle use of roncurrent engíneering ideas in á dis.tribuleá p1alform. A natural framework to su;pporl 
lhe managem.enl and shar.ing' of lnformallon amo·ng di.fferent manufaaturi.ng ph.rses or àclivilies ls a nerwork 
(fcderation) of helerose neous and auto.oomous a.gentslhat are eilhcrleosely of soQte tightly-eouplecl [n Lhls 
fedemlíon, ao agent is lrwolved in one activlty (e.g. des.ign) relaled to ,the. product life-cyeJe, wbile seveml ll~enls 
may iake pari in lhe sarne activily. On one hand ptoduclion related activitles are independenl, (h.elerogeneous and 
auloo.omous) to serve different purposes. 0n lhe otber h;l!ld, lriviaJiy these 3divities are inle.nelnled (coupled) 
and need lo coopemle and exchange infortnatio n nmong themselves. ln 1.his 'pàper, we descnbe lhe distriburcd/ 
fcderated dalabase design tb:at 5-llpporlç lhe informatiob manipuia1ion in lhe CEE for a11 :~erOSp.1<'e lndUslry ili 
Brazil. The dosig.n of CEEis based o.n r.he federated information managemenl system PEER. We v.i.IJ disringuish 
the different klnds of PEER ageots lbat conslilule lhe CEE fede~ation ne.rworlc We describe rhe role of lhe 
''product" in lhe CEE e nvironmeni and prese o I ti scbema description fot produ eis.. Thh resea.rch describes the 
second phase of lhe eooperaliou betwee.n lhe Universüy of Amslerda.m (I'I\e Netherlonds) and Universíd3dc 
Federal de Santa Catarina (Brazil) in lhe scopeof rbe OM-ECLA program. 
Keywords: Concurrenl EngineeringEnvironment, Dislribuled Oatabase, Oalabase Design, QM. 

lntroduction 

Doe ro the oomplexity ofthe production process, many problems arise daily jn rbc manofacturíng 
índostries. Coocurrent Eogineerlng aims to solve these day to day problems. Conuary 10 the lraditional 
producríon system where rbe product lífe-cycle follows a sequencc of isolated acrivities, in a 
Concurrent Engineering Environment these acrivities are made sirnultaneous and cornpaLiblc, and 
coosider tbe paramcters thal affecr lhe emite cycle of product developmenl. A team of enginecrs and 
experLs is created ln the eélrliest Life-cycle phase and .Is respoosible for ali decisions mude, .concornlng a 
specifio product domain, The activities invoJved will be perfmmed ln a çlose coopetntioo among llll 
team members. 

Informarion representation heLerogeneity and tbe infonnntion -distrlbution among different ac!lvily 
areus is necessary to be supported within the CEE. A federated da1abase framework is ·needed 10 

cfficiently support the man.agement and rhe sharing and exchange of ,jnformation among the ream 
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membets in such an application. &lcb team member bas a Jarge degree of autonany ,in structuriog and 
organ!zing bis own lnformation (drawings. documents, analysls results, etc). Simultaneously, he must 
also consider the needs of the other team members permltting distinct vjews to lhe satne set of 
informotion. Th supply information and haodle it over lo the eotire productioo process, each pbase 
(activity) must make some of its own ínformation sharable, lo be aocessed, queried and analysed by 
other partners. 

The rcquirements described above call for a dislributed information management architecture. A 
natural frnmework bowever, is a network (federation) of heterogeneous and aulonomous agents. An 

agent represents an application environment activlty. Every agent srores some data locally, performs 
some local computations, and needs to a\X.'eSS some remote data from other agents. An agent i o thls 
ocrwork is hclcrogeneous in the sense that it Is developed lndependeotly and has its owo private 

representation of the data. An agent ls autonomous in tbe sense that it can decide to conditionally share 
a part of its information with other agents and kcep another part pcivate and explicitly for its own local 
use. Agcnts involved in one specific activity area (e.g. design) are tightly lnterrelated, wbile two agents 
lnvolved in dlfferent activity areas (e.g. design and sales) are loosely ioterrelated. 1ightly-related 
agcnts representu cluster ln the network. 

PEER (Afsarmanesh et ai,, 1mb, Tuijnman and Afsarmancsb, 1993a, Afsarmanesh et aJ.,1994, 
Afsarmanesh et ai., 19938) is a fe:derated, object-orieoted database management system desi gned and 

implemented attbe University of Amsterdam primarily to support industrial automation apllication 
environments. The rcsearch in (Afsarmanesb et ai., 19938), describes lhe CEE requirements and the 
[>EER capabilities that smisfy them. Bascd on those resulls, in this paper. we nave dcveloped ao 
information model to reprcsent tbe Concurrcnt Engineerlng Environment. This effort is partially 
supported by thc ESJ>RIT proi,rtam tfuough tbc FCLA-C1MIS.net project. 

The rest of the paper ls organized a.s follows: section 2 brlefly descrJbes the CEE Concurrent 
Engineering Environment. An overview of the PEER faciltties and modeliog concepts neccssary for 
tbc CEE information model defioHioo are presented in sectioo 3. ln scction 4 lhe production process 

information modeliog and the approocb to tbe product reprcsentation is described. Fioally, in scction 5, 
some conclusions and the next steps are presented. 

Concurrent Englneertng Envlronment: An Overview 

Productivity aod qunlity improvement, ond cost reduction are the most important cri teria of Lhe 
production prO<..-ess. 1b satisfy tbesc criteria, dcsign, manufacturing, maintenance, etc. ioformation 
must be available to nll phases tbat need it. 

Many approaches are opplied to the Concurrent Engineering implementalioo and most of them are 
bascd on multifunctionalteams. Engineers ond experts from diffcrcnl product trfe-cycle ~ctlvlrícs work 
together in a team allthrough the product lifc-cyclc. A marn requirement oftbc concurrent enfineering 
approach i~ the avnilabillry of ali the inforrnation relared 10 any life-cycle activity, to allteam mcmbers 
who nced to access it. The informalion is distributed amoog different autonomous agents and 
inforrnation representation is beterogencous. Two different facilities must be avaUable tO users from 
any lifc.cycle activity: information query and onolysis tools. Tbcsc facilWes are modeled by the 
Computcr lntegrared Manufacturing tools. ln this scnse, each CAx (CAD, CAM, CAE, CAPP, CAQ) 
must be a ~rver, providing necessary information and supporling anulysis needs of a cJient. 



I 

Oéslgn of a Dísttibúted Data:báse-for a ·Conwrrent Englneerlng Enlifronment 300 

Eaçh manufacturing activlty needs to access the ínformation about the pr,oduet spccification. Th 
support the needs of many differenl agents a powerful, comprehensive product model (descrip:tion) 
must bc represented. Feature techoology (Cunnlnghan and Díxon, 1988, Shah, 1991, Moreira, 199'3) is 
used to model dífferen! manufacturlng informatioo, like processes, tools, therm-chemical processes, 
tolerance, etc. As such, tbe prod~;~cr ruodel must integrare different kinds of informarion in a 
bomogeneous chema, so thM tbis represenu.tion can work a a unifying "access key " to the 
manufacturíng info11matlon. The Fcaturc Technology soppons this requireme.nt by provídittg access to 
ruanufacluring lnfo:mmtion Eram a:ny produotion prOêéss pháse. Through this key any team membcr 
can obtain the necessaty manufacturlng. prOéess informaüon for production. 

FJg. 1 Concurrent EI\QI neerfng Envtronment 

Eacb server must be modeled as ao autoOQmous agem thnLCOO!)!rllles ond share information wilh 
others to solve problems. For jnstaoce, if a CAD user must know if a pal't can be produced inhouse 
witb minimal cosi, he can submil tbe design to a mooufacturabllily anafysis agem. Tben, lhe CAPP, 
CAQ and CAP agents will work togerher to anai}"Le the part desi!gn and to deduce the best option, in 
terms of the production process costs and parts/macblnes availability. Besides, OEM information 
sbould bc attaJyzed lo decide if h .is more efficlent to procure tne part from otber manufaeturers. 
Severul agenrs need to access Lhe process planning and scheduliog information. 

Figure l describes thls inteo:elation aod informafion sharing approach. ln tbis example, a CAD 
user cao get infocmation from a pro.cess plaooing (CAPP) server and ao anulysis eo.gineering (CA.fi} 

server. AJso, tbe CAP'P user can r~eive informarion about fuoction.ality and design quality st<.~ndél rds, 

processed by tbe CAD information server, etc. 

The anolysis tools are expen systems ·l!leveloped as an agent wi Lh federated dambase managemeht 
system support. Tbe too! intolligence degrec depends of the anniJsis difíiculty. Jn most oases, the 
user's help is nccessary for goed aoalysis, ln this case, a friendly user interface aO'd pwpíH 

cornmunicatioo amoog tbe tools must be additionnlly devcloped. 
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Peer: An Overview 

PEER is a federated object-oricntcd database management system designed and developed at tbe 
University of Amsterdam. Jo tbis section, we give an OYerview of severa! concepts developed i o PEE~ 
(Afsarmanesh et ai., 1993b, Tuijnmao and Afsarrnanesh, 1993, l993b, 1993c) to support tbe rich and 
complex CJM application arca. PEER supports the autooomy of ageots lnvolved i o the co.operation 
team allowing tltem to sharé and exchange information í!S tbey wlsb. Thl$- is acbiev~d by a 
sophisticatcd schema derivationtintegration mcchanlsm, which supports importing roQ'lotc ioformation 
and rcstructurlng and integrilting it with the local informadon (Afsarmanesh et ai., 199.3b). Tbe 
lnlerrelatlon omong the information bondlcd by different team members Is oegotiated in PEER to 
preserve their refercntial iruegritíes (Thijnman and Afsarmanesh, 1993b). PEBR also offers support for 
object clustcrs shared in the nerwork wbere tbe defioition and lhe data relatcd to lhe object cluster can 
be distribured amoog ma.ny agems. 'Thc subjeot of objea-duster, -represenuuioo, ~identífication, and · 
boundary, anda linearizatioo mechanismo developed for object clusters' transformation inro messages 
is fully described in (Tuijnman and Afsarrnanesh, 1993c). Support for objeCl identity and rnuning is 
treated ln (Tuljnman and Afsarrnanesh, 1993t~). 

Design Agem Production Agem) 

nu_procaaa 

~~ 
I 

! _____ ....._ ____ . __ ! 

A prototype i mplcmeotation oT thetPBER federoted system is developcd in C that runs on UNIX, 
on a nctwork of SUN worlcstatlons. This lmplcmcntation of PEER was partially supported by tbe 
F.SPRIT-Archon projecl, whícb developcd a system to integrare cooperating expert systems (Witdng, 
I 992). This prototype was rested ot lhe control rooms of power distrtbutioo networks in two di1fereot 
industries, ln Spru n and Englaod. PEER is deslgned around a globnl databnso model, the object­
oricntcd PEER data módel, to represenl the inforrnatfon of cacb agent, anda global dlHabnse languàge, 
the object-orlcntcd query/update PEBR language. Tbroogh oslng the global da to modcl, agents' 
hctcrogeneous schemas are, tnade homogencous. However. t:he bomogeoeity o€ sohema represenration 
d~ not address Lhe semantic imerrclotionships (loose or tight inwgralioo) that may ex~st among the 
data and knowlcdge of different ogents. Thcse interrelationships ore estoblishcd systcmaticaUy and 
iocrcmentnlly through n set of derivation/ integration operatioos deCined for distributed schema 
managemenl of PEER. 

Scvcrol schcmas coexist in every PEER, namely: rhe local, cxport, import, and integrated schemas. 
Thc integrtucu schcma can be intcrpreted as one user's global classification of objects tha1 are 
classilicd diffcrently by the schemas ln othcr databases. lnformation mnoagement ln a nctwork of 
agcnts Is supporlcd by PéER through distribuled schema managemcot including integrarion and 
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derivation c:llocal infoon:uion and information that is available froro Olher PEER agents. Reliability is 
supported by enforcing the integti ty of relationsbips esuiblished among local and remate information. 
For the lnteraction with end-user and applications, PEBR offers suppor1 for object namiog, object 
clusters aod interface support tbrough linearizatioo of object clusters. 

Schema lntegratJot'VDerivatlon 

The local schema in each PEER agem specifies lhe type structure of lhe informatioo stored locally 
at thnt ngent. Part of the locnl informaúon ca.n be made avaílable to certai o other PEERs, by specifylng 
one or more export schemas, each definlng a vJew on the local informatioo. An export schema i o n 
PEER can testrlctthe exportcd information to a subset oflocallnformation to make it available to 
certai o otber PEER agentS. PEER ageots cao locally lmport lhe export schemas of otbers in order to 
access tbe rernote infonnatioo avnilable from Other PEERs. 

PEER offcrs two approaches to iotegrate the local infarmatioo aod remate informatioo (of otber 
PEERs) imported into impor! scbemas. The 6rst approach is to define ao intcgrated $Cbema, derivcd 
from lhe local aod the import schemas. An integrated $Cbema defines a siogle uniform ty~ structurc 
oo tbe iofonnatloo available both locally aod remate·. The SDOL laoguage {Scbema Oefinition/ 
Oerivatioo Language) of PEER sup{X'lrtS the defioition ofintegrated/derived scbemas (AfSarmaoesb et 
ai., 1993b). Since the integrated schema Is defined IOCéll to a site, diffeJ'enJ PEERs may establish 
different correspondences between iheir own scbemas and olher si tes' scbemas, tbus lherc is no siogle 
global scberna for tbc entlre network. Aoother iotegratioo approach is also necessary to support the 
direct interrelation among lhe local information ood tbe remete lnformation (please see Fig. 2). The 
local schema of a PEER wi 11 be transformcd loto ao extended local schemQ. 'Ib support one such direct 
rela tionsbíp, witbín tho exteoded local schcma, the local type dofinitioo will 'be extended with a 
mapping Lo reference the remete objecis defined ln an impor! schema (Tuljnruan and Afsarmanesh, 
l993a). 

Queries i o PEER are always evaluated in tbe context of one schema. The default context for a 
query is thc local schema, but any other schema contcxt cao be specificd in a query. Distribuh:d query 
evaluatioo in PEER Is discussed in (Afsarmaocsh et ai., 1993b). 

Remote Referenclng 

lntegrity of objects that contai o references to remote objects cao be violated when the remete 
objects are deleted by a remote PEER. Figure 2 shows a relationship (RETENTION_GROOVE_ 43, 
has_process, TURNJNG_61), where RETENTION_GROOVE_ 43 is in the Design Agem in si te A and 
TURN!NG_67 is i o the Production Agent io site B. The deletion of TURNJNG_67 in si te 13 violates 
lhe rcfcrcntial iotegrity. PEER preserves the nccossary referentiill iotcgrity constraiots, by requlring a 
reference access rigbt for every relll0te reference oo a certain imported type to be ocgotlated and 
bilaterally agreed by both PEER sites iovolved. For example, de Design Agcot musl first rcqocst .a 
referencc access right on lhe type TURN ING (of wbich TURNING_67 is :ln iosroncc) thai is 
represented in an import schema obtaioed from Prod11Ction Ageot. With tbis aa:es right requcst, the 
Design Ageot cao also ask. for an action levei (dclete conditioo) to be followed by thc Produotion 
Agent. Tbe delete condltion, is tlle conditioo rcqueste.d by lhe Desigo Agcnt to be followed by,Lhe 
Production Agent i o the case tbat lhe Production Ageot decides to delete a.n iostancc·of11URNING 10 

which tbc Desigo Ageot h.as a remate reference (1uijnmao an{! Afsarmanesb, 1993b and 199.3c). There 
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are three possib le action leveis thal thc Design Ageoc can request: waming tbal an object will be 

deletcd after remate PEER 's pennissioo. 'These delete cond11ioos are of ditl'erent severities and must be 
negodated by the two PE.ER 's. 

Production Process lnformat ion 

The maio problem in implementlng a concurrent engineerin'g environment is the i nformalion 

representa tion hcterogeneity and complexity. Each producl life-cycle .activity uses dlfferent kinds of 
information; e.g. produot deflnl tion, technological data, geometric data, algoritbms and process 

koowledge. Besides, eacb phase treats some specific k:inds of information. This ioformatioo is 
distributcd over differeot phases and must be careful ly bandlcd to avoid inconsisrent reóuodancies. 
Tbls section presents oor approach to tbe production process information modeling, where tbe 

concurrent engineering is fully applicd. 

Each enterprise has its own information now. lo general, tbey are different in detaíls, but the maín 

structurc is simllar for the same ~nd of industty. As an examplc we have studied the information flow 

of a Brazilian aerospace industry, approxlmately described in Fig. 3 using the IDEF approach. E.ach 
box represents one activity in the procluction prooess, and the arrows show the lnformation Oow among 

thc actlvities. 
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Plants Final 
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Fig. 3 Produotlon proc••• informatlon ftow 

Tho "product life-cycle" can be brielly descrlbed as follows. Thc Salcs Depattmen~ develops lhe 

markct prosp<!cts and prepares lhe flrsl draft study in order to analyze the prodoct cost and its 
convcnicnoe. A dawbase containing the manufacturing process cost's ioformation is used in thls 

aclivity. lf cvery rnarket requirement is satisfied, then a project activator document (MAP) is prepared 

manually. Thc MAP inillllizes the ocúvítics in lhe Marlcetiog Dep3rtment to manage lhe oew product. 

Simultoneously ln the Dcsign Depanmem, the MAP simultaneously lnítíalízes tbe dcsign of lhe details 

of the product. ln the Marketing Department lhe final product plan is generatcd, describing deadlines 
and the omount of each product to bc produced, anda delivery plan (PPG) is prepored. This document 
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is used ln tbe scbeduling of the product+on process by the Equipments Plannlng Departmenl. Usi'llg tbe 
PPE an!f tbe process planning informatioo, a Producti.on Master Plan (PMP) is generafed, defani,ng tbe 
production scbedullng. Tbe fit"sl draft made by the engineers from tbe Sales Depanment gets expandçd 
in tne Design Department Using CAD systems lhe engineers çanstruct the fwal ver.sion of the pwduct 
design. The product subparts are described COO$lderingbotb the internal and the externa! standards that 
represent tbe enterprise man~;~.fuctuting culture. The product/parts designs are plotted and used by Lhe 

Production Departmenl to deveiop the process planning for the part p.roduction prooess. The process 
plannlng infocmation is stored in tbe mainframe, and is prlnted on papers to be used in tbe shoptloor. 
Every activity in the enterprise must follow the qoalily slandards. The quality standard procedures are 
aJI described in severaJ booklets andare constantly used by lhe pcople involved in manufacluríng on 
the shopftoor. 

During the pr<XIuct Jife-cycle, descl'ibe(,1 above, many different kinds of lnformation are handled by 

eacb activity, where each acrivity uses íts own represenra1ion approach and storage strategies. This 
ínforrnatlon melting-pot makes it difflcult to share and excbaqge tbe information and potentially 
incresses the information inconsistency problems. As menrioned before, the product definition is rbe 

maio concept to which other manufncturing information is related. Marketing, des.ign and 
manufacturing phases develop activities where the product infocmalion is defined and used to generate 
tbe final product. Durlng thls process, severo! other pieces of information are deflned and aggregated 
to tbe producl definition, so tbat it can be used as an integrati.on element in a concurrent englneering 
envirdnment. 

COMPONENT 

PART 

OROUP 

FEATIJRE 

I SURFACE 
11 

Fig. 4 Hlerarc hteal product repreae11t111i0f1 

The product is defined bietarcMClllly as presented in Fig. 4. The ooroponent levél is user ôefined 
and can be reused in other prodnct deünftions. Lo tliis bierorchic deftnition, the compooent complexity 
is decreased in its sub-component definition, whi le the functiooa1ity and chnracteristics of 
subcomponents are more detailed. A simple component is described b:Y ode or more parts. A pari is 
defined as a non-assembled element produced by one piece of row material. Parts constitute lhe last 
levei that can be defined by the user. One part can be eomposed of as many. different preexistent groups 
and features ás neoessary to represenl its functionaUty. Groups ilre composed of fealures and generally 
describe a standard constructlve eiement. Botb groups and fearures are available in libraries. &lcb 
library !o'Upports rhe manufacturiog neods ofone specific product dolllain. 
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Eacb fcnture represents a design function use<l by tbe designer l o the product conceptioo phnse. 
Witb this constructive elemenr lhe part is built in a funoion assembly process. One feature can be 

generic, trke the groove in Fig. S. lt is a sbape, with some dimensions tbat can be used for many 

differenr purposes. l n mis bnsic f'Cature a function coo be aggregatcd, so that it can define more 

rnformation. Surfacc flnishing aod toleraoces, machinlng process lllld therm-chernical proctss are 
eltllmple of such functions. An exaplple feature is represented on th~ left side of tbe part íllustrnted in 

Fig. 6. 

