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INTRODUCTION 
Design au tomat ion o f e l e c t r o n i c systems i s 

g e n e r a l l y separa ted i n t o a number o f d i s t i n c t 
areas o f e f f o r t . Orcucr [ ! ] has d i v i d e d d e s i g n 
au tomat ion i n t o the ureas o f l o g i c s y n t h e s i s , gate 
s i m u l a t i o n , p a r t i t i o n i n g , p l a c e m e n , r o o t i n g , and 
f a u l t d e t e c t i o n and d i a g n o s i s , fcnile t i n s separa 
t i o n may no t be complete o r e n t i r e l y a c c u r a t e , 
these f u n c t i o n s g e n e r a l l y must be p e r f o r m e d . 

A t sone p o i n t i n t he d e s i g n p rocess the com
ponents have been chosen, the l o g i c a l i n t e r c o n n e c 
t i o n s s p e c i f i e d , and the composert<, p l a c e d on a 
p r i n t e d c i r c u i t b o a r d ; the next s i e p i s the 
p h y s i c a l i n t e r c o n n e c t i o n o f e l e c t r i c a l l y co-mon 
e lemen ts . Nu-nerous techn iques hd*e been proposed 
t o s o l v e the r e s u H ' n y i n t e r c o n n e c t i o n o r r o u t i n g 
p rob lem, k i t h a lmost end less minor v a r i a t i o n s on 
these techn iques p o s s i b l e [ 3 ] . 

L e e ' s a l g o r i t n n [ ? ] i f one o f t h e few t r u e 
a l g o r i t h m i p p ! : ; ; t ! r t s '.tic r c ^ t : ^ ^ s r a b ! t ~ ; i t 
guarantees t u a t an i n t e r c o n n e c t " " t c t - e c n two 
p o i n t s w i l l be found i f a s a t i s f a c t o r y p a t h e x i s t s . 
I t i s an exhaus t i ve a l y a r i t h m . as nany t r u e 
a l g o r i t h m s a r e , e x y l o r i n . j a l l p o s s i b l e p a t i s . 
T y p i c a l l y i t i s q u t e s low i n e x e c u t i o n bocduse 
a l l p o s s i b l e paths o re e x p l o r e d i n p a r a l l e l . A 
number o f m o d i f i c a t i o n s t o t h i s b a s i c t e c h n i q u e 
have been proposed; most change the a l g o r i t h m t o 
a h e u r i s t i c { i t can no l o n g e r gua ran tee a s o l u t i o n 
w i l l be found) i n orde. ' t o r e a l i z e a g a i n i n 
e x e c u t i o n speed. 

There Are a l s o many h e u r i s t i c s o f ve ry d i f f e r 
e n t k i n d s o f s o l v i n g the r o u t i n g p roDlem; n e a r l y 
any p o s s i b l e t echn ique f o r t r a c i n g l i n e s i s 
f e a s i b l e , b u t r e s u l t s cannot be g u a r a n t e e d . 
Honever , many h e u r i s t i c s r u n v e r y r a p i d l y i n 
compar ison t o e x h a u s t i v e a l g o r i t h m and appear t o 
do a " r e a s o n a b l e " i n t e r c o n n e c t i o n j o b . 

One genera l c l a s s i f i c a t i o n scheme a p p l i c a b l e 
t o most r o u t e r s i s whp 'he r they a r e d e p t h - o r 
b r e a d t h - f i r s t r o u t e r s . That i s , do they e x p l o r e a 
••ath t o a greaL dep th ct-oocing t o e \ p l o r e a n o t h e r 
when f a i l u r e i s e n c o u n t e r e d , o r do t h e y e x p l o r e 
m u l t i p l e path: , i n p a r a l l e l , s t o p p i n g i»hcn the 
endpo in t i s reached by any p a t h . L e e ' s a l g o r i t h m 
i s a b r e a d t h - f i r s t a l g o r ' l h m . Host h e u r i s t i c s use 
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depth-f i rs t approaches which attcmnt to reduce 
execution time. 

There has been seme experlmem tfon with 
polyrouters. I .e . , two or morfe rout-—s operating 1n 
tandum. Often a fast heuristic dep - f i r s t router 
is used to make as many connections possible, 
followed by a slower, more expensive nd exhaustive 
router attempting only those connect ns tnat could 
not be made by the f i r s t state cf the router. 