Figure 6 presents a pat1 modeled by its feotures. This part is oompa;cd of 3 group; defined by their 
funcionalíty. On tbo left side Support·roller·ball-group supports the pulley in its locaiion. This group is 

composed of severa! features tbat dcvelop specific fooctions. The Joiot·group describes lhe union 

between tbe other two contructive groups. 

The feature reprcsentation is structured in classes usíog a similar criterion. A feature can be 

defined under tbe objccr-oriented paradigm. This approacb simplifies its rcpresenratlon and handling. 
As such, a feature is delined as ao abject with ottributes, methods aod inheritance. Figure 7 describes 

how groups are composed of functionnl features. For example, Support-roller-ball-group has many 
funcriomd featurcs. The featurc Retention- Groove is a sub-class of Groove, and ínberits the shape 

information from it. Oo thc other hand, some important charncreristics cao be deduoed by its owo 

function, like surface finishing aod tolerances. 

Fig. 6 A part compoaed of uveral groupe 
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Flg7. O..lgn by fHlUI'M 

As described eartier, tbe production process lnformation is dlstributed among many dHferent 

enterprise arcas. Bach o{ tbem maintalns its own information structure. Oaslc relationsb.ips among 

objects are defined w!th tbe rhree fundamental abstraction mechanisms of generalization, classi 11cation 

and' aggregatlon (Tuijnman and Nsarmancsh, 1993a). The.subtype/supertype (gcneralt:zation) 

hierarchy for Concurrent Engineerlng information is sbown ln Fig. 8. ln this figure, boxes represem 

type objects, the arrows represent subtype/Supenype relatlonshíps, and the undirected I ines tbat come 

out of the boxes lead to mappings (propertles or auributes) that deScribe members (instances) of lhe 

rype. CONCURRENT-ENGrNEERING·ACTlVJTY is a type described by the information 

represente<! in sales, marketing, design and production activitles, as it is described in section 1.2. For 

example, tbe DESIGN·ACTIVITY Is doscribed by its PROCESSes, COMPONENTs and 

STANDARDs. Some of this informotion is distributed over other agents that can be accessed and 

ioterrelated wilh loall information using the remoto referenoe mechanism. 

Fig. a Concu.,..nt en;lneertng lnforma11on mod,llng 
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Fig. 9 CCXIcurrent englneerlng envlronment agen1a 

RECUR.SIVE 
COr,v>C>NE NT 

L 
1\a_compoo .. ll: 

COMPONENT 

I ROTATIONAl 

I~ dlamelllf: MEASURE t roc_group ROT_GROUP 
~la&De: ROT_OFTAIL 

NON·ROTATIONAl. 

~
lll deplh: MEASURE t wlcltl: MEASURE 

CSHee-r I 
I 1-wtdlh:MEASURE 

IWlin-fOI"f'oup: NON_ROT _ GROUP 
non_~INiurr. NON_ROT_OFTAIL 

Fig. 1 o Procllet repruentatlon 

L . lll_group: SH_GROUP 

Thc ioform.atioo describe4 above is dlstrlbuted ovcr four disti.nct and autonomous "kinds" of PEER 
agcnts as presented ln Fig. 9. Thesc agents are interrelated and C:Onstltule tbe coopennioo network, 
where the information can be shared and excbaoged among them. Obvíously, for símplicity reasons, 
only onc agent from each aotivhy is represcnted ln this figure, while in a realistic situation, there are 
many iotcrrelatcd agents e.g. dcsign agents performlng the design activity. Within this CEE oerwork 
thc lirst drafl made by the engincers in the sales act:ivlty can be used by the designers duri~g the design 
phasc, as wcll as, by the markctiog activity. Due to tbe differenoe in goals and purposes of each 
activity, gencrnlly, Lhe informatioo generated or storcd in one activity is oot entirely intercstlng to 
another onc. ln these cases, tbe correspoodcnce between different agent's schemas, must be establisbed 
through the schema dcrívatien/integration or through the rcmote refereocing. 
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The product model is lhe important unifying piece af information runong clifferent aeiMtics wltbín 
the Concw:rent Engineering environmem. As desodbed in sectlon l.Z1 lt is represented hlerarehically. 

ln Fig. 10, the type COMPON.ENT repr~ents the recursive defmitioo of lhe "Component" in Fig. 4, 

lbe two sub·types of the COMPONENT are disjoints. A component is def.ined. throogh its recorsrve 

subcompooonts; while éãCb subcomponent is a compónent itself. The recorslve definition ends wben at 

tbe lowest levei a component oao be fully defined ln tenDs of Jllrfs. So, ooe prooocHsdecomposed int'o 

many (.sob)COMPONENTs, éacb one composed of some PARTs and come other 

(sob)COMPONENTs. A part, as described earlier, is then defined by any nomber of OROUPs and 
FFAlUREs. The subtype ROTATlONAL represems rouuional groups and features. 

The type rotational group (ROT _ GROUP) bas two sub-~pes (see Fig. 11) tbat represent the 

information described in section 1.2. A rotational group is composed of features, as represented in Fig. 

11 by tbe aggregation relationshlps "hns_primitive" and ''has_detail". Both ROT_JOJNT and 

ROT_CONSTRUCTIVE are characteri4ed 'by their features detai1 (ROT_DETAJL), and the 

constructives groups bave "one" primitive feature for the ROrr_coNS:rnucrrvE entities must be 

modeled as an "integrity constraínt" deflned on the type ROT_:CONSTRUCTIVE, and wiiJ be 

discussed in a future paper. 

features are struotured in sobtypes that represents a speciflc paN: domaln, for instance, rotmional 

parts, prismatic parts, sbeets, etc. Every feature (F'EATURE) is descrlbed by its surfaces. Figure 12 
represents the deseription of rotational features (ROT_.FEATURE).l;be type RRTENTION _ GROOVE 

ls a functional fcaturc derived from a generic feature GROOVB and is described by additional 
attributes. 

ROT _ GROUP 1- haS_detail:· ROT_DET AJL 

~~ 
ROT_JOINT I I ROT_CONSTRUCTJVE I 

L has_primltiVe: 
ROT_PRIMmVE 

Flg. 11 Group repreeentation 

When a featore descnl>es the information nbout its machining process, it represents a link between 

two different agents. For example, if a CAD user chooses a feature RBTENTION-GROOVB, ~ 1 

member of this type is accessed ( or created). This feature has associated producrion informatioa, -that is 

modeled in another agent. So the design can access many k:inds of manufacturin,g lnformaHon lilt~ 

machining process, machlnes, tools and fixtures available for lhis ·specific feat.ure using, ,tetll'OI~ 
referenoi.ng facility described in section. 3. The mnin advantage here is that, the infor:matiQn Í$ $1orc4 ln· 

lhe network: only once and tbere is oo rcdundancy to cause Lbe ínformation inoonststeocy prool.él'fu. 



309 H. AftiiiTmlUie$. M. Wllld~ N. P. Moreira and A. C. Ferreh 

Concluslons 

Thís paper presents tbe baslc premises of deslgning a framewoik for CEI3 information 
managemeni and ínformation sbaring. Severa! information modeling requirements neoessary to 
support concurrcnt engineering opplications are distinguished. Then, tbe PEER federated object 
managemeot system is describcd addressing tbose information managemeot tequirements. Four 
speci fie lcinds of PE.ER agents are diStiguished to constitutc CIM activities. Product is desccibcd as tbe 
common unifying source of information among agcots, and aod objeot-orieQted schema desoription ís 
providcd to presem the hicrarchic definition. 

has _1Ur1ac:e: 
SURFACE 

I CYUNDER I 
I 
llnOht 
MEASURE 

,.. _J)t1)I»U ' 

MACH_PROCESS 

Fig. 12 Faatu,.. rapraaan11111on 

The pape! prescniS lhe follow-up attempt towards the cooperative research berwecn two research 
teams involvcd in the ESPRIT basic researcb CIMIS.net project ECLA 004:76102. The neX1 step io 
clcvclofing a CIM clatabase for tbc Br~ilian Aenxopave industry conslsts of the complete design of lhe 
four kinds of PEER agents, representing their complcx appllcatioo information and tbcn implementing 
these distincl CIM activities. 
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Resumo 
Conceitos de engenharia concorrente são considerados como uma maneira de Incrementar todos os aspcetos do 
ciclo-de-vida de a.m produto. Essa abordagem primeiramente sugere o uso de grupos mulli-funcionnis formado 
por engenhlliros e espcciollstus de ativldades do ciclo-de-vida do .IJroduto. Uma das funções principais· di! 
engenharia ooucoaentc é negocia.r a melhor solução para o dese.pvolvimento do ,produto. Trabalho em grupo 
eX'ige Intensa colaboração e troca de informaç.óes. Este trabalho deser~e o Concurrent Engineerin.g Environment 
(CEE · Ambiente de Engenharia Concorrente) como uma ferramenta potente de au.x.flio na implententaçáo dos 
conceitos de e.ogenbuia concorrente. A abordagem natural para o gcreoe.iamento e compartilfutmento dás 
informações entre as diferentes fases do proce»o de maaufalu.ra é uma rede de 3genles autônomos e 
beten>g!neo6 [ortemente acoplados. Nesta rede, um agente 6 envolvido em uma ativldade (por e.xe.mplo: projeto) 
desenvolvida durante o nic.lo·dc·vida do produto e auxiliado por outros r~gentes que t.ambém tomant p31te na 
mesma attvida.de. Se por um lado as ali.vidndes são independentes, por outro são lntcrrelooionttdns c nece5sitam 
coopernr e co.mpartilbnr informaçôe& e111re elll$. Nesle trabalho é descrito o projeto de um banóo de d3dos 
distribuído que suporta a manipu1açlo da lo formação no CEE para uma lnd6stria a.eron.áutlca brasileira. O 
projeto do CES é baseado em um Sl~tema de Gerendamenro de loformaç6e$ Distribuido • PEER. Este trnbalho 
descreve a seguncb etapa dt cooperação entre a Uninnidàdc de Ambsrerdam (Hol:rnda) e n Universidltdc 
Federal de Santa Catarina (Drasil). 
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A bstract 
TI1Is work prescnls a proposalto 11 Concurrent E tlgincerlng Aided Envi ronment . lt is svppot1ed by a geoerlc 
STEP-bosed integratlng pllltform providing-a powetful a5sistalice 10 informalion modelin:g and distribution. This 
t!ITort Í$ a cooperalioo betv.-een the UNINOVA-Uoivet$icbde Nova deUsboa-Portug;U and Univci'$Íd3de Fêderal 
de Santa Cat3rina-Brazil. · 
Ktywords; lntegratioo, Concurrent E ngineering, loJonnatioo System, l.aformatlon Modelling, STBP 

lntroduction 

Countries around the world expand its ecooomy ln a global perspective. lts effects, ln tbe industry, 
imply ln a deep reorgnnizatioo in its procedures to improve competilivcness. This new approach must 
provi de a closc control over the role lífe-<:ycle product development, including suppliers, marlc:eting, 
design and prôduction. ConcUrrcnt Engineering (CE) is a methodology to achjeve tbis. 

This papcr prcscnts a propusal to a Concurrent Bngioeeriog Environment (CEE) supported õy a 
STEP based lnformation Management System (IMS). lt is a first effon to define lhe role or on IMS in 
CEE. Tbe paper is organiz.ed as (ollows: sect.ion 2 ddines Concurrent Eogineeri ng in a CIM 
perspective; section 3 presents tbe CEE and its reqwrements; section 4 dcscribes UNlNOVA's STEP 
bascd lntegrating Platform; section 5 brings some improvemenrs to this platform to fulfil CEE 
requiremcms; linally, secrion 6 prescnts conclusions and future works. 

Concurrent Engineering 

Concurrcnt Enginecring (CE) is a methodology that provides a product developmenl based on 
çoopcrotion among lhe pcople working in üs elaboration. ll includes a teamwork approach. ln many 
works (Rei mnun and lluq, 1992, Tcrpcnncy and Oiesesnroth, 1992) Concurrcnt Engi neering is de fi ned 
as a mcthocblogy that brings to rhe dcsign phase considerations about fac10rs tbat can induce errors in 
thc fu ture steps. ln other point-of-vicw (Moreira, !99J), a CE team must be responsible for ali 
dccisions ovcr Lhe product lifc-cycle. ny this way nll factors lhat could affecr the product developmenl 
shoultl hc nnlllyzcd and solvcd by cxperts in 1!0ch aspect of lhe product. 

Some CE tools as Design for Manuiactuting, Design for Assembly and Computer lntegrated 
Manufacturing tcc.hnologies (CAE/CAD/CAM) could bc used to help in lhe team acdvitics. A good 
cxample of tbis typc of programs is lhe Boothroyd-Dewhurst design for assembly system. Their 
Presented at lhe Second CIMIS.net General Meetlng • Aocianópolls, SC, .A.Ine 1994 
Ad Hoc Technical Editor: Aureo Campos Ferreira. UFSC. 
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computer progJ'Sm asks ,the userf0r a series·of questions 11bout the fasteni'ng method, symmetry of the 
parts, general size of the- párts; angle of insettion .and so· on, and glves an evaluation io terms of rhe 
assembly time, íts breakdo.wns. and the assembly efficiency. Símitat evaluation piOgrams exist For 
other manufacrorlng lssues, and when Jntegroted I"' a wide CBE .could be effectlve on.belptog any üfe. 
cycle activity. Other lmportant point, on whiob tb.e teamwork. is structured, is the l oformation query 
dist:ri buted i o tb.e CEB. 

Huthwaite describes a Coocurrent Engineering team asa group responsible for the project since its 
earliest phase. To be effective, the team's partoers must talk the sarne lang.uage and excbange 
iofomtatioo by tbe sarne ohanneL As weU as th.e analysis tools, used by tbe partners, must understand 
the output of tb.e othe-r tools. From the informatioo system perpective .the inte.gration of a-set of 
heterogeoeous appliqitioos irqplies. on the solutioo of several problems, iocluding (Camarinha-Matos 
and Osório, 1992): 

definitioo of common model.s for shared infonnation; 
• definition/adoption of an lnformatioo Management System (IMS), and 

ln conjunctlon with lhe l t,iS realiUttion of a.n ifite,g.rating infrnstcu.oture tbat provides a 
functional support for i ntegcation, :L~ a Jcind of "software bus" offering hi gh leveJ lnlerproéess 
cornmunicatioo services to the ,coonected tools. 

Flg. 1 Coneurrent En.glnnrlng (CE) teamwortl approach (A) and CE anvlronn'l• nt (B) 

Concurrent Engineering Environment: Overview and Requlrements 

ln a traditional product Jife-cycle, the inrorrnation Is strongly centrallzed ln each aetivlty. 
Meanwhile, during the deveJ·opment of some activíties informatioo about other processs:h:ould be 
n~cessary, and lts Jack could i:mpJy in eflrats. A COJllputational t<nvironment shou'ld ~j:Cerittaltze tbé 
informatlon by a dlstdbuted informatloo support. FoiJow 'Thrpenny and DieSénr.ollr{:tm); <thJ:ee poióts 
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are basíc ln a concurrent engineering environment lmplementation: improvement io the design 
strategy; decision make ald; ond infortl:Uition support. By tbis way. improvements are c:entralized just 
in the design phase, anyway rhis proposalls lnteresting because treat the problem non-specificolly in 
tcrms of information handling and dccision make supporr. The Concurreot Engineering Environmeot 
(CEE) is based in CIM concepts, where each CAx (CAD, \..AE, CAM, CAPP, etc.) is a tool which 
function is to aid whole productlife-cycle. More details about it con be found in Moreira (1993). 

Mela­
lnlorm_., 

Model 

EXPRESS 
Compller 

Appllcallon Appl caíion 
1 2 

Meta·lntonnat•'" 

Fig. 2 UNINOVA'e lnlegratlng .pla11'orm 

PISAP OBMS 
(Ciianl) 

Gcncralizing thc 1crpenny proposal (Terpenny and Dicsenroth, 1992), a sct of requirements to a 
concurrcnl engineering environmcnt could be dcfincd: 

thc cnvironment must be distdbotcd ond based on lhe client-server paradigm. So, each CAx 
could be modelcd as an information server, as well as, ao analysis tool. Agents may work 
concurrently. exchanging informalioo, i o ordcr to solve a problem; 

data i nclepeodency must be suppl ied for agcnts; 

J'lroducl informntion mu~t be widely hMdled by every actlvity/agcnl, so it has tO be modeled in 
a Standard way. Geometric and technologicallnformation must be avnilnble for every actlvity; 

cach activity manngcs an amooot or informotion. Pan ofthem could be used by other activities, 
but mostly information is internal and must bc prOiectcd, tJleo vision faciJity must be provided; 

agcnts have to eKchangc informntioo, then a comrnunicotion protocol has to be defincd. This 
protocol must provide qucries, analysis and answers fncil ities for any ogent that needs it, nnd 

the environment rnust bc evolutive, it mcans that oew agents can be added to the system step 
by stcp, according to lhe enterprises strntcgics. 
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lntegrating Platform 

This sect~on presents a S'fEP bnsed integrallng plmform dcveloped at UNTNOVA (fàvares et aJ. , 
1993), and its use ín .a Coocun:en.t Engín~ng Bnvironme.u. · 

STE!P (fSO 103Q3) Is an lntemational Standard for the oomputer-interpretable represenlillion and 
exchange of produci data. Tbe objective is to províde a neutral mechanístn capable of describing 

product data througbout the I iCe cycle of tbe product. independenlly from any particular system. 

STEP includes a formallanguage (6xpress) developed to the informarion modelling. Express 

allows for tbe definiüon of uníverses of discourse, that lS, spedfic aspects of the product life cyéle. 
This is done through the schema constructor, tbat aggregates objects of interest (entities) of spedfic 

doma·ins of appücation (e.g. design, process-planning). constJ.tuting·appUcatlon inCorrnatioo models. 

lnlormation Management System 

Fig. 3 lntegra11ng plattorm wtth lmproved peer-to-p .. r capabillty 

The lntegrnting Platform, depicted in Fig. 2, oos two major components: ao EXPRESS Compiler 

and an lnformation Management System (or simply lnformation Systeltl • IS). 

By means of rho EXPRESS Compilet, nn applicarion infonnalioQ modcl, as cal'lcd a,ppl fcation 

mcta-íoformatíon, is iranslated to lhe IS meta-infomJation di<.:tionary intcrnul reprcseruatlon. 

There(ore, information communícation nnd valldation depeneis strongly on this component. 

The Information System is the hean of lhe integrating platform aodaets as an information server. h 

is comJX>Sed of three çomponents: 

ISAP - lnformation System Access Ptotocol: Set of fuocíons providing capabllity of loaM 
remate data commuoication amoog lhe IS aod extemill systems such as CJM applíc:ui(')fl~ l,bo 
EXPRESS Cornp)lec and ~ersistent data storage systems. lLprovides,also the validation oí lbe 
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transmiucd data, by using the applicatioo meta-information. Two subseJS of ISAP • MISAP 
and PISAP - are provided to communication of meta-information and persistent data, 
respectively; 

MIO· Meta-information Dictiooary: IS internal meta-informatioo storage structure. 

POB · Product Daw 13ase: IS internal application data storage structure. 

Tbe integratlon of application is carried out tbrougb a tight connection mecbanism, by which 
neutral forruat liles are exchanged by ISAP cllent-servcr Interfaces. ln preseot implementation, RPC 
was used to accompllsh clieot-setver mechanlsm requirements. 

ENTITY Taak_Speçlflc:aUon 

taak_name: taak_name_type; 
talk_numbar: tuk_ number_type; 
taak_klnd: •t~~t_klnd_type ; 

talk_auoclatecUt.ta~ uaociated_data_type; 

END _ENTJTY; 

Ag. 4 Slmpllllod EXPRESS onlity modotnng t .. k specl11cetlon 

However, to achicve lhe CEE requlremcnts identilied in section 2, tbe platform must be improved 
with a ncwcapability: the messagc hnndling mecbanism. This improvement isdescribed in tbe next 
scction. 

1) 
( ) 

( Agent 
) Tcuk SpedfiC41/on 

IS 
Agent 

( Agent ) 

2) 

I~ ( A2ent ) 
( Agent ) IS 

( ) Agent 

3) ( Agent 

~ ( Agent ) IS ~ -( Agent 
Co~~Maion 

4) 
QwryfDalo ( Agenl ) 

( Agent ) Q~IDota IS 1-- .... ( Agent ) 

5) 

( Agent ) .. AIIS'WU I DtJJO 
IS J Agent 

~ l- 1\Nwcr 1 Da~ o 
Agent 

Fig. S Messago hancllng capabllll)' • ~er to p••r transectlon 
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A Message Handllng Mechanism for the lntegrating Platform 

From oow on, tbe term ageot wlll substilutc the term application used in tbe last sectfqo. Tbis is 
because the bigber levei of iteration betwceo the scveral activities of the product Jífc-cycle, typical on 
concurreot engineering. Funher, it is not cnough to a CEE a simple prodoct data exchange mccbanism. 

ln tbe last seclion a STEP based iotegratl ng platform was descrlbcd as an uppr.acb to lhe 
implementation of a CEE. lndeed, it is a powerful solutioo to thc distribulion of informalion to cvcry 
agent involved in thc product life cyclc. 

However, a new capability must be considered, in order to acoompliSh thc ldentified requlroments 
ofa CEE. 

The lirst point to conslder i na CBB ls that agonts must bc autonomoi.L'l, or must hnve a hlgb levei of 
autonomy, in order to ioteract with other agents. To conduct 1hese iOLeracdons, they nced to obtaín 
informatíon about other agcnls- their capabiJjlies, tbe:ir aet~l sí11tus, their availllbilhy, etc. 

As ao example, suppost tbat the agent Dcsign, during tbo product design, need to realize an 
analysis of manufaotumbilily. first of ali, it must be k.nown wbich Process_planner agents are availnble 
to deal with the deslgn to be anal~zed. Then ii musl establish a conoeclion to !hc selected pnrtner, 
sendiog lhe design nnd receiving the nnnlysis. 

By thls example h is clear that the IS m~t have an additlonnl capabiHty: peer-to-peer tiansaction. 

Actunlly, the oommunlcation between two agents is performed io two steps: the ·first ngcnt 
conoocts the lS, transmits data to bc shared, and disconnccts. Aftcrwards, thc second agcnt oonnccts 
Lho IS, gets the dilta and disconnects. 

Peer·to-pccr transaction meaos that agents can, t.hrough LS, ask othcr agcots for information (c.g. 
geometrical information of a part) or serviccs (c.g. the assembling analysis of manufac.:1urnbility in tlu! 
example above), cven beforc tbose ogcots ll)llke ioformotion availablc in the IS. 

lt implies tbat the IS nceds to provide a message exchangc mcchanism . GETME (from 
"GErenciador de Troca de MEnsagens", or mcssage exchangc manogcr in portugucse), is this 
mecbanism, and should altow ngcnts to hc information/scrvicll servers (ond JS 10 be clicnt, 
consequcntly), beyood the actual agent informatioo cticnt capability. 

GETME should bc ablc to help agents 10 choosc pro~pectívo partncr~ by annlyúng some 
condilions, ns nvallability, orrercd scrvices, and liO on. 11 is ctcar th;Jt the lS should bc uhle to rccdvc 
these information from the agents. fourthcr, it must manngc tbc cntirc trun..<;a~1ion bctwccn thc agents. 

To fully achieve pecr-lo-pecr communication, a complete message cxchaoge model must bc 
speciried. This model should use EXPRESS on ii~ formali zntion, so that mcs..c;agcscould be exchanged 
via an ISAP bn~t.l interface. A simplincd exnmplc of EXPRE.SS ontity modcling tnsk spc;.-cificntion is 
sbown in Fig. 3 (lntegratlng Plalform after lhe inclusion of pl'Cr·lu-pcl.'r capability) and Fig. 5 (the 
pc;.-er-to-pccr tiansaction itscl f). 

Conclusions 

This paper presc·ntcd a Concurrcnl Eoginccring Cnvironmcnl bcing tlcvclopéd by lJNlNOVi\­
Portugal with coopcration of UFSC-IJra7jl. Thls is onc important effort to popularize S1'E.P in thé 
manufacturing world. ln thc la..;t year scvcral Application l'rou:x:ots wcrc crc:u~'d by ISO, l'OOWing that 
~"'EP is bcooming a wi!.IL occcpted stonditrd, and rhat íLS adoptinn by munufacturcr.; i~> cvi<.knt. 
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The actuul work starus is a lirst industrial version of tbe LntegratJng platform beiog tlnlslted, 
running in 1\JX, SunOS and Linux. This first version Is being put availa:ble for demonstrations 
simultaneously in Lisboa-Portugal and Florian6polis-Brazil. 

Future work wlll be done witn the implementation of message handling capability, among other 
improvements ns o t.oollát to aid informatíoo modeling (browsers, graphical representation, etc). 
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Resumo 
l:!.~ r c:: rmbalho apresenta uma propoota para IIm Ambiente do Engenharia Concorrente (CEE). Es·te ~:suportado por 
um sistema de infMmações, de uso genérico, baseado em SfEP que provê assistêncin par~ a modelagem c 
di~tribui~ão da inform:~ção. &ta pesquisa vem srndo desenvolvido cn1 cooperação entre a lJNINOVA­
Universid100 Nova de Usboo (Por1ug~l) e a Universid3dt federal de &!ola CAtarina (Brasil). 
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Abatract 

This work preseots ao approach to lhe iotegratjoo of ao opclmizatiou syslem wiíh tbe otbcr CIM ;~ctivitíes ~.~Sing 
a dlslríbutcd/federaled data base Prcllilt!Cture. The CIM application érwl,roomenl addressed here is tbe sboe and 
handbag manufacturlng lodustry aod the optlmization system is for cutting the layouts of irregular shapes out of 
lhe base leather material. Here, the optlmizatlon system is speclfied by lhe complete separation of lhe u$er· 
interface from lhe optimizing aspects of the problem and defines lhem ·as two distioct cooperalive ageots. The 
integration of separa te aclivilies within a CIM distributed database system is attained by, usiog a fcderated 
object-oriented database maoagemenl syslem. The federated arch.itedure used bere suppons lhe coopention and 
information exchange among au10oomous aod beterogeoeous ageols. 
Keywonls~ DislrlbulecVFederated Data base, Oplimizalioo Expert System, CIM. 

lntroduction 

An intclligent optimization system for CIM can be tbought of as an agent pcrformiog the activity 
of optimlzarlon lo a nerwork (federation) of cooperatiog ageots, wbere the ageots rcpresent different 
CIM activities. To supporl the concurrent englneering appmacb, different CIM acrivi ties must 
coopera te and excbange informati.on. Tbe optlmizer agent shllfes the data provided by orher·CIM 
agents, that for example encapsulate the design, production planniog, and manufacturing activl~ies. 
Thls paper presents ao approacb to íntegrate and support ao opimizatioo expert system (DSS- VIM­
cutting) wilhin sucb a fooerated information maoagement frameworlc (PEER) designed to suppor1 a 
CJM appllcation. 

We will first reaUze two specific lcinds of agents, one to represent tbe optimization system (OS) 
and the otber to represem lhe user-interface (UI) for the ~imization system. Secood, ao infonnation 
sbaring layer will be develpped to support the cooperatioo and ínformation exchange between these 
two agcnts. Thlrd, we descdbe the Eramework in which one OS agent and severa I UJ .ag!lnts can be 
interoonoected within a .PEER oetwork of coopera tive ClM ~gents in order to fully integrate. rbe 
optimizatlon experr system w!thin the CIM database. The res1,dting system wlll supponlhc access lo 

the opclmizatioo system from any UI ogent defincd 111 tbe network, ond will automatically suppctl the 
distributed query processing oo oplimization data. 

The optimlzation expert system described ln this paper is the DSS-V1M..Cunlng, a Decision 
Suppon System based on the Visual lnteraaive Modelling. This expert system alms to optimize lhe 
layoot of a set of moulds to be cut on a piece of raw material. 10 gain the bcst layout, tbe system must 
be lntegrated with other CIM's subsystems such as CAD, CAQC, PPC, and with a oumeric rontrol 

Preeenlod at~M tecond CIMIS.oet General Meellng • Ftorlan6potis. SC, Jl!fMI 1994 
Ad Hoc Technlcal Editor. Aureo Campos Ferreira, UFSC. 
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mnchine that executes the actual cuulng. We first focus 01). deJ:'lniog a PEER agent,, called DVG, to 

represeotthe OSS-VI'M-Cuttlng system. The DVC agent will be primarily defioed in terms of lts data 

structures. We define tbe data that lhe DVC nge111 needs to pccess from otber agents aod we inclicate 

frorn whicb orher agent(s) tbat data must bc retrleved. We also specify the dara lhatthe DV6 agent cao 

make availuble to tbe otber agents in the federation. Thcn, we will design tbe informatioo sharing lnyer 

of the DVC agcnt, ln order to integrate lhe DSS-VJM-Cutting system within tho PEER federated 

arcbhecturc, to complete its iotegration with lhe other ClM npplicatioo naivities. 

The federnted architccrure desctibed in thls pnper i.s based on the PEER informatioo management 

frnmework (16th, 41t., 71
t. references), PEER is ao objeot-ocientéd federated/dist:ribu.ted database system 

designed and implemented at the Universlty of Amsterdam. lt primarily supports tbe comptex 

informatioo management requirements set by lhe industrial automatioo applicatioo envirooments. The 
rcsearcb described in (Afsarmanesb et ai., 1993b) desctibes some concurrcntengineering requirements 

and lhe spcci De PEER capabillties 10 satisfy them. The 'fcderated archhecrure of PBER i ntrcxluces an 

integration facillty Lo sopport the cooperation anel informatioo sharing of autonomous GIM ageots with 

heterogeneous data reprcscntation organizatioos (Afsarmanesh et al., 1994b). Th beuer support users 

o f thc integration fãcility aod for higb level access to data and meta-data, two powcrful and user­

friendly interface tools aro developed. l11e Schema Manlpulation Tool and the Database Browsing 

Tool are both wlndow-orienred and implcmented using X-Windows oo SUN workstations. Tbese 

interface tools support users wilh lheir acccss, retrieval and moclilicatioo of both data and meta-data i o 

PEER agents. A prototype implemcntatlon of lhe PEER federared system is developed in the C 

language that runs on UNIX, on a network of SUN wmkstatioos, Qne of the application areas to wbich 

thc PEER systcm is applied so far is witbin the ESPRIT projcot ARCHON. Tbc ARCHON project 

develops n system to rntegrnte coopernring, beterogenous and aotonomous expert systems. l n this 

project, PF..ER was tested ln tbe cootrol rooms of power distributlon networks in two different 

Industries ln Spaio.and Eogland. 

The rcmaining of this paper is organized as follows. Section 2 presents a descriptioo of the 

optimization expert system. A dcscriplion of the PEER's federated architecture is giveo i o Section 3. 

'J11e realization of tbe optimi7.ation system agcot nnd 1be user interface agent is dcscribed in Sectioo 4. 

Finnlly, Scction 5 contains thc cooclusion of the paper. 

Speclfication of the Optimization Expert System 

l'he Optimiwtion expcrt systcm can be defioed by two dislinct subsystems of: Optimlzotion 

subsystems (OS) and User lnterfat"e subsystems (UI). The Opttmizatioo Subsystem is formed by two 

pr(X.:CS..<;es: pl'·oblem processi ng and knowtedge processin g. The problcm processíng petforms the 

central conuol of thc sol ution scnrch process, while recelv!ng Lhe baslc algorithms from the k:nowledge 

proccssing and coupling it with the interactivo requirements of tbe user. OS coornins both the 

knowlcdgc to pcrform the hcurlstic scarch, ond Lhe productioo ruies to rcpresent the problem. 

Thc: Uscr Interface Subsysicm performs the interaction with the uscr, bused on the Visual 

l ntcl".JCtivc M lxh.:lling (VIM) pDratligm. Tbis subsystcm is bascd on tllc idea of McxlciLing by Example 

(MI:lE) as a mcans of cnhancing coopcrotion betwet:n uscr and thc systcm. Tbe UI supports decision 

making whilc taking into considerution foor important dimcnsions of: End-user (decision-mnker) 

modc:Uing, M oddling us u c.:oncrete, visual and incremental process, Reactive systc.m behavior, aod 

Supplying u~:tivc supporl (actas a consultaot). 
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Data Structurea uaed ln OS and UI 

ln this section we wm desenhe the data sttuctures used in OS and UI as well as lhe relatiooships 
existing between those strucrores. On doing lhis we will be formalizing our data sltuctutes thtougb an 
algebraic ootation. We sup,pc~e tbe existence of rbe polymorphrc type 8e1 of -t,denot'ing tbe conce.pt of 
sets contai ning elcments of type ~ 

The objective of lhe system is to deftne a Jayout desctibing lhe allocarion of picces on piares of 
leather. On n topdown view the Ut ageot receives informaHoo nbout the leather pteces aod the moulds 
to be cut and requests the OS to find ii minimal oostlayout while sending to it â deséription Of the 
initial srare of lhe plate and of tbe moulds lo be allooated on it. Plale aod ruoulds as wc11 as iho final 
layout are each reptesented by polygoos. 

OS Svbsystem 

This subsysteru is respoosible for the layout productioo~ ii altocates pieoes, represente<! by 
pol ygons, on the pi ates, lhat represent tbe leather Lo be cul. 

"fhe pieces received by the OS are represented throug·h a ci'Osed polygonal line, which i~ 
represented tbrougb a set of verti.ces ~ vertices are pairs (2.-tuples) oF coordioatcs: 

PolyLine = Set of Vertice 

Vertice = (Real,Real) 

For each píece lhat OS receives from the Ul, ii geoerates a ser of polygons definíog tbe possiblc 
rotations for Lhe aii<X-'arion On the piece. The potygoos are 3-tuples describing the polygonalline o'f thc 
original piece, a PleceJd, associating cach polygoo to tbc piecc it was geocratcd from, anda rotatioo 
angle. 

Polygon = (PolyLine,Pieceid,Anqle) 

For every polygoo atlocared on ihe plate tbe OS defines an emrty smtlng tire polygon and the 
pctiition of aUocation. 

DrawnPolygon = (Palygon,Position) 

Position = (Real,Real) 

"fhe ftrst step taken by rhe OS is lhe gencrution of a sei of polygons from lhe sct of pieces received 
from lhe UI agent. 

The task of layout design is nccornplisbed by an algorithm adapted Crom thc A" algorlthm 
described by Nillson (1984). Each stcp of Htis algori rhm takes a stare, describlng the set of polygons 
drawn on the pi ate, and creares a set of successotS for it, ea.ch onc wilb a new polygon in.$erted. 1l1is 
procedure gencrates a tree whe(e lhe leais representth.e moot reoontly drawn polygons. Every branch in 
this tree represents a pessible layout for !he 'task. ln each step a mihi mal cost funclion selects a brancb 
of·lhe tree where a new polygoo must be acid'ed. 

A'< mcntiom.'d before a state is reprcsented by a set of (drawn) polygons: 

State = Set of Drawn.Polygon 

An important concept for the algoritbm is lhe ser of poly-goru; to be dra\vn. AI ea.ch stép there wil 'l 
be a differcot set of potygons to be rnserted and evmy lime a polygon is drawn, Tbe polygQo· lt~elf 

togetber with ali of the other polygoos wilh the same PJeceld ~nust (le excluilc(.l ftOOJ .1J1c original se-1. 
We will use a Utúverse r o designare the Sét of polygoo;; to be drawn: 

Oniverse = Set of Polyg·on 
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The A • uses lhe following proccdures: 

dn..o;s lha! defines tlle sei of ali polygons wilb the sarne Pleceld. 

class :: (p:Polygoo,u : Uni.verse) - > Set of Polygon = 
{ x E u : Pieceld(x) = p } 

put lhal insens a new polygon io a given stale 

put:: (s: :state,p: :Polygon) -> State 

create Lhat creales lhe sucoessor~of a given s1a1e 

create: : (u:Universe,s:state) - > Set of State = 

{ pu t ( s , x) : x E un ( u , s ) } 

Un thar states lhe set of polygons to be inserted 

Un:: (u:Oniverse,s:State) -> Universe = 

u _ u {dass(Polygoo(x)):x E s } 

minSrote that returns a suue with minimal COSI associated 

minState : : (O:Set of State) -> State = 
oneOf({x E o: f(x) = f Min(O)}) 

Wh~r~ oneOr selects an clemenl from o set and fMin obtains the minimal of the cost.s of ali 
Slates in O SCL 

layout that produces a luyout given a platc (defined by a Polyline, ao lnirial state, and the 
uni verse of polygons to bo allocated. 

layout:: (p:Polyline,initial:State ,u:Universe) -> State 

createLayout(create(initial),O) -> state 

wh~rc crenteLnyout gencrates lbesearcbing tree: 

createLayout : : (open: :Set of State, u: :Universe) -> state 

if create(minState(open)} z O then open 

else createLayout(newopen, u-class(minstate(open))) 

where newopen = (open-minstate(open)) U create(minState(open)) 

ln Lhe dcfinitions above, x U y aod x- y denote respectively the union aod difforence of tbe sets x 
ond y, and ux denotes lhe unlon of the seiS that are clcments of X. 

UI Subsystem 

This subsystem realizes the trs;msformotion of user-orlcnted s~:ructur~s to the OS-oriented 

structures. Thc UI agcnt will rcceive úom othcr agents tbe following structured informatioo 
(Negreiros, J 993): 

Leather Pinte: an abstract rcpresentation of a two-dlmensional bounded region, possibly 
gencratcd by a CAD sySicm. foram a Leathcr Pia te two subclasses of objeciS cao be generated. 
'11JCse subclasses are: 

Graded Lentlu~r l'late: contains addltlonal attrlbuu~ such os texture, tbickncss and bouooary. 

Defectlve Leather Pblte: rcprcscnts a lcathcr platc that encloses a ddect. 

Mould: nn abstract two-<limcnsional region with the following attributes: idcntilication of thc 
pi1.'tJC, rcqul rcd rruuerial quality, dircctional propcrties, allowable cotting platc rcgions. 



tnteQration ol an Optlmll&tion Expert System wilhtn a CIM OISiributed Datebase Sy&tem 

Following inlerreJalionships can be established and defined among lhe leather plate and mouJd 
objects: 

O verlap: to detect overlap among mouJds; 

Directlon: feasible set of cutting directions; 

ldenUiia.tloo: technic:al specificatlon of a mould. 

,, 

Thís object frnmework: (model) described above is the essen1ial core for modelling lhe cuuiog 
problem. The " model" is c:aptured by the OS and lhe resolled cutting plan is retume.d to lhe UI. Since 
there are several differentldnds of ~rs involved in sucb a system, most of lhe objects de!;cribcd above 

need to have a dynamic behavior (Pinheiro-Pita e Camarinha-Matos, 1993). 

Data Required from other Agenta 

Since nll information neccssary to lhe DOV musr be first v.isualized by thc user, wc consider thnl 
the intcraction between OS and otbcr CrM ageotS, lnvolved in any ac1ivity, is dono througb the UI 
agenr. As pointed out by Alvarenga et aL (1993), the OOV interacts wilh the followíng manufacturiog 
systerns: 

CAD: tbat provides infonnation about shoe dcsign (moulds, shape, dimensions, tolcrances. etc.); 

CAQC: that provides autornatic vlsion íospcc1ion of leatber pintes (shapes, dimcnsions, texturc 
aod defects); 

PPC; that provides informatioo coocemiog type aod volume of lenther pieces, schedule, storage, 
stnte of the shop Ooor, etc., and 

NC: tO wbicb the OOV provides lhe oumeriCfll control prograrn 10 execute the actual cutling. 