Host of the routers discussed in current 
l i terature are experirentally evaluated to give 
some indication of their success, with performance 
generally expressed as a percentage completion 
figure for the number of wires routed on a board, 
compared to the nunber of wires attempted. There 
are few analytical tools, however, to indicate 
or predict router performance. 

This paper introduc'S a model for printed 
c i r cu i t boards »ti'.t\ can 5c u;;d is predict the 
probabi l i ty that a router w i l l Successfully rake 
a connection. The model reflects certain 
characteristics of the c i rcu i t board that is 
being routed and the model incrementally changes 
as the board is routed. Routing procedures 
typical ly have certa'n parameters which influence 
selection of the set of paths that are explored, 
and determine the order of exoloration. These 
pa ras te rs obviously influence the probabil i ty 
that a part icular connection can be made. These 
parameters nay also be used to formulate a model 
of the behavior of a particular routing procedure. 

The purpose of the board and router models 
proposed here is to al?o.( (comparative} predictions 
of router performance. More speci f ical ly , i t 1s 
assumed that the features of a router which select 
the set of paths explore! should impact the 
probabil i ty that a router w i l l be successful, as 
well as router execution time. Relationships 
between execution tine and performance can be 
analyzed using the concepts developed below. 

This study also attempts to address several 
other questions: what factors cause a router to 
be good and how could a routers' performance be 
increased keeping the sane gene" 1 heur ist ic; 
which router in a polyrouter S'IOUU be used for a 
part icular connection or when should the change
over between re (ers be madt; and f ina l l y ir, what 
order should thi connections be made to give the 
greatest expected nusfier of completed connections* 



Admittedly n-jne of thec questions are answered 
fu l ly in this paper. However, th>- gineral j i i j i vs is 
trthnii|ue I'uy hold the t-utential fur trtMim-j Such 
issuer. I t She jl(J j i so MI- "• ;.iij-.ij-fd t l u ' buth 
bend envtmnn'ent <ii'd rj-ii^y !>oHjvior ".nui.-is are 
Stat i . t ic r t l ly iJsed. jml thpreFurc do niH uurantee 
that a particular connection «.an lie !•.)«,• Cet-T-en 
any Hit) points; the j(i^i'o.t%ii l iH " i • . t i l c to 
produce, for each m:ui«"_lii.n. j probabil i ty that a 
satisfactory path w i l l ;-c Uxjid. VJ ro jU ' - i 
funclioits are perfurra-d Jurui-j me c<j-;>u;.itiun of 
this probjb>lit.v. 

THE B^SIC MODELS 
Tht fliode) of a pr intrd c i rcu i t board is based 

i t r i c t l y on the 'density' t.F <J board. Several 
authors [4,6] have noted that as a boare" becomes 
more crowded (adduienul wires conpletedl U 
becomes harder to route uires, *•* would be expected. 
At a certain density i t bc-coi'ies nearly impossible 
to route an additional wire. This idea forms the 
basis of the problem board riude'. 

The model assumes that each layer of a printed 
c i rcu i t board can be represented d S d rectangular 
grid of small squares, each of which is either 
empty (can be used) or occupied [f- jrtner use is 
i l l ega l ] . The density of occupied sr.jares (or 
Just density) is defined by equation ( I ] as the 
rat io of the number of o upit;d squares to t^e 
total nitfiier of squires a l l layers of a boara. «s 
density is just the proha'blity of a square being 
used, equation (2) defines tne •jrofcjbi l i t y F of 
a square being fre^. 

( I ) Density • C . ; / - ^ P J I i i S i ! ™ ? -
1 ' * * occupied sqs. • = erpty sqs. 
(?) Free = F = 1 - D 

The i n i t i a l modelinu efforts reported here 
have been focused on three general classes of 
boards: 

HDDEL 1. A board is f i l l e d '."tt: randoiily d i s t r i b 
uted occupied squares, but no lines or 
groups of connected grid squares are 
included. This rodel .-night resemble 
a board containing randomly placed 
component pads. 