PEER Federated lnformation Management System 

PEER is a federated object-oriented databasc managemcnt system (4111 , 71h, 161h, 171h, 151h 

refercnccs) that primarily supports the cooperation and lnforrnotion cxchangc among autonomous and 
beterogencous ageots. The PÊER fcdcroted architecturo consists of a nctwork of tightly/loosely 
inter related agents. Severa! concepts dovcloped in PEER support thc complex informa1ion 
maoagemcnt requlrcrnents of ClM application area. Concurrent enginccr.ing, where Lhcro is .a tcam of 
cooperating expens cacb involved in a dlffcrent CIM activity can bc reprcsentcd by a PE6R nCJwork. 
Every such activity (such ns design, planning, rnanufacturiog and 1he optimization activi tics) 
constitutes onc or more PEI3R ngents. By defínition, such agcnts are uutonomous in thcir activltlus anel 
decisions, heterogeoeous in I hei r information reprcsentation, but cooperare with cach othcr and share 
and exchange information to reacb lhe ultima te gool of lho indastry. 

ln thc federated arcbheoture of PEBR, botb the infm·motion and the conlrol is distríbuted within 
the network. Namcly, PEER cem be charactcrized by: ( 1) therc is no sing!c global schcrna defincd oo 
the inforrnation short:d among Lhe agcntS, unlikc many othcr distributcd objcl.-i-ori~ntt:d c:lawba~c 
systerns (sucb as ln Klm et ai. (1991)) tha1 defines onc global schema to suppon lhe cntin.: tWlwork of 
database systcrns; (2) 1be interdependcncies between twO agents' informatioo is éStablishcd through 
interrelating their schernas (defincd on the shored data); tb.us there is no nccd to storc Otc data 
redundantly in diCfcrcn1 agents~ (3) therc is no central (global) control witbin tbc network. Th~ 

functionaliry of tbe PEER federated systcm is supporied by tbe spccllic architccturc of cacb PHI~R 
ngent and lts P.IWR-kernel, nnd by the existcncc of the comtliunilydicttonury witb:in tht.: nctwork. 
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Architecture 

E.very PEER ogent ín tbe cooperarioo oetwork coruains several interrelated schemas (i.e. LOC, 
lMPs, EXPs and INT scbemas described in Section 3.3), Tbe PEER-keroel is itsel! a predefined 
scbema that acts as a uoifyiog super-struc1Ure to suppon the investigatlon of data, meta..<{ata, and meta­
meta-data o( the PEER (Afsarmanesh et ai., 1994a).lt primarily supports the representntion ofmultiple 
schemus, the information on tho agcm's involvemenr io the cooperation oetwork ood provides ao 
eovironmcnt to modet the schema iotcgratlon/derivatfon relatlonsbJps. Tbe meta-meta-data is the 
information lhat describes the meta-data (sebe ma elemenrs) of the database. Thecefore, aoy componeot 
of a typical scbema, sucb as types ilod maps, as well as tbe scbema deflnitloos themselves (beiog 
derived such as JNT,or defioed sucb as LOC), and their intcrrelationsbips ore ali systematically 
represeotcd i o the PEER-kernel . ln specific, the PEER-kemel suppons thc following: ( 1) tbe co­
existencc or severa! sebe mas i o ooe agent and rcprcseotiog them individually; (2) tbe representation of 
meto-meta-data to represe.ot the dctincdlderived-schemas, defioed/derivcd-typcs and defLnedlderived­
mops; (3) the representation of informatioo rcgardiog Olher agents i o tbe network by their network-id, 
network-nddress, aod their export,schemas shored witbin tbe oommunity, and ( 4) tbe represeru.ation of 
dcLOilcd dcrivation specifiClltions for derived sypes and dcrived maps lhrough storiog tbe information 
on thcir source-types and sourcc-mops. Thc informa(ion represented by tbe PEER-kerneJ is vastly 
used, lhrough the PEER interface tOOIS, by databuse designers/developers to orgonlzc tbcir lnformation 
and crc:iltc/modify I hei r schemas in lhe PEER and by tbe dist:ributed query proc.:essor of the agent. 

Th.c community dictionary is thc "source of in formation" withín the network and can be 
consultcd at any time by Olher agcnts. ltS functioo ís to provide up-to-date informntioo on ali agerus in 
the network. lt contains the netWork addrcsscs of lhe active agents and their current state. Fm every 
agcnt, it also storcs its cxJX>rt schcmos ond the spccific access rights and scbema modificatioo rigbts 
rhaJ lhe agem supp<rts. The dictiooary can also bc uscd as the general store for orher static information 
that conccms lhe cntire community such us objects' name-tables.. Altbougb, in the arcbi tecrural design 
of l'EER thc oornmunity dictionary is rcprcscnted as a sepnrate ngeot to bc oocessed when needed, any 
Othcr ugcnt in the community can kcep local copies of ali or parts of its informatíon. 

lnformatlon Model and Language 

Thc PEER information base ruodcl and rhe PEER Iaoguage bas roots in the 3DIS (Afsarmanbesh 
and McLcod, I 989, Afs11rrnanesb ct ui., 1990) data base modcl and the 301S/ISL language 
(Afsarmnncsh et ai., 1989, Bergman, 1992). Thc PEER data modeJ is a binary-based objcct-orierued 
oowba..-.c modcl. Aoy identifiable piccc of inforroation is uniformly represente<! as oojects. It represents 
atomic. compa;ite, nnd typc objcus. Atomic objccts are strings of characters, numbers, booiC3ns, iext, 
etc. usually rcfcrred to as 'valucs' in othcr systcms. Composite objects are non-atomic entities and 
conccpts of L11c application cnvironmcnts and cao bo dcromposed ioto furthor objects. Ma,pplog 
ohjt'Cls, usually refcrred lo as 'attriburc' in othcr documcnts. are a special kind of composite objcct. 
Muppings cun be sínglo-valucd or mulli-vulued ond represent both lhe doscriptive chnracteristics of an 
ohjcct as wcll as its assodation with othcr objccts. A type ooject is a Structural speclficati'oo of a group 
of atomic or composite objects. lt denotes o collcction of database objccts called its members 
(instuncc~). Th<..' PEER s upports mulliple inheritance; the subtype/supcnype rclationships defined 
among typc:.. fom1 a OirL'Cicd Acyclic Graph (OAG). 

'llll.l. infurrnation rctricvaVmanipulalion language designçd for PEER supports both Lhe local access 
unu modification of agcnts ' informatiun, ond thc remete acccss and sharing of inJormaúon among 
agcnts. Thc rctricvai of information Is bascd oo quuries on binary rclations among objects, Tbe 
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'retrieval' of inforllílltlon is simply tormulated àS an ordered 1riple with; domain-object, •tnappin:g­
object, and raogc"·object, being its thtee elements, and in a ryptcal query one or more ofd1c.sa clomdnts 
is replnced by a'?'. The query: Lretrleve (englne-700, ?, ?)' retrieves ali lhe auribute vahrés ol'tbe 

object engine-790, as well as nmleving ali orher objects in lhe database lbat are related to·ir. For 
iostance tbe 'designer ' of engine-790 (e.g. ENG-C3) that is another object in the dtnabase is also 
returned as results, as follows: (Engine-790, bas-designer, ENG-C3). A path expréssron -set-eràl 

mappings coonected by dots cno replace tbe mapptng in a query- denotes indirecr relatiooshlps 

betwoon objecrs. For example, by the query 

• retri·eve (?, bas-<lesi gner.ex:perience-record. project-involveá,"ú L340") ' 

ali engine objects will be retrieved iliat bave a 'designe!' object for which an 'experience-reoord' 

object has tbe 'projeet-irwolved' vàlue "GL340". 

PEER lntegratlon Facllity 

The main principie behind lhe dcsi·gn of the infegrmion facllity is to preserve rhe ngent"s nutonomy. 

Cooperating agents wish to share with otber agenrsas much as p<i5Sible a part of rheir inform::ufoo tb<rr 
thcy want to release, wbilc thcre is always a part of lhe information lhat is unde•'developmcut, and the 

agents wish to keep it privare. Anothcr principie, i~H.O decouple as ruu,cb ·as possibl~ tbc dcs!gn 

decisions ronde by Individual agenrs concerolng rheir object organizations and object rcpresentntions 
privare to the agenr. Typlcally, ag.enrs are developed anél evolved independtmtly of each ot!ier, but 
preexlstíng agents may decrde to merge t{)gether in a bigge r coopenH·ion nctwork. An exnmple 
situation is the merging of preexisLing hospitais ioto one chrun o( hospitais. 

The integnitioo facility presentcd in PEER is supported by n sophisticated sehema inregration 

mechanism and two user-friendly and powcrful interface tools. Thc schema integrat!on mechanisnr 

support:s the re-classification of object.s by a different orgnoiznrion (than thcir origio) tbrougb a spcdlic 

ser oi rype derlva1ioo opernrions, and the re-intmpretation of relationships dofincd bc,twecn objccts 

through some map derlvation openHions (Afsarmanesh, 1993a), The approach of PEER i·s pnncipally 

clifferent rhan the orber mclbodologics prescnted for distributed database integrntion since 11 provides 

an environmerH for cooperarioo and ioforr.naüon ioregrarion where tlle mal o cmphasis is on agent's 

autonomy and agent's heterogeneity of tbe rcpresented information. 

Schema lntegralfon 

For each PEER agent tbere is one schema thar specifies lhe rype structurc of a li ohjccrs !1\0tcú 

locally. This schcrua is called thc local schcma (LOC). Dcrived from the local schcma are onc, or 

more, exp<>rt schemas (EXPs) that cach delinc a parrlcular vícw on rhe iocal obJccts. Us.ually. an 

export schema contai os only a part of the conocpts (lypcs and mappings) delined in thc local schém<J. 

An export scl1ema can be impor,ted ·by orhet PEERs; llw will be cal) cu impot t !!ebéllla ·( lM P). Each 
PEER agent has one integrated scberna (INT), which is clcrived from rhc local sebo ma nmf 1bc vurioo.co; 
lmponod scbcmas. The intcgratcd s.chcma providcs a singJe uniform type su-ucture ddinin,g ali ·thc 

objects that are accessible by this P~ER, both locally and remare. Slnce rhc inrcgrmcc.J scbcmu is. 
defined local to an agent, diffcrent PEERs may cstablish differcnt corrcspondcneós berwccn tb.qir 

schemn and other agents' scbemas, and rhus tberc is no single glohal schcma for lhe network. 

1lle Schema Defioltion/Derivation Langu:age (SODt) of PRER (Afsnrmanush. 1 993a) o(fers bnth 

a set of 'schema definition eovironments' ànd à number of 'lypc-derivatioo• anc.J' ' map-ilcdv.uri~n" 
primitives tlrat support the inte.gratlon/derivation of different schctnas within a agcnt. 1T1c type ànd 
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map derivotioo primitivas are defined furmally by their operational scmantlcs (Afsarmanesh, 1993a). 

Tbe openuional semantics is given in terms of rewriting rules tbat specify bow a qoery in the cooteXt of 
u derived scbema should be rewritteo lnto queries that can be evaluated in tbe cootext of thc defined 
schemas. 

Uaer Interface Toola 

Tbe lntegtadon racllity iotroduces two user-friendly .interface tools for data and meta-data 
manipulation in lhe cooperative cnvironment. An interface too! SMT (Schema Manipulation Tool) is 
iotroduced to support tbe manlpulation of the schema-definitions, scbema-derivations, and schcma­
integrations within the oetwork of agents. This Is a nccessary tool to support complex inrerrelated 
schemas defined umong dlfferenr agents since it automarically performs many syntactic and semantic 
coosistency checks when rhe definition of one schema is modified in lhe agent. Anaher user-friendly 
tool DBT (Databasc Browsing Tool) is introduced t · y -0 lrt tbe user of rhe agent with browslng 
through both data and meta-data (schem.as) accessible througb lhe agent. Thc browslng roo! replaces 
tbe need for ao interfnce laoguagc by which the user or an agent can access botb local and remate 
iruormution, while hiding Lhe physical distribution of t.he informatlon. 

Reallzation of OS agent and UI agent 

The UI agenl receives lnpu1 from users describing the leather to be cut and the dcsign or tbe picoes 

10 be t~llocated on i L lt should Lransform the obstract structurcs representing those eruities into suitable 
oncs for OS agent proccssiog. 

From Lhosc abslract slructures the Ul , defincd on section 2.1.2, ogcnt geoeratcs tbe structures lo be 

pa...;scd lo the OS ogcnt: 

Moold geoermes Pica:. 

1\ piece is a pai r stating a closed polygonalline ( PolyLine), detining the mould shape, and a 
typc cslablishing that mould proper1ies as materio.l quality, cut dircctions, c.tc. 
Piece = (PolyLine,Type) 

llle set of picces will be used by the OS to generatc a set of polygons (rotatcd pieces) to be 
drdwn. 

Grodcd Lcathcr generales Plate. 

A Gradcd Lcather specifics a set of regions of lcather with specific properties a~ated. UIS 
usos objects of Lhis clas.s 10 gcnerate lhe plates it will pass to the OS for the layout process. A 
plutc is descri~d by a polygonal Une and an associatcd type specifying propertles. 

Plate = (PolyLine,Type) 

'!111: lJI will providc the OS with lhe pintes and pieccs to be allocnted with coincidcnt1ypes. 

Objeet ins.tanccs of these d!l~es havc a visual representation ln the UI system. ln order 10 provide 
a core of visual interactivc facilities we necd 10 define classes like: window, icon, mouse, puJidown 
menu ano brow.scr, which are common in modcrn graphical user interfaces. 

Conclusions 

Wc huvc introduced an approach to the intcgration of an Oplimizallonexperr system witbin a CEM 
úi:>tril;\uh:d dn.tnhasc l'yslcm. 111is approach is achieved by represe.otlng and modelllng the optimizatlon 
::.ysrcm hy two agcnts 1hat t.::~n 0c imcgrate~ wilh otber CIM actlvities witbín a fcderatcd nrcbitccture. 
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FCX'mal desaiption of tbe DSS-VIM cuning optimiz.atlon system is presetlled. A descriplion of'cerfain 

fealllrCS of PEER rbat support tbe requiremenrs of integn'lling CJM activlties is providcd. USiog PEER 
as a framework for lhe integration, a [edcrated art:hitecture is acbieved wbich supports tbe sbaring and 
exchange of informaitoo arnong autonomous and beterogeneous ClM activities presented as individual 
agents. The federated arcbitecture described bcre opens a wíde range of possibilities for atso Lhe 
integratlon of otbér agents wíthin a CIM distributed databa$ systcm. 

This paper descríbes tbe first phase of the researo-h cooperation bctwcen tbe Unfversily of 
Amsterdam and Universidade Federal do Espírito Santo. 
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Resumo 
Este trabalho apresenta uma abordagem pua a. integração de um sistema de otimização oo.m outras atividades de 
ClM usando uma arq11Jteturs de lxtrtco de da(lós distri,l>ulda . . O a111l>i.entc de.apliCllçáo para C1M descrito aqui é 
para a inddsti-ia de sapatos é bolsas e o sistema de otimizaçáo é utilitado para corte de leiaute de formas 
irregul•res e.rn uma base de couro. Aqw o si.stema de otlmlza~o é especificado pela completa sepu:llçáo entre a 
interface com o usuário dos aspectos de otimiução, sc:odo ®fmidos comQ dois agentes diSiiotos. A integração 
das atividades separadas atravé$ de um sistema de banco de dado$ distribufdo para CIM é obtido pelo uso de um 
sistema Gerenciador de Banco de Dados Federado e Orienllldo por Objetos. A arquitetura federada utilizada 
suporta a cooperação e troca de Informações entre ageotes autónomos e heterogêoeos. 
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Abstract 
The dcsigo of graphkal in~rfaccs supp>rled oo objecls witb dynamic behavior is introdoced i o the l'OII h!l(l of 
Visuallnterne1ive Modeliog for CJM decísion supp>rl sy$tems. 
This paper stnrts V~.ilb a pres~ntntion of rbe Dyn.1mic llebavior concepr . Aftcr UlOt, ii prcsents a brief dcscriplioo 
of Lhe uso of rhis concepl in tbe design of intelligcnl graphlcnl interfaces. Tbc papcr is concluded with lhe 
pi'C$entntion of ao applicatíonto the leathcr cuning problem where tbis concep1 is being lcslcd 
Kcywords; Gmpbicullnterfoccs, Vis unltnletaclive MoJcJing, Dynnmi<: Bohnvior, C IM 

lntroduction 

1bc Visual lnleractive M odeling- VIM • 1c.chniques can be seen as a oombination of fricndly 

intcraclive interfaces with cornpu1er generated rnodcls (mathernalics and symbolic), as wellas, with 

processes lhat help 1be user 10 mala:: det.isions (Bel!, 1991). 

Frorn onc sidotbcre is the visunlization as an imporiam t:baroc1eristíc of thc modeling environmcn1 

bccausc ii supports USCrl\ of on cxpcrt systcm in: 

acqoiriog ncw understaodiog of the dimensioníng of 1hcir problems and to enahie lhe 
uutonuuic gencro1ioo of di!Ierent views of such problems, and 

exploring lhe use r visual ability for I'('C()goizing irnpcnam ollemmivcs and/or strategies during 
lbe proccss or achicving thc prõblem's solulion. 

A mujoc nspect in this socoario is lhe intcmctivily. ln our days Lhe ldca oC oonsidering n humun as 

an intcgrating cornponcnl of tl complex compu1cr ossls1cd system has becn incrcaslng. lt is acceptcd 

thnt to assurc lhe eoonomic vlability and safet)' of advooced maoufacturlng systcms, it is noccssnry 10 

understand and give "opportunity" to lhe roles 1he human can pcrform in such sys1cm:. (Rousc and 

Cody. 1991). Some internutionul projeets hnve bccn srudyfng this problcm, namely, lhe Europcan 

projcct E.SPRIT 1217 - Anthropocentric Cl M Systems • whkb statcs 1hat "o CIM systcm is more 

efficlcnt, cheapcr, more rõbust and more fiexiblc lf thcre are peoplc dirl'Ctly responsiblc instcud or 11 

similar systcm witbout pcople". 

Comparing the nbili ty of people and compu1ers ii is obvious thot o human is less erflciunt in 

pcrforming La.Sks Llull rcqui ro systernatic activlties like continuous auoniion, repetilíve uctions, 

coosistcncy cbeck:ing, inspeclion of many variobles, etc. But these 1usks can be casily éomputcrizcd. 

Jlowcvcr, rhe humnn bein~ ore moce eflicienL than compuicrs in othcr Lasks lx.'l;áuSC. or tbcir capacity 

to dcal wilh unkoown situotions, to handle complcx quali1y cri teria (likc 1cxture, visual nuribu1cs, and 

so on), rnuking dccisions wilh incomplcle Lnformation, use thcir crcativity, ctc. Thc systcms lhuttry lo 

oompu1erlze lllese aetions hove á tendem .. )' 10 be expénsive ant;i insccurc ( llamlin, 1990). lt secms that 

thcrc is u nced for an anthropoccotric CIM systcm whcrc hunl:ln bcings nnd compulers work togcthcr 

to achieve beHer leveis of f1.1lfillmen1 1bao Lhe leveis uchieved by the USI.'.IS or by tbc computcrs 

Presenled ai lhe Serond CIMIS.net General Meetlng • Florianópolis. SC. June 1994 
M Hoe Techn~l Editor. Aureo Campos F'erTeira, UFSC. 
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wcrking aJooc. l n ocher words, there is a need for creating a cooperation eovironment where the human 

perform the tasks wbcre be is more effcicot and the c:ompoter tbe tasks Cor which lhe user has more 

difücullies. Ooe of the main oonditi.ons LO concretize such environmenl is t;êhlled_to bàman fact~ 1.-e •• 
in whar wny the user can be integrated. Tbe ooncep! of human factor is, nonnally, related to tbe 

interface man-machine. ln thc current c:ontext tberé are lwo approacbes for the development of an 

interface: an instrumental approoch lhat look.s to the uscr as a spectator and an organizaúonal approoch 
thatlooks to the human being as a fuodamentaJ part of the wholc systcm (Kovács aod Moniz, 1990). 
But, what kind of characteristics should an interface h ave that valorize the buman factor? The use r 

hopes are: consistency, simpllcity (easy to leam, easy to use) and efficiency. An interface for an 

interactive system should enable lhe user to drive the interaction with simplicity and tlexibillry, should 

reduct: lhe nccd of commands' memorization, and take care of ali dialogue oonsistency. This interface 

sbould uvoid, as much as it cnn, the possibilities of mistnkes anel, wben tbey happen, should rrovide an 

easy way to rccover from them. 

• Namc: fName - Name 

• Telephone • Tclcpbunc 

• Hubic.< -- • Hobies -· 

• ()(f.u 

nDmbu-~ 

- Play~ TeniJ -PiaysGuiw 
• Spcak$ • Speak$ 

Ent-IWt "'j ~étench .... 

. Teacl\.( 
lnJúmlati<:s 
-Smoka ... 

t"Namc ' · Name - Namc 
- Telephune - Telephone · At:e 
• Hobies .... -.lobics - - Cla.$s-
·Hasa mot - Hasacar -lcams 
• Studie$ ·Piays inronnaóc:s 
.En&ll5b .... l001ball ~-

Fig. 1 malogu. among people anel played roles 

A proper arrangcment of ,the visualizatioo aod inleractivlty featurcs may enable an effec1ive 

coopérntion betwccn the user antlthc sys1cm. Thc user can, in an i ncremental way, build, chllnge, 

complete and tcs1 his models. On tbe 01her hand, lhe cxpert system should hav6 the capacity of 

oomplcmenting thc user activity providing: 

A mechanism tbat opcrnlcs ovcr functíonal relations (formulas) dynamically introduced by the 
uscr among thc di!Ien:nt oomponcnts of lhe model, making the DJ?propriated cnlculatioos. Thís 
assurcs the c{')oslstency of the model ot any stage, promoring the incremental development ond 
cnabliog a kin<l of"whatlr' aoalysls; 

A mccbanism lhat supports the introduction of semantic information ínto tbe model uslng 
constrninls to dynamically Spt.>cify the user preferences (visual optlmiuuion), and 

A mccbanism tbat contrais Lhe strucuual consístency wben the user applics rnod.eling 
primiúvcs 10 specify thc relatioo.ships amoog the mod~tl compooents. 
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This pape-r shows how the concepl of objecrs wirh dynamlc beh~v'ior can be used to fulfill lhe 
·requirements of lln interface with such choracleris.ttcs. Finnlly, we describe lhe envíronmcnt whete 
socb graphlcal interface is being tested ín tl'le lea1her cuHlng application domai o. 

Fig. 2 An object role 

Objects with Dynamic Behavlor 

Lets now introduce lhe UNL's lipproach to objecl's dynamlc model, making an ~n~logy wilh lhe 
world of peoplc. We can admit tbat every person ín a society play various roles. Persons are teachers, 
studc::nts, chieis, workers, parents, sons, and so on. From otber side, when a dial<Jg is establisheó 
bctween two persons, each one pJaying a specific role, the "acces.<:" one has LO Lhe htformatíon of bis 
interlocuroc (iocludiog lhe actious l1e cao pcrform) is a f.unctjon of Lhe stn tus he has regordiog thc role 
heis assuming. For instance, John ass!Jmin,g lbe role of teachcr, coo, obviously, evaluate Pcter, 
assuming the role of srudcnr, but it is not so obvious that he can evolua te Helio lissurui ng the rol é of hi!oo 
colleague. Using a simplistic viéw of tbe SOCiety. we can conclude that wltco a pcrson communicates 
assuming a role, the information, as weU -as the fonctioonlities lhot be m<Jkes available, are a functioo 
of the status of his. ioterloculor. We call tbis sub-set of informatlon ond functionalitics o view of the 
role. f-igure l shows ao example of people's oommunieation. Dynamic Bchavior is, therefore, 1hc 
facility that a person has to makc di fferent sub-se!S of dnta/funcoons availablc as a function both of tlw 
role heis playing and of the status of hÍS interlocutor. 

Taking these ideas loto accounr, lets coosldcr thc objects' world. Undcr the Object Oricntcd 
Paradigm an object has a behtw1or define(] by the set of methods that compose ils intorfacc. 
Sometimes, when an appiLcation is develope-clusing that methodology, thc objects are, ai thc ~me 
time, instaneéS of multi pie concepts. This is part.icularly impormnt whcn wc are using a rramc oricmeú 
approocb, where multi pie relationsbips among objects wirh differcnt iniJcrita:ncc rutcs <XJO oé Jéli~'<I ­

Usi ng this mechanism thc progratnmer dcfi"nes a strociural bchavior of an object. Maktng an amtlogy 
with lhe ooncepts introduced for the pcople's world, we can imagine a systcm whcr~ thc objcciS nlso 
play roles. l n addition, we cao also im~gine that during the execution of an application only ll ~ub-scl 
of rbe inheriled datn/mclhods of ao objeCI ís relcvaot in that coniext, taking inlo account some sl!ltus 
variables, while rn other context a differenl subsel will be relcvant. 

An algorithm that supplies a base to support objects with dyonmic bchavior w::~s <.lcvclOpl'tl l'ly 
UNL's team and is iotroduccd in thc ne:<t porngropb. 
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Lets suppose tbar i o an application we have defioed a ser of objecrs that can dialogue witb other 

objccts- lnlcraaive ObjectS- ando set of auxilinry objeas tbat model tbe roles on lnteractive Object 
can play - ln1erlocu10rs. Wben somconc wonts to dialogue with an lnteractive objeCl assuming some 

role, a new eo1i1y is cre:ued as an lnslaooe of botb this objeCl and lhe interlocutor lbat models lhe 

desired role (Fig. 2). We calltbis new enti ty Object-Role (OR). Jiowever, only a sobset ofthe inherited 

am ibu1es will be ovni labte for tbe cJial.ogue os a fuoction o.f the &tatus of the object that has started tbe 
communiculion. Therefore, a view of that ncw entity will bc c~eated. Wc call thot view, - Object-View 

(OV). 

ObjectA 

loterfa« 

AI 
A2 

lolerlocutor K 

lntufact 
status X 

Kl 
K2 

OVAKY ovnwx 

Flg. 3 Dialogue atructunt of lntenu:1ive objeçw 

ORBW 

Hgun: ~ shows un cxample of this diuloguc struc1ure. 'lhe OR A:K Is 'both 11n instnnce of the object 
A und of thc i ntcrlocutor K. whilc OR 's OW ond CV nre, respectively, instonces of objccts B and C and 
of thc intcrlocu1ors W and V. AS thc stntus of OR OW is Y and thc s111rus of the OR CV is Z, two Wject 
vi~ws of J\K art: crcuted, rcspectivcly AKY tlnd AK7., to support rhe two dialogues. Lets make a more 
cJ..:wih.:d unnly!>is on how thc OV's. AKY ancJ BWX were created: 

I) 111c OR llW sends a mt.•ssagc to thc lnteractive Objcct A saying it wants to dialogue wilb A 
playi ng the role K and it also informs A llbout i ts status -(do :interlocutor K :my-status is Y); 

2) Thc <ltlj1."1..i A scnds to interlocutor K a message asking it tO Cl\!ate an OR for the status Y-(stan­
OR :stutus-is Y); 

J) Thc I ntcrlocutor K starL<; n sc1 of <tt:'tions: 
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3.1)i f an OR AI< does not exisr, it is created; 

3.2)if an OV AKY does not exist, th.e relat.lon Vlew-Y-of-AK is created~ an inhcrltancc rui c 
from OR AK speciües only the uttributes/methods thnl are available for SHHUS Y; 

3.3)if lhe OV AKY does not exist it is crcated; 

3.4)the interlocutor K returns to objoct A tbe name of the created view and its status; 

4) The obJectA sends a messnge to OR BW containiru~ the name of tbe crea1ed OV and its status 
- (Done:view-oame OV·AKY:ro,ystatus X), and 

5) If an appropriate view does not exist then sleps 3.1 to 3-3 wíll be per[ormed at OR BW. 

Appllcation of Dynamic Behavlor ln the Design of G·raphicalln-terfaces 

An importam application of tbis algo~ithm is in the management of flle~ible user interfaces. The 
problem cao be. simplifled lf we assume the dí·alogue is always stat'ted by the human expert. Theréfor~. 
the interactive objects are internal entities that cao dialogue with un expert Lhróugh differênl kinu of 
interaction forms (diffetent roles). 

Another important aspect that appears. .as a result of the mentinned simplification is that is only 
makes seose to talk aboul status at Lhe user side aod, tbisstatus is always rclatcd 10 lhe diffcrent kinds 
of users sopported by the system. 

{ { INTER-OBJECT ; lnteractive Object 
do-interl:ocutor-map: 

((desl< DESKTOP) (edil EDfroR) 

(browse TREE-BROWSER) 
) 

Do-Function-Map {( ... )) 
AskPot-driverS>-Map: 

((Object-Menu Get-Object-Menu) 
(Wíndow·title Get-Window-title) 

(Tree-Jnfonnation Get-Tree•lófonnation) 
) 

Display· lnformation-Map: 
((O(._ ... )) O ( ....... ) (2 ( ....... )) 

Object-Menu-Map: 11 
((0 ( ...... )) (l ( .. ~ ... ) (2 ( ....... )) 

is-delegated-of: 
Do·Delegated-Map: 
Descriptioo: 

;METIIODS 
Do-Option: Object-Do-Option-mt 

lll 
AskFor: Objeet--AskFor-mt 

Fig. 4 lnteractlve obftct ·general concept 
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Some ex pcriments were made to test the efficiency of this coocept in tbe developDent of grophical 
int~trfaccs for CIM systems. làlúng these experiments as tbe base, in thc next poiots a bdef description 
of the intcractive object ooncept, interlocutor conccpt, implemeniation platfol'll), as well as, a more 
detailcd dcscription of lhe aJgorithm will be introduced. 

lnteractlve Object 

Lets supposc Lhnt is a knowledge base ali objects have dynamic behavlor, i. e., lhey are able to 
dialogue with an autborized user, through different kinds of interaclion forms nnd exporting to the 
dialogue a set ot' difTerent menu op~lons, based on the user smros. The interactive obJectS can be simple 
objccts (like ao activity, an application danai o, etc.) or they can be collections of simplc objeas (like 
tuxonomies, lists, etc.). Figure 4 illustratcs a possible model of an ioteractive object. Only the anributes 
that take pan in the ioteraction are shown. The attribote Object-Menu-Map bas, for eacb levei of 
inh!rclction (J in thc example) tbe menu Oplions Lhat can be fired over tbe object. Tbese options can be 
u.<.;~'<.IIO stnrt new fornlS o( interaction. ln this case, tbe slot Oo-Interlocutor-Map is cons-ulted to mak1: 
the corrc...,pondcncc between Lhe ~ey associnled 10 the option and the respective interlocutor- or to sturt 
actions owr the object itself- ln this cuse thc contem of the slot Do-Function-MAP indiC::ates the 
function that is associatcd to tlle option key. 

taxonomic relation: is-a 

Fig. 5 Taxonomy of interlocutors 

Somctimcs ii is usefulthat a simplc object exporLS to the interface an opUon that is not directly 
rclatcd to its bchavior, i.e., not dire~tly cxeculed by ILo;eJf, but Lt is rclated to the behavior of the 
coll\)ction of ohjccts to which it bclongs. For instance, an object like an activity that belongs to n 
tõJ:wnomy can show on its menu thc optlon TREE-BROWSE thalls a ly,picol option offered by a 
tnxonomy. For th~ cases. dclegulion mcchonism was implcmented. 

Thc attrlbutcs Do·Odcb'llted-M;lp and ls-Dclcgutcd-Of give, for eoch ohjeot, lhe delegated options 
11nd thcir cxo.:cutor. ln the cxampl~. the executor is thc Taxonomy of Activitlcs and os a·result of this 
option a Trcc-Browscr i'lltcroctioo fcxm is louncheJ sbowing a taxonomy of ac1ivitics whose rom is lhe 
!K:tivity th'-lt rcu:ivcs tbc option.lne mcthod Oo-OpiÍOo is QSCd to st.art Lhe creation of ao object-role as 
wcll a~ thc rcspcctivc view for thc currcnt oscr status. Oo Olher hond, the mcthod Aslcfor and tbe sl01 
1\sk-r-or-Drivcrs.Mnp is used by an objeel-role to ask ali informalion oeeded for the internction focm. 
For cxamplc, oll interaction forms necd o m1mc. Therefore, tJ,e melhod 1\skFor will retum this name if 
it i~ lircd with thc pllnlmetcr Window-litlé. 
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lnterrocutora 

lnterlocutors are thc roles an irueroctive object can play. There is one interlocutor for each type of 
inte.n~ction form available on the grapbicnl interface. Figure 5 illustrntes an examplc of a taxonomy of 
interlocutor:s. This taxonomy bas two maio pons: rhe interlocutors tbat have POP-UP-MENU, used by 

collections of objects, enabling tbe oommunicat.ion wilh t.be objects displayed inside tbe inleraction 
form and, the intcrlocutors without POP-UP-MENU, used by simple objoct.s. 

Figure 6 illustrates rhe general aspect of an interaction form Tree-browscr displaylng a sub 

taxonomy of actlvities and an example of an activity's internal structure. Insidc lhe interaction form 
tbere are some o«ber objectS - Internal Objects- that bclong to sucb taxooomy . 

j . 

·-· 

--

..J .. 

I { FUNCllONAL.-MODEU.fNG 

)) 

i.s-a: CIM-ENG-ACTI VITY -CONCEPT 
INTER .OBIECT 

d~scriptfo~~: • Spcdflcatlon of producl's 
ruiiCtiooal characteristics aod 
dcnvatioo o( acometric 
conscqucnccs • 

subactMry-of' CAD 
Juu-.n•óactil'iti~s: 

nrcmgly-relattti·to: T ccbnolog•cal· Modcllina. 
typical~~ulaltti-to: Gcometnc-Modelling 
miglu-be-rtlmtd-to: SltllCtunll-Analisys-FEM 

donrain: GENER.IC 
inpUJ;/Io.,..s: Product-Configuration 

BOM 
cONrol-jJo.,.·s: Tecb.nicai-Model 
OWiptll-jlows: FUDCtionai-Model 

Ag. 6 O.neral a•pect of a tne41rOWHr 

Figure 7 shows a m~l for lhe general conccpt of interlocutor. Whcn an objcct rcccives a messagu 
10 s1nrt a new interaction form, i.e., lo pluy a speciflc role, Íl scnds lhe messagc loter-New ltl the 
rcspec1ive interlocutor. This mctbocl creatcs nn object-role (including Lhe view for the currcn1 slatus) 
and fires the method lnter-Slart over rhe new objcct-role tbat will t:reate Lhe rcspcctívc inlcraction 
form. After lhlll, using the method Askfor, lhe oojecl is inquired aboutlhe informmion n~'l'Ôt:d lO fulfill 
lhe different pans of the lmernction form. 1l1e object repties through the cremcd ohjl'Ct~rolc's tnéthod 
Send-Spec-lnformation, that scnds lhe information 10 the interac1ion forro . The llllríbUic Typc-Of­
Graphic.-Objllet con1ains lhe lteyword 1hat specifies tbc kind of lntcraction form, while in thc nuribute 
GraphicsObject rbc identlfier of lhat in1erac1ion form ü; saved. Thc allribules A·OpliOn•Múp' and C- 1 

Optíon-Map spccify lhe diffcrení op1ions tho interlocutor expcrtS 10 the dialogue. Thc A-Option•Map 
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COiltains optioos for the global menu, while lhe C-Option-Map. tbat only makes sense for interlocutors 

witb POP-UP-M ENU, contoins options to be associated to tbe menu of the internal objects displnyed 

inside thc interactlon form. 

{ {INTERLOCUTOR 
GrapbicsObject: 
Type-of-Graphlcs-Object: 
A-Opti~n-Map: ((O (. .. ))(1 ( .... )) (2( .... ))) 
B-Option-Map: 
C-Option-Map: ((O ( ... ))(1 ( .... )) (2( .... ))) 

;Methods 
Seod-Spec-lnformation: Seod-Specific-lnfo-mt 
lnter-New: Jnter-new-mt 
lnter-Start: Inter-Start-mt 
lnter-Eod: Inter-End-mt 

}} 

Flg. 7 lnterloc:UlOr- general conc.pt 

When un ubjet.:t reueives a message to finish an interaction form il wil l send the mcssage lnter-End 

to tbc intcrltn~tor that deletes the associated object-role and send.S a messagc to the grnphical interface 

for removing thc as.~iated internction fonn. 

User Leveis 

During ao lntcroctlon scssion diffcrcnt leveis of users can exist but nOt at thc same time. Thcccfore, 

thc currcnt levei is savcd on the slot Current-User-Levcl of the Environmcnt Object aod lt cao be 

changcd using a password. T his implics that Cllch time an action of refresh i!< rcquired ns wdl a~ when 
the objc<..1-rolc has to scnd a menu ro the lntcroclion forrn, Lhe slot current·user-level should be checkcd 

and if it hns chan~d lhe objcct-role and the intcrnctioo fonn ioformatioo ore updatcd. 

Anothcr importont a!<pcct is how thc uscr leveis nrc organizcd. Thc leveis form u hicrarchy, r.e ., ali 
thc options avúilublc atlcvd O are ulso avnilnblc at lêvels 1 and 2 nnd thc spccilicoptions oflevel 1 can 

bc u~d by thc lt.:vcl 2 

lmplementatlon Platform 

1'hl! impkmcnwtíon of this GruphicaJ Interface frnmcwork has two main p<~rts: 

I) OojcL'b Munugo:mo:nl · tbut handlc.:s ali uspccts relatcd to intcructve objcets, interlocutor, 
ohjcL·t-mlcs- wa~ tkwlopcd usin!J C~1mmon Rcpresentation Language of Knowlcdge Craft 
systcm; 

2) Gr..tphiç;tl l ntcrfuU! Managcm.•nt - thill handlcs thc ~;mphical rcpn.•scnuuions- was dcvdopc:d 
in C, using thc Sun Opcn Winllows lihrdry; 

Hgurc H illu~trwcs thl.l llow of informmion belwL.'Cll thcsc parts. AJt commu:oic:ltions bcrwccn tbe 

Ohjct:t.' Muna1,>emenJ part ano thc üraphic.:al lntcrfacc Munagemcnt parti. dane using tWO functions: 

XCOMMANU und XEVENT. Thc first functi(ln is used to sond informuti on from the Objcet 
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Management part to the GraphicaJ Interface Managemenr par! and XEVENT ln rhe orller ditection. 
Each of tbese l'unclions has a ser of keywords rhat specify the type of action to be performed. far the 
XCOMMAND function, 5 keywords are availabie: 

INITGRAPHICS: starts Graplúcai Interfal-e Managcmcnt; 

NEWOI3JEC1: rs used when a new interaction form is required; 

NEWITEM: Is uscd to send the internai information of an ímeracti.on ·form; 

DISPLAYOBJECT. activates the disptay of a new ioteraction form; 

DES'IROYOBJECf: removes ao interoction focm; 

XEVENT funotioo has four .k.eywords: 

SELECT: indicares that ao internal object of ao lnteraction form was selected. Assodalcd wilh this 
option, tbe oame of lbe object Is indicated too. Wllen Ulls keyword is received by ao object-role, the 
metbod AskFor of the object selected inslde tbe i nt~mclion form is activated askiog for Object-Menu. 
After that, a POP-UP·MENU, composed by tbc Lnteriocutor C options (for lhe curreot uset levei) and 
lhe resul t of thc execuri.on of Askfoc metbod, is displayeà and tbe -system waits ootil an oplfon is 
selected by the use r. Finally, if lhe op1on belongs to the Object~Menu, .tbc message Do-Option wiU be 
senl to the object; otherwise thc object,role executes the adequa te. nction. 

OBJECTSMANACEMENT PART 

(Xevent 

Object-:Role ) 

:ídEventld 
:args lislllfg.s 

GRAI'Jll.CAL JNTERF ACE 
MANA(;EMENT PART 

Xévenr 
(Xvcmld. Args) 

~--------~._ ________ _ 
(XCommand 

:idComid 
;args listargs 

XCommand 
1

(Comnlalld, Args) 

Fig. 8 Flow lnformation on the Interface 

MENU: indicates that ao option of lhe global menu was selected. When thls option ls rcccivcd by 

the object-role, it verifies i[ thc option belongs to tho Object.Menu.ln this case lhe mcssagc Do-Opt.ión 
is sent to tbe object, otberwise the object-role executes thc adequate acüon. 