MODEL ?. The board has ra:tdi/-ly distr ibuted con
tinuous segnents of occupied squares, 
with a l l wires ruving both expected 
width and expected length equal to 
constant values. This model so-rewhat 
resembles a pj- ' t iaUy routed bon-d, but 
is more reguljr i" i ts layout. 

MODEL 3. The board hdS rjna. ly distr ibuted con
tiguous seginT.ls of ci.cjp'cd scs.ijrei, 
with each scg ."•: r..i', ir.g a c;ns:>«t 
exoecteu wi-it'i *TVJ a r-andon le»'ii.h 
chosen Iror-- s.-~i: yi»cn il istrU-.j '. ion. 
This rrodel a t t e s t s to ^ore accurately 
represent a par t ia l ly routed printed 
c i rcu i t board. 

Dur modeling e f fu r 
argument. I f tne den«.ii 
lated by equation ( I ) , i 
a square is occupied is 

. !)•.'»•?J on the following 
;'. thy board is CJ Icu-
• t ie probabil i ty that 
mi tne p iosa t i l i t y 

Lriat a square i*. free i ; F by equation I."), for a 
»-th of length n, the probability that J l ine can 
)- ioUPd exactly tti.it oislance is th'. probabil i ty 
that n free sqyiies co«- be found fnliuwed by n 
wtcupied square, anrf 15 given by equation (3). 
tip nrubabitity th.it a l ine can be routed between 
10 point*-, however, i % r.ot the probabil ity that 
I can be routed exactly tne distance between 

.hobe points, but rdther the probability i t can 
>e routed at least t tut distance, and i~ given by 
'qujt ion (4), winch is simplified to equation (b). 

(3) Probability of success For length n = 
? (length-n) = fn • D = (1-D) n * " 

(4) P (length - n) = £ (1-D) L *D • 
L=n L=0 

P S U - n) = 1 - D • (l-D) • D - <1-D)2 * D 

- - (1-0)"" ' • 0 

(1-0) P ( l - n) «• (1-D) - (1-0) * 0 - ( l -D) 5 

P $ U - n) ( l -UD) = (1-D) n • D 

(5) P 5 { i 2 n) - ( i - 0 ) n = r n 

In a similar rinr.er the expected length for a 
routed wire can he calculated using the normal 
forumla for expected value calculations, equation 
(6): 

(C) EC'tr.gthJ * 5Z Itnyth • F Hfcngth) 
let^gthsO 

(7) E(length) = "£, » " \1 -0 ) n ' D 

E(length)= (l-D) • D + 2(1-D>2 " D • 3(1-D) 3 

( l-D) E(length) = (l-D) 1 1 * D * ?(1-D J) * D 

- 3(1-D)4 • 0 * 

E(length) - (l-D) r { i e n g t h ) = (1-0) - n 

• ( l -D ) ' • D * ( l -D ) 3 ' D • 

D ' E(length) = £ {l-D-) n " D 
n=l 

(8) E(length) - £ (1-D) r 1 

n=l » - 0-0) 

The expected length value of equation (fl) is 
of a very simple font., just inversely proportional 
to the density <-f the hoard. Using rodel 1 a 
series of experiments were conducted to demonstrate 
that th is was in fdet an accurate «odel of the 
environment. For this experiment (and a l l others 
referenced here) the wire width was taken to be 
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One unit . Hires of gn.-dtrr width '.ouf0 re- handled 
wjlhl'iiutUaUy in a very similar nrtnn'T. Jhij 
falluwiiej jn . iJy i i i 11 Ju'-t'ot'.*- de yoner,! trcr:-
hiquc, wliicti uses tin- unit wire width a'„^u--ution. 

Fliurp I shows the results of routing experi
ment'' , bjsed en bOJrd i.«..lf] I- A very M'jn degree 
of agreei^nt betw?en n,....Li(j» fl and the i -Tt- r i -
mentally determined VIIH-.-'J was iound. 7 ,£ close
ness of the agree i.tnt is i-ai Surprisiny, R'usuSr? 
the rMlhc">at ical model developed >s i*M>lwuiy for 
ttic situation that wjs mode-led; s ingle, randomly 
placed used squares. 