BUTTON: íoclicares lhat tbe ·user h as selcc1ed a buttoll af dle lnteraction ;rmm. 'J'b"é ltóLJ';Qn 
assoc·iaJed to the buttoo is performed by lhe object-rolc. 'JYpical buttons are:·close, icocify, tuo. 
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ORAG: indicares that an internal object displnycd inside an int-eraction forro was dragged lo 
aoolher position, ln tbis caso lhe new position is sent tO the object, and ali informa1ion at thc lnteraction 
form is updated. 

Lets see an example. Lets supposc tbat an internal object wus selectcd oo a TREE-BROWSER 
interaction form. The ocxt stcps are pcrformcd: 

I) the associ:ued object role rece.ives a XEVENT with the keyword SELOCTED and lhe na me or 
lhe internal sclectcd object. objecl-X., ror iostancc; 

2) Lhe objccl role scnds a rncssnge Askfor wilh tbe keyword Object-Menu to thc object-x; after 
reccíving an answer aod oomposing tbe POP-UP-MENU for rbe current user levei, it sends a 
XCOMMAND 10 the Grapbicallnterface Managcment part wilh lhe lceyword NEW1TE.M and 
the nag WITH-WAIT a T. The answer to tbc execuliOn of tbis XCOMMAND is tbe scle.cted 
POP-UP-MENU optioo. Lets suppose tbe user has cbosen the EDIT optioo, tbat means he 
wants to dialogue with the internal objecs througb ao Editor interactioo Iorm; 

3) the objcct role, as the option belongs to the Object-Mcnu, activates the objccr's method Do­
Option; 

4) using thc Do-interlocutor-map slot'S vnlues, the object linds the associared form of interacúon 
and sends th.e messoge lnter-New to rhc appropriared Jnterlocutor (editor ln this case): 

5} thc merhod lnler-New creates thc respeetivc object-role and acrivates the rnelbod Inter-Start; 

6) lhe method Imer-start asks to objecr-x ali inforrnation required ro fulfill lhe differenr parts of 
thl! intcraction form like Window-Nan1e, internal lnformation, Menu Oplion-s nnd, using 
XCOMMAND function, cremes aml nctivntes thc new intcrnction form. 

The Leather Cuttlng Application 

The UfES 1cam is working on the development of an intelligent graphical interface for a ICillber 
cutting process. 

Thc lcather cu11ing Is nn opon closs problem wbere: 

thc boun<.lllries of the problem are not clearly SUlled; 

thcre ore no stricr rufes to characterizc tho boundories, and 

tlu:re are more thnn onc objective which can bc corúlicting. 

laterfau S)'!>-te.m 

IAnguag~ Sys~em 

~ (LS) -
ProWtm 

Kao~ 
~ 

S}'5ltm • ~ Systtm 

l'rtsent.alion OCS) 

S)'likm .. (PI'S) -
(PS) 

Flg. 9 OSS fromework 

ln lh~: S<ll ution of opcn problcms, onc oftcn appl ics non-vlsual modeli ng techmques thar requirc thc 
moü.:lcr to tty 10 s~cify o closcd problcm thut approximatcs, as closely as poosible, the open prohlern. 
Solving a closcu probl11m (wcl l-defi ncd boundarics and objectives) is usually rriviul; but such 

1 
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technlques do not hclp in tho process ·Of delining lhe closed problem from Lhe open one. This can be 

thoogbt as a representa1ion gap. An approae:l:l to reduce this 'gap' is 10 ].!$e the frtu-pework for desi_go 

Dedsion Support System (DSS)1 w.bicb soggests tbat a DSS shouJd have th:ree !mbsystems: an user 

Interface System (1S), a Knowledge System (KS) anda Problem Processiog System (PPS). This 

framework is represented in Fig. 9. 

The l<S conlains the knowtedge abotu tlte problem domain, Le., datn models and·algodthms, ruk 

sets, forms, templates, etc. The PPS is a processar thal is capable of accepling problems stated ln thé 

Interface System and manipulating knowledge in tbe KS to generate appropriate responses to tbe 

decision makiog process. The LS im;ludes ali lhe linguislic facilities made avuilab·le lo a deci.sion 

making process by a DSS. The responses from the PPS lO the 1.1ser are the mea11s by whicll Lhe I)SS 

communicates with lhe use r andare referred to as lhe Presentallon System (PS). Likc the LS. the PS is 

a system of representatlon. Together, the LS and PS c!Jarnclerize the user interface. lf a DSS is to b~: 

used by many differenl 1.1sers for different tasks,lrs inlerface m\ISt be easily adaptable. ln this way, lhe: 

dynaroic behavior coocept is being lcsted for d1e irnplcmentation of tbe ndnptive íntcrf<.~ccs. 

Characterlzation of the Objects to be Visualized 

l11e classes of objects to be ideotif:icd and visualized in sucb eovirooment, in the context of the 

Jeatber cuuing problcm are: 

Lenther Pícce: Based on an nppropriate input dcvicc (camera, scannc.-r, c.-lc.), illat captures ihc 
geomctry of lhe piece, wc define the ' leather pieoc ciass' by an ubsrract rcprcscnllltion of u 
rwo.dimeosiooal boundcd region. 

Associaled 10 Lhe' lcatber pi eco dass' wc dc:finc Lhe foilowing dcúvcd classes: 

Graded Leather Piece: From lhe technical polnt of view, i L is we-11 known 1har ln a picçc o r 
lenther there cxisLS a classification (1st, 2nd, 3rd and 4tll) in sub-rcgions baseei on1hc quality o f 
Lhe materiaL 

The dcrivcd olass, 'Grade<! Lea!lw.r Piece' sbo~1ld lberefore coolaio adclitional aHributcs s:uch as 

texture, tllkkness Md boundilry type. A purtiti<Jn op:rawr tnay be defincd on a leathcr picec objcct in 

arder to general e, based on a qual i ty cri teria. new olljects of ·this elilSS. 

Ocfcctivc Leath.er Picce: A sub-rcgion of the le<llher piece tha1 cncloscs a dcfcct :;uch as a 
stain, hole, scratcll, etc. 

A Defect operator may bc dclincJ mnpping thc leatbec picw class imo obj<.x:ts of a h is llcriwd das..-.;. 

Mould: An abs:tract {WO..dimeosional rcgloo witb pddílional auributus that idcntifil-s allc ph::ecs 
will bc produced by tbe Layout, rhe quulity of lhe muterial rcquirl!d for ias manufl)cturc, lhe 
directional propcrtics ós wcil us oth.c:r udditionul dctails. 

1\nalyzing the classes 'lcathcr piecc' nnd 'moulc.l', in thc scnsc ofc.-swblishing a diulógheawccn 

objccts of thosc classes t.hc foilowing <>pcrators are dclincd: 

Overl<lp: its purposc is to dctéct an overlap bctwcen lhe mould~ ov.::r the laymn gcncnatcd hy 
the system on the leather piecc; 

Dircction: toinform a 'mould' objc:ct ofthc fcasiblc sei ofdircclions for realizingthelayoul on 
the lcathcr píecc, a11d 

ld!!ntiftcatiotl: l>ascd on its technical spc.çi lica1ion it i~ idenülic::d wlll!tbcr u moul1.1 objcct ma.y 
bc ruanufactured frc1n1 u givcn 'grndcd lcathcr piecc' or not; 
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After the execution of the cutting proccss the production ll·ne needs to establish tbe seheduling of 
operatioos to be realized i o the final product. ln thls sense, the representation and. manipulatioo of the 
mould objOOlS lhtit belong to a gfven final' product are better expresSed osiog an abstract graph object. 
lo tbis graph, nodes represeru lhe mould objectS, aod the ares esrablisb the relattonsbip between 
moulds' with commoo boundaries. 

The job scbeduling, using thts representation, is implicitly given by lhe order of tbe nodes in Lhe 
graph. 

Desired lnteractlon Model 

The solution space must be represented by picrures. This provides for an open-problem 
methodology as l.ong as the pictures could be easily redeslgned. lt would be wise to provide a 'core' of 
visual intcractive facillúes, whích can be used to bulld any visual irlteractive model. Examples of these 
facililles indude windows, icons, menos, tables, variables, etc. Extensions of these facilíti-es can be 
provided for lhe particular applicatlon domai o (leathcr cutting). 

The user should dcal witb a' modefing sysrem whlch combines WIMP-style (Windows,lcoo, 
Mouse, Pull-down menus) workstation capabililies witb extensioo of cooventional optímization 
algorilhms. These combioatloos pllow lhe end user 10 explore n rnodel from severa! perspectives 
within an animated display. 

For thc ini tial implementation, lhe set of objectives ioclude: 

l) a~..:~..:essibilily by end users, wlthout tecbnical intermcdiaries; 

2) flexible user interaction, allowing incremental developmeot, exploratioo and cditlng of a 
cull ing p~an~ and 

3) fluem and strongly graphical presentation of the resultS. 

The Interface 

Thc system combines the functionality of sprt:ádsheets and optimization algorithms witb t:hc 
gruphi<.:ul prcscntation of lhe resulls. Tbe interact.ion mctbod is tbrougb a WlMPB {win~ows, icon, 
mouse, pull~down menus aod browsar) interface. Control over thc evolution ofan interactive section 
can bc almost entirely mouse-driven, tlnd even lhe cntry/amendment of numerical values can be largely 
achicvcd by using lhe mouse in coojunction with an analog display ofvariable value. 

Thc cnd-users could operare with .a nurnber of dcfined models which may be used with differenl 
data at dlffcrent times. After IOOding á r'nOclel, the use r can edil ii in a number of ways. For example: 

a) by clicking lhe mo~e on an action '<lnd scJecting the target figure (piccc) and puning ir over tbe 
sbcet (l~lh~r) to perfom1 the dcsircd actlon. 

h) use a non-visual modeling laoguagc to define varlablcs, constraints and parameters, and 

<.:) lilling-up uinlog hoxcs which are linkcd lO definod mc:xlels. 

lo crente a ncw modcl, a dcfinilion facilily lrílostmcs thc oser input (in the form of a. collection of 
visLUJI languago and a1gcbruic cxprcssions) into on internal rcpresentntion of tbc systcm. Also the uscr 
is providcd with thc ubilily 10 incorporate heuristic rulcs appropriatc for moclel-based reasoning 
proa.: ti urc_". 

Thc tlcsircu modcl interface shoultl havc rour rcgions: 

1) Uruphic Ohjccts Mc.ou~ thís is t:omposcd by visual objccts (lcons) which oon be sclccted by thc 
uscr 10 txccuw a dL'Jiircd action; 
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2) Workiog Ares; user arco reserved to tbe problcm seleclion, lnteraction and sol urioo 
prcsentarion; 

3) Actioos M enu: it displays the provided buill-in openrtioos (Mcthods) lhat cnn be applicd to a 
previously selected ooject, and 

4) Status Line: this area is reserved to display warning/error message..~ thc current process status, 
eovironmeot stale and so on. 

Classes of Usere 

Thc leatber cutt ing system bas four class of users: 

Design expert: this k.ind of user Is responsible, for i nstnncc, for lhe shoe dcsign modcl 
definili on. He prepares tbe ploces to be cur, the piece reglon possiblc alloca1ions, preccdertce 
coostraiots, 1he toleraoce parameters for the picoc/plate pJacemen1; 

Phmner. this is the cod user of lhe system. Hc is responsible for obtaining an 'oplimal ' cutting 
ptan to tbe spcciflc roodel. Lenther piece imago acquisition and cuning plan gcnera1ioo; 

Administrator: this oser pcrforms the system mainteoancc oct ion such as: uSI!r delinition, 
models CilttJiog, k:nowledge base updates, product order, and 

Clienl: this uscr can see a model solution. lle is providcd with the appropriate ~qucna: of 
cutting steps within an order and its visualizatlon. 

1 Conclusions 

The concept o f objccts with Dynomic IJebavior seems to be approprialcd for thc dcvelopmcnt or 
lcalhcr culling 1ooi's user in1erfnce. This approprialeness becomcs qui1e evic.lént if wc compare lhe 

description of lcarhcr cuuing eovironment made in scction 4 witb tbc dcscrip1ion of tbc approach matlc 

in section 3. Thereforc lhe bilateral naivity between UNL and UFES pursuing lhe merging of lhe 1wo 

approacbcs for the lenthcr cutting problem. The firsr phase of lhe projccl rcquircd the achlcvc.ntcm of a 

muruol uoderstanding of tbe approaches and tbc dcfinilion of n commoo gto~sory. Currcnl statc 

addresses rhc lmplcmcnration of a demonsrration prototype. This npprooch wns successfolly applkd in 

otber C I M related prototypcs (CIM -C/\SE (Cnma rinha-Mmos and Pinhciro-Pitn, J 99;1) aod CrM­

FACE (Camarinhn-M alos, 1994)) dcvelopcd a i UNL but the development environmcnr, based on 

Knowlcdge Craf1, is quite heavy. One of tho tasks in tbis joint activity is, lherefore, lhe mígra1ion of thc 

original prototypc lo a "lightcr" development system. 
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Resumo 
O projeto de i.nterfa<'cs gr:íOcas supor~ado por objeto~> com comportamento dinâmico é introouzido nQ contexto 
J e Mouclag<.'m Visual lntcrativa (Vis uallnternctive Modeling) para sistemns de suporte a decL.ffio para CJM. Este 
trnb;,lbo inicia com a apresentação de cont'eitóS de t'Oniport:rmento dinâmico. Após é aptesen4ada uma breve 
J escriç:io do u~o destes cono.:ito.~ no proje to de ínterfnces gráficns inte'ligeP·tes. O trab;!Jho é concluído com a 
apresentação Je uma aplicação para o problema de corte de rouro, onde esses êOnl'eilos estão sendo testados. 
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tnt:roduction 

lntormation based lntegration 

Jnformation integrution hás been recognizM, since long ago, as a basie requirement for the 

implantation of ndvanced manufncturing systems and for concurrcnt engineering in pa11icular. 

l ntegrated Manufocturing Systems are oomplex systerns tbat can be ãO<~Iyzed fron1 various 

perspectdves, not limltcd to the technologlc nspccts • in thcir mnny faccts- but including also 

organi7.1llional .and social views. From a software englncering perspective, a CIM system can hc scen 

as ao integrated fedcration of multi pie helero.geneous modules. Tbe he,terogeneity comes from a 

divcrsity of rcasons, such as tbe use of dJfierent devclopmem aod data managemen·t tecbnologies, 

heterogeneous oomputaüonal plutforms and opcrating systems, and evcn fróm bdng based on dít'fe-rcnt 

underlying "cuHures" ín tcrrns of tbc targct uscrs. Thescsoftwarc modules typlcally run in a disrributod 

computational infrnstructure nnd show à oonsideroble dcgree of autonorny ei ther bccause: 

i) tlley wcrc dcvclopcd as stand atone or looscly integrated components. spccially in fhc case of 
legacy :.Y-items; und 

ii) thc decision malcing process is, to a large extent, bascd on the humans that use such tools or on 
the ctwrnctcristkslbchavior of lhe mach1ncs being cootrolled, ln spite of the incrcasing levei ar 
i mel! igence of compute-r oided rools. 

A cornmon lnformarion Systcm (LS) provides, thcrefore, a basic "gl ~t~e" tosuppon the imegrmJon of 

hctcrllgcneous and distributcd functionai modules in an engincering and manufac.turing environmem. 

Concurrent Engineerlng 

Thc incrcasing globalizatioo of the economy tloô opcnness of markcts is imp0sing tough 

chaUengcs 10 munufacturing companies, lcading to thc cooccpt of lcao/agile manu.facturi ng. Onc of its 

manifestalions is thc rccognJtion of the product, and thus product data, in its entirc lifc cycic, us thc 

maJn "focus of attention'" in CIM IS. 

Product Data Managcmcnt is bcing consldorcd an csscntiaJ tool for uacking products ffQpl 

conccption!dcsign to relirement/rccycling. The conccpt of Concurrcnt Enginecring has hc.:omc mme 

and more popul11r in rt'Cent ycars as a result of lhe rccognition of rhc neet:l to inl'cgratc divors-illcd 

expertises and 1.0 Improve thc tlow of inrormmion among ali "o.reas" invd.ved in tnc prooucriHé C}'tlc. 

Presenled at lho second CIMIS,nel General Meeting -.Florian6polis, SC, June 1994 
Ad Hoc Technical Editor. Auroo .Campos Parreira, UFSC. 
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EvoJving from earlicr auempts, represented by the paradigms of "Design for Assembly/Design for 
Manufacturing' .. Concurrent Engineering is coosequence of the recognitioo that a product must be tbe 
result of many factors, including: 

Markeling and sales fnctors; 

DesJgn factors; 

Production factors; 

Usage factors (intendcd functionalities I requirements), and 

Desnuction/recycling factors. 

On the other sido, team work based on concurrent or simultaneous activhies, pote.Diially leads to a 
sobstantial rcduction in the design-production cycle time, if oompared to the tmdirional sequential 
"throw it ovcr lhe wall" appronch. 

Ag. 1 A tramewortc for 4»f\çurren1 •119lnHrl119 

New Organizatlonal Structures 

On the otbcr si de, obscrving compnnics' evolution in tcnns of organization, a stroog pncadigm shirt 
towar<ls team-bascd structurcs is bcc.:omlng cvidcol. Ibam work, as a pracrical approach to integrato 
contrihutions from <liffcrent cxperts, is bcing extende<! to ali activites and nor only to thc cogioeering 
arcas. 

Complcmentarily tberc is u tendency to cstablish pannership lioks between companics, namely 
bctwcen big compunies and nctworks of compoocnts' suppliers. Similar agreements are being 
cstablishcd l:oetween cornpnnies and uoiversities. 
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Tbis teodency creates new sceoarios and rechnologic challenges, specially to Smnll and Medi um 
Enterprises (SM&). Uoder classical scenarios, these SMEs would have big difficultles. ln tcrms of 

human and mareriol resources • to ac:ceSS/usc statc of the art technology. Such partnerships facilitato 

lhe access to new technologies and new wa-lc methodologies and, at the sarne time. ímpc6C tbe use of 

standards and new quality requirements. 

ln terms of tbe JS, this ocw situation requires the deflnition of commoo models (sometimes thc use 

of common tools). Standards, like STEP (1991), are cxpected to play an importaot· role in such inter­
enterprises cooperation. 

The effons being put on the implantatlon of high speed oetworks (digital highways), supporríng 

multimedia information, open oew opportunities for tearn work in multl-cntcrprise/multi-site 

networks. 13utthis new sceoario also brin~ ncw requirements i o terms of contrai: access righ1S r o thc 

i nformation, scheduliog of access. oontrol of ioteractions, etc. 

Jntegratlon Perspectives 

Taking ioto ac.count rbe scenario dcscribcd above, the definition of a platform for Concurrcnr 

Enginecring involves, in our opinion, three rehncd sub-problems: 

i) Delinition of Canmoo Models 

This is a basic requiremcnt in ordc:r 10 enable communicarions bctwco:n members of the 
engincering tcam. Achieving agreemcnts on models or integroting views úom djfferonr 
domai os of expenise is a quile di fliculr task. Even to start with a simple definition of a 
common glossary it requires a non-ncgJigible efforl. Tbis is an imponant task ln cvery 
collaborarivc projea. 

Thc adoplioo of commoo modcling formalisms is a first requiremcnl. fo"omullisms likc IDEf'O, 
NIAM, EXPRESSIEXPREss-G, l'ctri nets are bcingwidcly uscd. The consolidation of STEP 
may help ln Lerms of pruduct modeling, but many oíher aspcots not covcred ny STEP have to 
be considcred, Uke proocss ond manuFacturing resources modcling. MANDI'XI'E !õeems stiU far 
from of[cring usable results. Busincss l'rocesses modeling, o.s proposcd by ClMOSA { ~sprit 
Consortium AMlCE, 1989), is ulso contributing 10 facilitate dialogue. 

ii) Enginccriog l nformatioo Mnnagement 

Dclinition of integrating infrastructures and information roonagement systems ablc to copc 
with thc distributcd and bcrerogcncous nature of CIM, has bcen lhe subjccl of many rcsearch 
projccts from which various approachcs and protorypes havc bccn proposcd in last years. 
Managemenl of ve'5ions, a di[Cícull problcm in cnginecring dota mnnagcmcnt, is evcn more 
con1plcx whco differcru vcrsioos may bc producedlexplorcd in parnllcl/coQ~;urrcnt way. 

VBrious ccntralizcd and dcccntrallzcd solutioos have bcen cxpcrimcntc:d, thc concept of 
fl'dcralcd architccturcs devclopcd nnd tbc js_<;ye or intempcrablllty bctwc~n diffcrcnt data 
managcmcnt tccllnologies and standords has been pursued. 

Thc nccd for a more mature tccbnology ror Engincering lnfommtion M<magcmcnt, combining 
feorures from Objcct Oril'ntcd and Knowlcdgc Oasccl Systcms, Concuncnt/mu lti-ugcnt 
systems, is beoomi ng cvidcnt. 

iii) Proccss Supcrvision 

To build a platfonn fOf supporting concurrcot cngim.'CIÍ!lg it is not cnough to guarantec rbar lhe 
various computer-aided tool!> uscd by a tcam are able 10 communi~te and $barc inrorm;~lion. 11 
is not enough to providc an inrcgruting infrastructll!'c and 10 normalize information modcls. 
Even though these aspccts are es..<~cnli&l, thcre is also thc problcm of coordinafion. 11 is 
nce<...~ry to es1ablish a supervision orcbirccturc that controo or modt.!rorcs the way and time 
schedule under wblch computer-aidcd rools ( léDm mcrnbcrs) ucccss lhe rnfrastrucrurc nnd 
m<Xlify shured informarion. ln othcr words, ii is nccessary to modcl thc cngincering procc~ 
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and to implement a fcderated loose-control process interpreter or supervisor. H owcver, this 
aspect is in its "infancy", being abseor from most intemational R&D projccts. Evcn though 
some "inspirntion" may be inberiled from other researoh on work groups from in computer 
sciencr, this topic reprcscnts ao irnportant challen.ge for the next future. 

The platfacm for íntegration und concurrent engineeriog - CrM-FACI!: Federated Arcbitccture for 

Crncucrent Enginecring- being developed at New Univet'Sity of üsboo addresses Lhese three issues. 

Modeling in Discreta Manufacturlng Systems 

1\s mcntioned befort: , the definition of common mod'els is a pre-requisite for information 

intcgration and sharing, and thcrefore an essentíal oomponent of Concurrcnt Engineering. l n our 

experiments, like in many other projects in thc CrME area, some "popular" formalisrn.c; have beco 

used, such as: 

IDEFO, for functional m<XIeling; 

NIAM and EXPRESS.G as graphical formallsms for data modcling and EXPRESSas a textual 
rcpresentation (EXPRllSS languagc, 1991 ); 

Pctri ncts and the CIMOSA Business Proccsscs/Enterprise Activities/Procedoral Rule Scts to 
rcprcscnt dynamic processes and discrete events. 

ln a prototype systcms • CIM-CASE • developcd ar UNL (Camurinha-Matos and Pinhei ro-Pita, 

I 99:1 aod Camarinha-Matos, Pita and Osório, 1993), IDEFO wus succcssfully used and extended to 

reprcscnt the funcrionlllitics of a CrM systcm. CIM-CASE is ll prototype of a hierarchical planning 

!>ystem providiog functionalitlcs to manage an electroniccataiog of CIM software tools and support tbe 

intWJCtivc genc.rátion of particular configuraúons of rools dedicated to speciflc cases, i.e., particular 

architccturcs in the CIM-OSA sense. ln close connection witb lhe catalog of tools, anotber cenrral 

oomponent of this systcm is a mct11knowledge base oontaining knowlcdgc abouL CIM llctivities, 

application domains, rcfcrcncc ioformation conccpt.s und configuration knowlcdge • CIM rdeccncc 

o1aucls. Thc marn componcnts of the CJM-CASE knowledge base oomprisc: 

Thxonomy of C IM nctivitles; 

Ta.xonany of applicalion d001ains; 

Tuxonomics of busic conccpt.c; (glossary o f CIM-rclatcd rerms); 

l.ihrary or mudeis of software tools; 

Configuration knnwlcdge, and 

llistoric of C<lnligurmions. 

Thc~ rcfcrcncc m~ds are used to guide lhe pcoccss of deriviog ncw nrchitectures and also to 

derive thc hasít: infor1lllltion C('lrl1Xpls sharcd by s.: lcctcc.J softwurc tools 10 be intcgriltcd in thc torgllt 

<Jrt:hitccturc. Thcse conccpts will fceu the IS of thc gcneratcd system. 

During thc plunning prcx.:css nn IO.EFO- likc hicrorchlcal model is creatcd. Thtl following examplc 

illu.o;trntL'S an cxtcndcd rcprc.scntotion of an aclivity rcprescnteô by an IDEF'O box: 
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{{ 
GRASP-PLANI"ING 

}) 

IS-A : cim-eng-activity-concept 
SUBACilVJTY -OF : motioo-oriented­

planning 
HAS-SUBACTIVITIES: gen-of-grasp-points 

gen-of-grasp-configurat.ion 
grasp-si:mulation 

INPUT -FLOWS : task-program 
OliTPUT-FLOWS : hand-command 

grasp~configuration 

STRONGLY-RELATED~TO: fine-motion­
planning 

TYPICALY -RELATED-TO : gross-motion~ 
planníng 

MIGHT-BE-RELATED-TO : conveyoNouting 
IS-PERFORMED-BY : BRINCA 
DESCRIPTION : "Generation of Specialized 

plans for grasp-parts" 
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A descriprion of tho taxonomy of acrivities developed for CJM-CASE apd also used as background 
knowledge for CIM-FACE can be found ln (CaOllll'inha-Matos, Pita, Ra:t}elo a-od Bara~a, 1994). 

EXPRESS/EXPRESS-0/NIAM, showing ao ol\jecL orleored fl·avor bur not fuU object oriented 
capabilities, proved to bo quite satisfac1ory to represeot static sr~crutal dhatn-eterlstics of objccts: 
products, process plans, e:rc. The matn i mportance df lhcse formal tsms resolts from being ori gi nated or 
bciog used i o STEP. 

However, we found ou I lhey are oot so satisfactory whert i t comes ro mod'el d'y:namic systems, i .e~ 
the dyoamicbehaviorof d:>jects. Ftame base6,represeotations próvcdto be more o·ffective in modelling 
dyoamic bcbavior dueto their object Ofieotedaod reactiMe programming facers. 

The possibility of creating oew re1atioos, with uscr defined inheritance mechanisms, providos a 
powerful descriptlve tool to capru~e the semantics inv<>lved in comptex objects. 

On tbe other side, reactive programm~-ng (demons) and melhods provi de for d.yoamic bebavior 
modeling. CompJ.emeotary, thcse paradigms allow for "linking" tbe objects m<>.del to e:<temal sourci!S 
of information, like extetnal <lata bases or even tbe con1rollcrs of maoufacturiog equipment (l). 

lo tbe CIM-FACE prototype CRL, the frame representation laoguagc of Knowledge Ctaft. is ~d 
asa modeling tool. 

Another limiratioo of BXPRESS is that it was desigoed to represent classes oc'concepts aod doo't 
provide an explicit representation for insrances. The representation of ao instnnce of a complex d:Jject 
Hke a cell or ao assembly is quite difficult, as lhe specific relat.ionships between the variou.s 
compooents canoot be clearly exprcssed unless wc re.prcsent ,the instances of eacb pari that bel0ngs lo 
this complex object (Barata, Cama tinha-Matos <1nd Rojas, 1994). 
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The longuage ExjXess-1 migbt eliminate this difficuhy. 

Anotber ímportaot aspect is tbat ln a complex system likc CIM, information models bave a 
strongly dynamic nature, beiog olmost UDjX&ctical to bave [uUy standardized and stable models. The 
design of nexiblc informotion manageroent funclíonalities,, together with the definltlon of a ricb set of 
administrative lnformation, is a direction to be explored lo order to cope witb tbe uncertainty 
íntroduced by this dynamísm of tbe information rnodels. lnstead of assoming tbat an "agreement" in 
terms of dma models was somebow cstablished a-priori between both lhe IS developers and acccssing 
tools ·as is lhe basic assumption of STEP. we have to move towards o levei ln whicb a-priori 
knowledge about conccpts present in the IS is incomplete. We don't tbink that a Concurrent 
Engineering platform can be supported by a static data scbema. ln our opinlon, in a dynamic 
engineering process it is noc only the coocept instances lhat change but theconcepts lhemselves evotve 
quite frequently. This will bave consequeoces attbe levei of Information Management FunctionaUties 
and also on tools devclopment. Thc platform, as a federarion of tools, bas to provi de mechanisrns that 
belp the fcderaton in overcorning thls uncertainty. Frome based representalioos. allowing for dynamic 
changc of data schema, seem more appropriílle to deal with this facet. 

Ardútecture 
ControUer 

UMt 
Interface 

Fig. 2 tmplementatlon ar~hltecture of the EIMS eomponent 

Engineering lnformat ion Management System 

Goa ls 

One important pari of tbe CIM-FACE prototypc ls tbe EIMS subsystcm (Camarinba·Matos and 
Sastron. 1991; Camarinha-Matos and Osório, 1993; Osório and Cnmárioha-Matos, 1994). 
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EIMS wns developed i o the context of our patticipotion in CIM~PLA:JO, nn Esprit projectiundcd 
by the Eu:ropean Cooununify,involving 14 partners (univ.erslties and eompanies) from 7 countri~es. lhe 
maio gool of this project w~:~s the deveJopment of an indust:JTial toolbox consísting of oomputer~aided 
procedures and tool.s wllich su:pport tbe design, planning and instaflation of FMS and FAS in a CIM 
envlronmenL One crucial aspect of this projcct was the deflnítion of an integrãtion sttate:gy in order to 
facilitare the integrntion o{ $Ubsets of LOOis selecrcd from the toolbox. The EIMS module provldes 
basic lnformatlon management functional ities as well as an integPJting infrastructure to support tlle 

connection of a federaúon of heterogeneous software tools. 

lmplementation and Results 

The implemented EIMS prototype is b~:~sed on a hybrid and distribured programming environmeor 
supporting the connection of tools implemented in Unix aod MSOOS ·enviwnmen.ts. Kcrnel 
functionalities are lmplemented on top of Lisp and tbe Frame representa~on language of KR<tw.ledge 

Craft (CRL component}. 

Frarne Based 
Models 

IMS 

-

DBMS 

RELAllONS 

Llô 

Fig. 3 lnteropen~burty among dlftltrent tKhnoJoglea 

The integratinginfrnstructure supports twO·OOnoeotion modas: .tigh( and loose coMection. 

Under Lhe tigbl connection mode, eacb tool that wants 10 access the IS most senda request 
oommand to the IMS Server. The list of lnformation Acccss Mctbod<i (IAM) was.dcflnod basedon the 
object orien~ed characteristics of Express aod íollowing lhe .initial guineli:oos in discussion insidc the 
STEP oommuni1y. As thiS development started well before thc appcarançe of ST6J' SDAJ (Standard 
Data Access Interface), we.had to define our own dat<HlCCCSS interface. 

The Jogical channel connecting ali componen.l.s {tools) is supponed by inlcr-proc:css 
communication mecbanisms .. The base platform ls a set of workstatlons ·oonnccl~d thmugh a ~ooal ar­
global nerwork and supportin~ Remate Procedere Calls (RPC) capabflilies. Thc spcciJiciücs ·of ~h0 
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ioterprocess communicadon are hidden by a library ore functions (lmplementatloo of the IAM). Bach 

roo.l, to use this conncction mode, has to be linled with thatlibrary. ln onr prototype, d:ifferent tools 
running on workstations (UNIX) and PC's (OOS+PCNFS) are able to communicate- concurrenlly­

wíthEIMS. 

Loose ooupling or me based communication is n klnd of conneclion ro be used when only rare 

internctions (and predomlnantly unidirectional) are needed. The implementatioo, in this case, is based 

oo lhe concept of file transfer. STEP neutral file formar is used in our lmplementation. 

On the other side, even though the JMS bas a oentralized structure ata loglcallevel, the actual 

lnformation repa;itories ~n be dlstributcd and evcn supported by dlffereru technologies based on the 

lntcroperability coocept. Eacb tool is allowed to keep its own private information structures. ln tbis 
approacb the common lS is bnsically a support for communication belween tools aod, tberefore, it 

contains oruy shared conoepts and shared data. 

Using this integratlon npproach, demoostratlon systems were developcd in CfM·PLATO. One 
example of thcse demoostrators (OtoM: from Order to Mnnufacturing) (Welz et ai ., 1993) integrntes a 

ser of tools, developed by d:ifferent industTial and acadcmic partners, that cooperare to carry out the 
main planning activiUes from produc t configuratíon 10 manufacturing at sbop floor levei. Tbc 

particular application area for this dcmonsrration wos lhe configuratíon and nsserobly of a computer 

systcm, moce specifically using tbe Dull computcr family OPS7000 as tesl example. 

The dcvelor-ncnt cnvironment, based oo Knowledge Craft., being quite satisfactory for prototype 

dcvelopments, is too " hcavy" for prnctical applications and constituted a strong obstacle ro tbe 

implantotion of the system in industrial compaoies. ln current stage wc are p-ogrllSSívely oiigroting the 

system to a lighter frarne based system developed oo top of Prolog. 

lnteroperabillty 

The use of reactive programming proved to be an e(fective mechanism to 1mplcmcnt 

interoperability between differenl data management tcchnologies. Fig. 3 shows an example wbere 
EIMS frame-based representatiOO is used as a kind of"froot-endn to data that is actually stored i n other 

data bases (Comarinha-Motos and Osório, 1993) . Nowadays ncw dota base managemeot tools, 

combining pari of thc cxpressiveness of object oricnted and rule based systems with lhe persistency 

and query cfficiency of relatiooal DBMS, are appearing on the marlc:et. IMS tools based on STEP 

dcvclopmenll> may stnrt to appcnr soon. Even though an improvement in such tools migbt be expected, 
wc think the inleroperability mechunisms will play o role in lhe migration of legacy systems to more 

advanced Enginccring Information Manngement Systcms. 

Platform for Concurrent Engineering 

This chupter di~cusscs currcnt (post-CLM-PLATO) activltlcs towards lhe definition of a 
supervision architccture that coordinatcs nctivities or processes beíng carrie~ out by the engínccdng/ 

manufacturing systcm. 

lf wc follow tbc CIMOS!\ approach 10 modcl a ~OmJWny- and to model Concurrem Enginccring 

uctivities in particular· as 11 hicrarchy of Business Processes/Entorprise Activitics, lhe lntcndcd 

supcrvision un.:hi tccture can bc tbought of as a Busi ness Processes lnterpreter. 

Onc difficulty is thatthcre is no tradition in terms of modeling concurrent acüvities, which may be 

quite noodctcrministic. On the other hand, these activltíes, performed by humun experts, are sopponed 

hy compotcr nidcd tools with mu!Jiplc funçtionalltíes. 



An lntegrated Platform for Conculrent Englneeriog 350 

Each application tool can be modeled as ao octivity bo.-< whose inputs and outputs represent the 
tool 's acccss to the IS (and lntegraling lnftoSiructure). ln olber words, i o helerogeoeous federated 
systems eacb oomponeot bas lacgc-autonany and we can think tbat only ''oontact poiors''- data Inputs 
and Outputs- are impomnt for tbe global ooordinalioo. Therefore, a fusl auemp1 10 lhe supervislon 
archltccture oould be based on these IO's, l.e., monitor 1ooJs' bebavior by the information lhey 
manipulale. However: 

Appllcatioo tools are progrcssively becoming molti-functlonality pnckagcs, able to perfGrm/ 
support moltiple activities. Doriog a work sessioo, one tool might hove severa! interacrions 
wilh lhe IS (long-transactions), dependíng on tbe human's dccision; 

The actual I/Os in each ac.tivation of a given tool are not known a priori . Transactions depend 
on lbe human tbat is using lhe tool; 

The "intervention" of a tool i o tbe integrated "community" canno1 be separated from the status 
of otber concurreot activities, l.e., the synchronizaliDn aspects are striclly related to the 
transformaHons Other tools made on lhe common IS, and 

CIM IS oontains complex modcls coping wllh different views of lhe sarne concepts and 
sbowing considerable dynomics. 

Therefore, lhe "granularitt' of the contrai has lo be less detailcd, i.c., o conlrol of tool 's access 
based on the manlpulated lnformation Is, 10 a large exteot, unpractic:al. An altemative Is to rely 
on the members of the enginecring team tbat e!Iectively know wbaltbey are doing witb eacb 
1001. Therefore, even lhough some aulomatic verilicalions can be done, ln our approach, lhe 
control is mainly based on an occess protocol be1ween CIM-FACE. nnd tools' users. 

Archttecture and Multi-levei Contrai 

ln order lo implernent a control strategy 1t is nccessary 10 be able to modcl lhe dynamic behavLor of 
tbe sys1em bcing controlle<L ln our curren1 experirnent, tbe .ClM·OSA concepls of Business Proccss 
and Enterprlse Aclivity f7) are beíng uscd. The dynamic bebnvior is thus mocleled by hicrarchíes of 
Business Processes and Enlerprise Acllvlties. ln eacb levei of the hierarchy, a Procedural Rule Set· 
(PRS) defines precedence coostrainls bctwccn BP or EA of that levei os well as lheir starting (11rfng) 
conditions. 

FiO- 4 Exampl• of al!len~rcgy of BP/EA arul •upportlng toola 
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Anothcr important formalism to model system's dyoamic behavior belng extensively used in 

manufacturing systems is Petri nets (in its variOU$ derivatioos). ln.order to take advantage ofJools and 

methods avallable for Petti nets, namely ror qoalitative and q:oantitative analysis. anempts to derive PN 

models from BP/BNPRS are justifiable. ln our approach we are using a derivation of tbe basrc PN 

model called Mark Flow Graph (MFG)(9). l n other wol'ds, we start from a bierarchy of BP/EA, as a 
"global plan" wbose execution has lo be oonlrolled, and automal:ically derive a MFO representatlon 

fromit. 

The supervision strategy is determined or "instantiated'' by tbe "execution" of sucb MFG. Fig.S 

shows how a "circle" (BPIEA) in the CIM·OSA model is transformed into a MFG grapb. Control 

"actions" are implernented as side effeas of transition firings. However, ao lmport.ant remark shaU be 

made bere: tbe generation of a control algorithm from a PN is 8 well known topic wbeo controlled 

agents are more or Jess "obedient slaves", witb deterministic bebavior (apa.rt eKceptions)(15). lo our 

a~se, ns tools have 8 Jarge degrce of auronomy, it is not possible to antlcipate wbich fundiooalities of 

the too! will be applicd by lhe user nnd "when", as this is a totally externa! dccision. As a coosequence 

it is difficult to " recognlze" wben the system is ready for a slme transilion, i.e., 10 "decide" whether or 

not a mark appeared ln lbe externa! bole (Fig.S). 

T1 

Sígoal to open 
a T ool Actíviy 

window r:Nef Che 
IS 

Fig. 5 O. tal I elarlfylng th• relatlo1Whlp betwe.n tool o.,.ratlon and MFQ antitl .. 

Th<:rcforc our systcm implements a kind of loose control that acts more in terms of preventing/ 

enabling si tualions, but lhe actual events (cornplction of actioos) is decíded externally. Tbe user is 

assumed to "inform" lhe control systcm about lhe coodlt>ion of activities. Nevcrthcless. some CQOirol 

rulcs can be u..<:Cd then to check wbethcr " lypical" consequenres of tbat activíty have been acbieved or 

not. Thesc rulcs will perform a "vcri lication" ofthe "arrival" of a mark lo lhe externa! box. 
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As a consequence of the approacn fot·lowed., there might be a problem ef confldeoce. As the 
cootrol events are decided externally, by the lluman operntor, how can the conttol S)!SJem be Súte tlte 
decision was appropriate? For insta:nee, leis suppose that current user of tool T1 informed tbe syStem 
lhat he h as flnJsbed a generation of a process plan for a given production task. .should the coatrel 
system simply accept such informatlon as a fact or sbould it be cautlous and try to lnvestigáte the 
accuracy ofthe Jnformatioo? Tberefore different "kinds" of control systems couJd bc defined, rnnging 
ftom a tocally confident system to a totally cautlous one. 