H'jc-n the used squares are not single points 
( t f .q . . Ihrre arc conti-juous occupied s*»g f l i ts of 
squares such as wires), then the probabi l i ty of 
encountering an occupied square is q-eatly "w i i f i eo . 
When iwdi-Mng a rovtr-r »Mch pl.tcfs wjrei in o 
single direction on each l.iyc-r of a printed c i rcu i t 
board, the probabil i ty \ji mtinference »s related 
to the number of dist inct segments of sq j j res , 
rather than the number of Occunteo saudrc-o-

7o develop equations for the t f f e c t i v t density 
and expected length for boards with wire se^-enls, 
the modeling technique shoivn in f igure 2 t*. used, 
f igure ?a shows a l ine to be run, with one already-
routed line segment in the patn. The previously 
routed linps are coHap'-rd ' " t o s>r>jie paints 
(shown in Figure 2b). A correction ten" is then 
applied to the expected length calculat ion to 
account for the f i n i t e length of the previously 
routed wires; th is tern; is the average se^ent 
length divided by 2. Equations 9 and 10 ref lect 
the results of these calculations. 

<»> " e f f e c t ™ = °e : 

(10) £tU-n9th) ' EC1) 
H^m^m^ 

Running paral lel wires has reduced the 
effective density of a board; i n tu i t i ve l y this 
approach has reduced the congestion. This suggests 
the important of minimising the number of 
dist inct wire segments that must be used. Figures 
3 and A sufircariie experiments for board c<orjeN I 
and 3. Tim average segment length of equation 
JO requrjef a p r io r i l.nowledge of the segment 
lengths developed during routing. Obviously this 
value cannot be computed e,«<n.tly before r a t i n g . 
but i t can be approximated before interconnection, 
or could be accumulated as routing proceeds i f i t 
is needed. 

Figures 3 and 4 show agreenent between the 
second model and the corresponding experi: i-nta 1 
values, althojgh with increased error over the 
values, in Figure 2. This increased error is the 
result of the variance in the average hiirc lengths, 
and could have been anticipated, liquations 9 and 
10 could be applied to borird nodcl 1 as -.ft 1 . 
since the number of used segments >s t h e number of 
©ctupird squares in th is case. 

Uiing the expected density values, the 
probability of success, on a path (equations 3 and 
4) can tie calculated, these probabi l i ty values 
arc mxjified because of the f i n i t e segment length 
for the wires that are present, and are given 

3<]em as equations (1*1 and (4a) : 

(3d) P s(l=nJ = (1-D} n* (average segment Igth/ZJ'D 

(4a) P i(l=nJ - ( i -D) n ' ' (average segment lgth/2) 

Note that using equations 9 and 10 the 
expected number of Sj tcssfuJ ca'.v, on a complete 
route ma/ ue calcul. i trd, as the w ibc r of patns 
t r i ^d ti<*jes the uff- i ' l ' t / o' su'.-.ess for each 
p j tn . Ine ve-ionce u* 'quation (ID) can also be 
calculated to give J confidence factor for routing. 
I t i s also of ir.u-v?sl. though, to obtain equations 
for the probabil i ty of success P for several 
routers ami alienor cc-parisoi'. using this type Of 
analysis. 

M0DIUN& *XftMPLES 
A r a t i f i ca t i on of Lee's algorithm is the 

'router-in-a-bo/.' version [ 7 ] , As shown in Figure 
5 the two points to ie interconnected form the 
corners of a two-d''~i.Tisional rectangle, and Lee's 
algorithm is applied mtn in that rectangle. 
In tu i t i ve ly this restr ict ion appears j us t i f i ab l e , 
since the refraining thrte quadrant* not used for 
routing generally lead **-ay from the destination 
point, and are therefore l ike ly to be unprod.-.Uve. 

figure 6 shows an enlargement of one area of 
Hgure 5, w i t . a squjre at location (x ,y | in the 
box, and the TOUT adjacent neighboring ce l ls , the 
routing procedure is assumed to Be up and to the 
l e f t ; the proble-i is to f ind the probabil i ty of 
routing from point i«,y) to point (1,1). This 1s 
a function of the probabilit ies of success from 
two neignbor points only (because of the algorithm 
used), and is given by equation i l l ) ; 

(11) P s(x,y to 1,1) = f * P s U- l , y ) * F • P s(x,y-1) 

* (l-F) » F * f s(x-i,y} 

• n-f) • F • rs(x,y-n 
• F • P s (x- l ,y ) • F • 

( l -P s ( x , y - t ) ) 

+ F * P s(x,y-1) * F * 

< i -P 5 t * - i , y ) ) 

Equation (11) is an i terat ive equation, but 
is easily tabulated ttecuase the boundary conditions 
are known. Figure 7 shows the boundary conditions 
for the two box sides, and the remainder of the 
values r-j be tabulated by a straightforward 
application of (11) alcna either the rows or the 
columns. 

For certain points in Figure S an intertStf/ ig 
phenomena occurs: Tne probabil ity of Success 
may be uniform in a regfun of the board. That i s , 
equation i l l ) yields 

(12) P s(x.y to 1.1) = x = F * x * F * x 

• (1-F) • f * x * 2 

+ F * x • F • O-x ) * 2 



which cun bi- simplif ied to 

(IS) P (*.y to 1,1) = x = ' 

This equation is graphed as Figure 3. 

This is an une*pected and Surprising resul t : 
The probabil ity of completing J n t h bpfeen two 
points in the uniform region is independent of the 
path 'length between those p j i i n ' , -md d.^t'iiv.-nt 
on!/ upon l"<! bo*trd doii i i ty. Tin', result «-S 
Suggested as possible by LcoTijrd [b], tu t is not 
obvious. Clearly, however, i t is 3 very tiesiruble 
characteristic for any router! Figure B also shews 
8 relat ively sharp cut-off point ' c r routing at a 
board density of about 35 , a f igure which has been 
observed [ 1 j in other work. 

Path length independence is r.ot valid over the 
entire 'box' of Figure 5, The boundary conditions 
cause certain region! to have di f ferent (and 
generally much lower) P values; tnese regions are 
shown as the shaded area of Figure 9. The extent 
of this region is dependent only en the boara 
density. The method used to calculate these 
rtgions Is by tabulation of the P value for the 
entire board, using equation 11. 

The p.ith length independence formulas devel
oped above do not hold for tht or ig inal Lee 
algorithm. In this la t ter (.use the eo-jatioi 
corresponding to equation (-3; is a cubic in P , 
implying that there are {potential ly) three 
dist inct rcqions of stab'.e pronaaii »tv. RUiough 
the original Lee algorithm] gives J higher prob
ab i l i t y of successful routing tns-i the heuristic 
described t^ove, the analysis is .ilso mjch rorc 
d i f f i c u l t . Eq<i*tmn (UJ minh* - e ' l be used *s » 
more direct ly obtainable lower b?'j".d on performance 
for the Lee algorithm. 

Consider ne*t a quite di f ferent routing 
heuristic used previously by the authors [61 . ! t 
can be desenbea as a one-turn l ine prone i-cj t f r 
which attempts paths such as those shown in 
figure 10a and 10b, witn o parameter k <Je5i;";3 tin? 
how many lines are attempted m eac*i d i rect ion. 
The equation for the P interconnection of two 

points) is developed below, culc 
equation (If l f) 

idting I 

(14i) Probability of fa i ' i ng to route at least 
one l i ne , i units long: 

7T (1 - F'- " F*) 
K=-k 

(1461 Probability of success for previous ( l4a j : 

1 - IT (1 - F - * " F'J 
K=-k 

|14cJ Probability of a Sjccessful 'interconnection 
over one cross of Figure 9: 

(1 - TT (1 - F | r | ' f1)) " (1 - 7T 
K=-k Rs-k 

(i - F^F")) 

(14d) Probability of fai lure of (He) : 

* Iki ; k 

1 - 11 - TT Cl - F ^ - F ' ) ) " (1 - TT 
K -̂k K=-k 

{1 - F ^ ' F * ) ) 

(Ifle) Probability of fa i lure, on both crosses, of 
a route: 

(1 - (1 - 7T (1 - F 'MrM • (1 - TT 
K=-k K*-k 

(\ - f ' ^ F " ) ) ) 2 

( K f J P s for a route: 