For some cases, and iD some application domains,l1 will be possible to define a set of verification 
rules tO test tbe validltyfaccucacy of eacb access protocol action issued by too! assistants. ln olher cases 
that migbt be difficult. Therefore, our propaYJI is to have an architecture tbat can start from a levei of 
total confidence and progress towards a more cautious system once verlflcation rule5 are added ·io (tS 

contrai knowledge base. ln refereoce to Fig.5, tbis menns rhe appearing of a roark in an externa! box is 
dueto an access protocol acôon t.bat has "passed" tlle test of ali rules assodated to that acrion. 

Fig. 6 nte lnterai:tl'on ot a 10ol anda toot uslstanl Wl"'tli CIM-FACE 

Control Asslstance 

Tool as a 
package of 

functionalities 

Petformer 
€>fthe 

Access 
Protocol 

A protocol is necessary to specify rho interactions betweert u tool a.nd the integrated systern. The 
"performer" of Lhis protocol can be a layer separated from the applicative parl ot the tool. For new 
tools thls "prorocoJ per!ormer" can be seen as a cel'nQlOil-script (llbrary~ .lhat can be linkcdt to íbc toei. 

F<r legacy systems it is qulte bard ornearly impõssible to moolfy I hei r oonrrol.arcbitcctv,rcS. 



Therefore, the proposed archlteoture assomes lhe ldea of separatlon between tbe too itseJf ond the 
protocol performer, here called tool assistant. Ftom the implementation potnt of view, tbe tool assistant 
can be a module linked to the tool or even a parai lei (detacbed) process. The secood alternative is roore 
suited to legacy systems. 

lt is assumed the human expert will use Lhe iool a.ssistant in mler to perform tbe protocol necessary 
to get "access" to CIM-PACE. From the user point of view, the control part is therefore clearly 
"identifiable" by a separate wiodow, for instance. This window may show a graphical representation of 
the system staiUs, based on the hierarchy of BP/EAs. 

Supervlalon Rules 

Conslder, for instance, the example ln Fig 4. Th start n process planning nctivlty ii is necessary that, 
a rough design of lhe lntended product was produced t>efore. A minimal levei of control would enable 
the start of "process plaoning fo~ Pl" activity if a user, tbrougb a too! assistant, had declared Lhe 
activity "Rough design of Pl" finished. Thls is tbe levei r:l total coofidence on the hwnao declarations. 
The supervisor system assumes that a rough pFoduct Pl ll'IQdel was produced and stored in lhe IS. A 
Jess "confidcnt" approach could be based on a rule tbat states; 

enable (Process Plan, Pl) if 

requested(ProcessPlaJC~, , Pl) 

and 

exists(roughmodel(Pl)) . 

The "exists" predicate would cbeck the IS to confirm íf tbe rough rnodel was produced before. We 
could ever think. about more detailcd check.ing rules. However it is not possible to generate gcneric 
rules, exccpt for panlcular cases. 

These roles would depend on the particular approncb for structurlng information models. Jn other 
words, tbese rulcs bave to be defined for euch particular system. 

CbeckRules 

CheckRnles 

Precedence 
Rule (PRS) 

Our approacb is to provi de a platform that allows dcflnition or such rules and takes them ínio 
account durl ng proccss supervision. 
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Concluslons 

CIM·FACE, a prototype Federated Architecture for Coocurrenc Engiocering was devel.oped as ao 
íntegration vebicle for a set ofheterogeneous application tools in a CIM eovlronment anda platforín to 
su.pport tbe interaction of englneeriog teams. The approacb aimed a c givlng a contrlbutioo ro vaTious 
aspects of systerns integradon and concurrent engí,neerlog: 

1) Information integralíon: rnodeling, management and sharing; 
2) Jntegrating infrastructure, and 
3) Coordlnadon or supervis.ion arcbitettu:ré to manage the way and time schedule ln w'blch tools 

get access to sbared data and mcx:Jels. 

The flrst two aspects have been subject of major researcb effons in various íntemational projects 
and, as a consequcnoe, some standard res.ults are emerging, líke STEP and CIM·OSA. The 
ímplemented prototype system tries to follow lbese standards. Regarding the ,topíc of supervísion 
arcbítecture, it is currently a major challenge for whicb only preliminary results can be found . Tbis 
control architecture represents, ln our opinion, a basic requircment for conourreot engi.neer! ng. ln lhls 
paper some of the aspects in:volved in sucb an arohitecture werc discussed and solutions being tested 
were introduced. However this topic, bciog quire comple.x, needs furtber researcb. 
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Re$Umo 

Os réquisitos para uma plataforma de engenharia roo.cotreote são discutidos em parale lo com uma análise da 
evolução dos sil;temas de manufatura integrados e novos paradigmas o.rgan:izacionais nas Indústrias. O sistema 
CIM-FACE é introduz.ido como um protótipo de atquücturn federada para engenllaria ooncorrent·e, focaliulodo 
os !lSpeclos de modelagem, gereuciamento e comparlilbamento das informações e supervisão dos processos de 
el'lgenh:uiâ. O estado corrente do desenvolvimel'ltO e resu ltados expcrimeouis são discutidos e novos desafios 
são apontados. 
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Gon.çelv•, P. 8., and Ramoa, N. R. S. S., 1994, "Free Vlbratlons of CyUndrlcal Tanke", 
RBCM • J . of the Braz. Soe. Mechanlcel Sciencee, Vol. 16, no. 3, pp. 222·236. 

A sim pie but efl'eetive mcthod is presented for evatu,;ttlng the free vlbratlon characterí~tlcs of a fluld-fflled 
cylín.drieal sbeiJ wllb classicaJ boundary oooditions or any type. Effects of stalie Uqujdpressure_ ia-plane inerliu 
1nd líquid free surface motions ue talce.n into •ccount. A clamp:d-free cylindrieal tank is aoalysed and tbe 
accu:racy of tbe resuJis Is demoomated by oomparing tbem wilb experimental resulls found in litCI'llture. 
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Uma, L C., and Lobo, P. c., 1994, "Oevelopment of a Pyranometer wlth 
Electrlcal Compenaat1on", RBCM • J . of the Braz. Soe. Mechanlcal Sclences, Vol. 16, 
no. 3, pp. 237·251. 

A dynamlcally compens~lled electrlcal pyraoomtter with mDnufaelllred platinum film sensoi"S was constructed. 
tbeoretkal, and experimentaUy evalualed. The electrooic cireuit is oonstitulcd of a Wbeatstone bridge, rugh g_ain 
voltage and currenr amplifiers, aod a signállioearizer. Tbeoretieal relatioos llfc derived to describe the efl'ect of 
the K DSOI"S propert.ies oo lhe instrumcnt $teady and dynamlc respo.nses. The senshívlty ol' tbe instrurnenr dueto 
lhe angular dependence on the direction of tbe radiation, respoose t ime, effect of temperature, ttlting aod 
linearity hllve been also lnvestigated. 
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A Sim pie Method Baaed on the Rectangular Olstrlbutlon ModeJ", RBCM - J . of the Braz. 
Soe. Mechanlcal Sclences, Vol.16, no. 3, pp. 252·266· 

form a:nd dimensions of mechanícal elemcnts vary from one par1 to another due to the peculiarities o( 
manuf'acturl.ng processes. Those varilltioiiS are not dependenl oo rhe size or tlle maouracturing batch and affccl 
lhe funclional and a»embly performances of tbe products in wbicb fbc pa.ns work. Dimensioll31 synrbesis during 
desigo stage must include tbe proper transformation of tbe funclional nnd asstmbly requiremenls, and its 
allowable vnrintion, in CQst-effectlve dimenslons and lolerances. 

ln thi.s paper a stalisticnl roleruce $yotbcsls procedure is described. lt Ís based on tbe usumplion thaJ lhe 
dimensions of lhe individual par1s ean be considercd uniformly dlstributod wHhin lhe lntervaJ of aJlowable 
dimensional varialio.o. The fonnulatÍOD is directed to solve the c:DSC orlits whích functional requircments depend 
on Lhe linear combloation of two leogth dime,n&ioos, (í.e. cyllndr(cal fl ts). Tbe small oumber of combined 
dimensions leads to li distrlbulion of the (uoclional requirement wbícb dep:lrlll strongly Crom normal, clepeudlng 
on lhe dimen.sionaltOierance values still oot aulgned. Ln the described procedure, the form and propes1ie;s of tbe 
distribution of the functlooal requiremcnl cao be lnfered a priori, doe to tbe earlier incorporation of ecooomlc 
tolerance distribution cri teria. 

Keywords: Tolerances, Flts, Sta.listiet~l synlbCJ~ís 

Almeida Prado, F. 8., and Rios Neto, Atalr, 1994, ''A Stochastlc Approach to the 
Problem of Spacecratt Optlmal Maneuvers" , RBCM - J. ot the Braz. Soe. Mechanlca:l 
Sclencee, Vol 16, no. 3, pp. 267·277. 

ln tbis poper the problem of spacecraft orbil transfer witb minimum fuel COIIS!Im.plion is roosidered. A new 
versio.n of rhe subopt lmal And bybrid contrai 'pproacb of numericl!Uy trualing lhe problent, wbere one can 1ake 
into aceount the accuracy in lhe aatísfaetion of constrnínts is dcveloped. To solve lhe nonl ioenr program ming 
problem io ucb iteration, a stocbastie version of tbe pr~ject ioo of tbe gr.~dient 01ethod ill used togetber witlr tbe 
well-known hybrid approacb lo find the opcimal oootrol i.n this kíod of dyum.ic problent. For the m~vers 
considered, lhe spaeecran is suppo$cd to be in Keplerian motion perturbed by the lhfttSJs whenever tbey are 
active. Tbe tbrusts are assumed lo be of fixed magnitude (either low o r lligh) and operatlng ia ao on-otr mode. 
The solutioo is giveo in terms of lhe Jocation oC tbe "buming ares", "time"·bistorics of tbrust ailitude (pítcb and 
yaw). fiM I orbit acquired and fuel consumed. Numerial re$Dits anqxeseoted. 

Kcywords: Optimal Transrer, Stochastic Approximation, OptlmaJ Cantrol, Spctcecraf\ Orblt Mane~tver 
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Uplekar, A. G., Jalawal, B. S., and Soundalgekar, V. M., 1994, "Effecte of Maae Tranafer 
on Translent Free Convectlon Flow Past an Infinita Vertlcallaothermal Plate", RBCM­
J. ot the Braz. Soe. Mechanlcal Sclences, Vol. 16, no. 3, pp. 278-286. 

An c:xact solutloo to lhe transie.nt fn:e convection Oow past an infiniJe ver tical isothennaJ plate is prescnted on 
taking loto aooount lhe preseooe of species. conceotra lion. lt is observed that an increase in lhe Scbmldt oumbet 
leads to a decrease i o tbe velocity when lhe buoyancy ratio perameter N > O. However, when N >O, an lncrease 
in N leads to an increase ln tbc velocity wbereas for N < O, a decrease ia N leads to a fali in lhe veloclty. For 
N >O, ao increasc in Se leads lo a íarl ia. lhe sldn-friction and opposite is lhe case for N < O. Tbe skin·friction is 
more for N >O as comparcd to that for N < O. 
Key words: Free Convection witb Mass Ttansfer, Unstc:ady State. lnfinitc Verticallsotbermal Pia te 

Teixeira, R. N., Orlando, A. F., and Parlei, J. A. R., 199~ ' 'Motores a Combustlo Interna 
com Taxa de Compreaeio Variável - uma Análise Teórico-Experimentar•, RBCM- J. of 
the Braz. Soe. Mechanleal Sclerrcea, Vol. 16, no. 3, pp. 287·296. 

Thc presc:nt work is concerned witb a tbeocetical aod experimental study ofvariable compresslon ratio lgnition 
internal combustion eogioes. A lheoretical analysis of lhe engine, operat.iog with a mecbanism which allow,; for 
veriable com pression ratio, is carried oul. For Lbat e slmulation program is used. lu lhe preseut work lhe 
sim ulation mode! was updated with lhe inclusion of friction, lmocking and hldrocarbon emis.slon modcls, among 
other things. Ao experimental wodc was also crurled out, wilh a CRF engine. 'fhe objective was two·fold: to 
valida te tbe resu lts of the tboretlea l model aod ro assess lhe henefiLs of runnlog ao e ngine wi th varia'ble 
compression ratio. A compnrlson is also made betweeo lhe results oftbe pccsent work and lhose from o ther 
authon;. 
Keywords: Internal Combustion Engi.nes, ~riable Coropccssion Ratio, Modclling and ExperimcmLal Study 

Afsarmanesh1 H., Wledljk, M., Moreira, N. P., Ferreira, A. C., 1994, "Deaign of a 
Dlstrlbuted Databaae for a Concurrent Englneerlng Envlronment" , RBCM • J. ot the 
Braz. Soe. Mechanloal Sclences, Vol. 16, no. 3, pp. 297·309. 

Concurnmt Engioeeriog conoepts are st.rongly consldcrcd by today's industry as a meaos of improving ali aspects 
of the product life-cycle. Thi.s appronch primadly suggesu lhe use of teamwork, wbere the te:un is formed lly 
engineers aod e.~pens rrom ali activltie.s related to tbe product life-cycle. One maio fuoctíon of tbe coocurreol 
engioeeriog team is to oegotiatc lhe best solulioo for the prodUCI developmeoL Tbe tcam is creared ln the earliC$1 
lifc·cycle phases and is responsible for aJl decisions made regarding lhe produet unt il the product is ou t of th e 
market . Teamwork involves intense collaboralion and exebaoge of inforroation. Dilfereru tOQis are proposed to 
easc the leamwork, namety Desigu for Manuíacluring, Design for Assembly, Quallty Contr.ol and CAE/CAD/ 
C'..AM, etc. Th.is paper describes the Coocu!TCDJ Bngineering Enviroomeul (CEE), as a powerful computer·aided 
tool to supporttbe use of concurrenl engineeting ideas in a distrlbU1ed plalform. A natural framewurk lo supporl 
the manngemelli and &haring of inforliUrion !lmollg differen t manllfacturing phases or activitles is a network 
(federatíon) of hcterogeneous and autonomous agenls lbat are ellher loosely of some tightly-ooupled. ln lb is 
fedcratioo, an agenl is involved ln one activity (e.g. cleslgn) related lo the pcoductlife-cycle, wht1e severa! agenls 
may take part in lhe um e aetivlty. Ou one baod productlon relat.ed aclivities are indcpendent, (heterogcneous and 
autonomous) to serve differcul purposes. On tbe otber band, trivially tbese aclivities are intem:laled (coupled) 
and need lo coopernle and exchange information among thernsclves. ln this peper, we describe lhe distributed/ 
fe.Jc:rated database design tbat supports tbe informatioo manipulatioo in the CEE for an aerospace industry in 
13ruil. The clesign of CEEis bucd o o tbe federated information maiL3gement system PEER. We will distlnguisb 
tho difl'erent kinds of PEER agents that con5tilute t:hc CEE fedetatioo network. We describe lbe role of lbe 
"product'' in the CEB environtnent and present a schema descriptlon for products. TI\ is researcb describes the 
sccond phasc of tbe coopcrntion between thc: Uolvcrslty of Amsterdam (fbe Netberlands) and Universidade 
Federal de S.1ota C.tarina (Brazil) io t.be scope of tbe O M-ECI.A program. 
Kcywords: Coocurrent Engineeril\8 Environmcnt, Distributcd Database, Databa$c Desigo, CJM. 

Tavares, M., Moreira, N. P., Jardim-Gonçalves, R., Barata, M. M., and SteJger-Garçlo, A. 
S., 1994, "A STEP Based lnformatlon Management Sy:stem as a Support to a 
Concurrent Englneerlng Envtronrnent", RBCM • J . of the Braz. Soe. Mechanlcal 
Sclences, Vol. 16, no. 3, pp. 310.316. 

Tbis work pcesents a pcopoul to a Concurrent Engineering Alded Environment. Ir i!l !lupponed by a generic 
STEP-basc:d integrating platrorm providing a powerful assistaoce to iofo.rmation modelluganddist.ributlon. This 
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effor1 b a cooperatloo between lhe UNJNOVA-Univenldade Nova de Usboa-Portupl and Universidade Federal 
de Suta Catu:ina-Bruil. 
Kuwords: lntegralion, CDncurrent Engineedng, lnforrnation Syslem, lnformalion Modelling., STEP 

Afaarmanesh, H., Wledljk, M., Negreiros, F., Lopea, R. H. C., and Martlna, R. C., 1994, 
"lntegratlon of an Optlmlzallon Expert Sy.tem wlthln a CIM Dlatrlbuted Databaee 
Syetem", RBCM - J . ot the Btaz. Soe. Mechanlcal Sclenc•, Vol. 16, no. 3, pp. 317·326. 
Thi$ WOt'k pn:seuts 111 appoacb to the integralioo ol ao opeimtt.atioo syslem with the other CIM actlvlliC$ U$Íog 
a díslributed/federated databucl arclúteeture. The CIM applic.ation eovironmenl addressed here is lhe sboe and 
budbag manufacturing industry and lbe optimiz.ation aystem is for.cutting lbe layo111s of irregular shapes oul of 
tbe base Jeatbe.l' mat.eriaJ. Here, the optimltatioo system is specified by the complete separatioo of lhe user­
intorface from the opdmlziog aspecls oflbe problem and deftnes lbem as two dislioot cooperativo agents. The 
integration of separa te activhies WithiA a ClM diatrlbuted database system la attained by uslng • federated 
objed-oóenled database maoagement system. The Cederated arclíitecture used bere aupports tbe cooperation and 
inforrnatioo exchaoge among autonomous and beterogeneoU$ aget1ts. 
Keywords: IXstrlbuted/Federated Database, Opcimiz.ation Expen Sys1em, CIM. 

Pinheiro-Pita, H. J ., Camarlnha-Matos, L M., Negreiros Gomes, F. J ., and Leaaa 
Lorenzl, L, 1994, "Graphlcal Interface• Supported on Objecta wlth Dynamlc Behavlor • 
An Appllcatlon ln Vleuallnteractlve Modellng", 'R BCM- J. of the Brez. Soe. Mechanlcal 
Sclencee, Vol. 16; no. 3, pp. 327-340. 
The design of graphical interfaces supported on objecta with dyoamic behavior Is introduoed ln lhe conlexl of 
Visual lnteractive ModellJJg for ClM decWoo supporl systems. 
This paper slarls wilb a presentllion ofthe Dyoamic Behavior concept. After that, it presents a brief deacription 
of tbe use of tbis concepl i o. the desip of iuteLUgent graphicaJ interfaces. The paper is concluded wilb the 
Pf'C$CDlalioJJ of ao applicalio n to lhe Jealber cutting problem where lhb conoepl is being tested. 
Keywords: Design of Orapbicallnterfaoes, Visual lnteractive Modeting, Oyuamlc Behavior, CIM. 

Camarlnha-Matoe, L M., and Oaôrlo, A. L., 1994, "An lntegrated Platform for 
Concurrent Englneerlng" , RBCM - J . of the Braz. Soe. Mechanlcal Sclences, Vol. 16, 
no. 3, pp. 341-353. 

'The requiremeuts for a platform for Coocurrent EoginceriJig (CE) are díscussed in pnallel witb ao ualysis of 
tbe evolulioo of integrated manufacturing systems and oow ~nizational paradigms in industrial compaoies. 
CIM-FACE system is iotroduced as a prototype fedorated archllecture for CE, addressing lhe aspects of 
modcling, ioformatlon sbaring and managemeot, and engineeriog processes supervision. Cucrenl slatus of 
developmenls aod experimental J"e$Ull$ ate di.SCU$Sed and opeo challco.ges poinled ou I, 
Keywords: Concurreot Engineerlng, lntegmled Manufacturing, lodU$IrJallnformatlon lntegcaHoo, OM. 
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