1 - ( I - (1 - 7T {1 - F l K , F * ) ) ' ( * -
K=-r 

7T (1 - f l K ? F m ) ) l 2 

K=-k 

This equation is of l imited use; however 
reasonable aps rax nations can be made. F i r s t , 
assume that k «• i and k •'• m, to y ie ld (16a). 
Then, assume «. = m (meaning the two points to be 
interconnected determine a square, to y ie ld 
(15b), (15c). and {15d} 

k . k 
(15a) 1 - (1 - (1 - 7T 0 - F*J) • {} - V 

p»-k p'-k 

(15b) 1 - (1 - (1 - 7T (1 - r)) • ( 1 - tr 
p-fc p=-k 

(1 - F ) ) ) 2 

(15C) 1 - (1 - ( I - 7T (1 - F E ) ) 2 ) 2 

p=-k 

(15d) 1 - (1 - [1 - (1 - f 1 ) 2 ^ 1 ) 2 ) 2 

Equation (Mf ) has the property that is 
maximized i f the two points being interconnected 
are located at the corneis of a square, rather 
than at the corners of an elongated rectangle, 
and the value of the equation drops of f rather 
sharply i f the two points farm a very elongated 
rectangle. Equation (15; assures (opt imist ical ly) 
that the point pairs alw.i/s determine a square, 
rather than a rectangle. Jnd thus (15) represents 
a maximum potential performance figure for the 
router. The length of the path being routed does 
clear ly effect the P value for this router. 

i 



b«<ii*se of the > ler.3 in the t-jutfti'ir.. Table i 
shows the P value for <i range of ' . ' f f f t t ive board 
densities. E*[>CfiriRC [6 ] with this router h.js 
indicated that i t functions red',&nnb I / well un t i l 
the effective -.cnsiiy reaches belwve-* d and 5 . . 
witch is verfied by Taole i . 

nau t 
E f f e c t i v e Dens i t y " 
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8 1 
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I f t h e p r imary r e c t a n g l e shape i s an e l o n g a t e d 
r e c t a n g l e , e q u a t i o n ( I S ) i s n o t y . i l i e . S ince (1 ' j ) 
r ep resen t s a maximum per formance f i g u r e , nuwever , 
I t s h o u l d i n f l u e n c e the o b j e c t i v e f u n c t i o n used 
by any placement im-'thod; o b v i a u s ' y n i i m m u S - g the 
d i s t a n c e between modules does n o t n e c e s s a r i l y 
maximize •••& r o u t a b i l i t y o f <i b o a r d ! t a x a t i o n ( 1 4 ] 
i s <\ot e a s i l y reduces . St i s p o s s i b l e t o a s s u r e 
an 'average* r e c t a n g l e , b u t t h i s i s n o t mathemat
i c a l l y j u s t f U b l e . A d d i t i o n a l work Reeds t o be 
done t o de te rm ine how t h e shape o f t he r e c t a n g l e 
farmed by t h e two p o i n t s t o be i n t e r c o n n e c t e d 
e f f e c t s r o o t f l b i l i t y . 

The expe r imen ta l r e s u l t s d e s c r i b e d i n t h e 
p r e v i o u s s e c t i o n s used s t a t i s t i c a l s i r j i a t i o n 
models r a t h e r than p r o d u c t i o n r o u t o n . «nd p roduc 
t i o n c i r c u i t b o a r d s . V e r i f i c a t i o - s o* m e t e c h n i q u e s 
l u j g e s t c d ' " t h i s f j p e r r c q ^ r e s t ' . i t . ' . reduc t ion 
cnv i r o i u i e f i t s be- •**$•&. We a re p rc ' . e i i t ' i j - i n t h e 
p r e l i m i n a r y s tages o f e x p e r i m e n t a l v e r i f i c a t i o n o f 
t he models p r e s e n t e d h e r e , u s i n g :*.0 r e n t e r s . A 
Lee ' s r o u t e r w i t h l i m i t e d W r n a o i H t / , j i " i t u r n s 
cause l a y e r changes g i v i n g p a r a l l e l l i c » s on each 
l a y e r ) , and a many- tu rn l i n e prob3 r o i - t e r a r e 
p r e s e n t l y Rea r i ng c o m p l e t i o n f o r p r e d i c t i o n use i n 
the Design Automat ion System a t L a w r e n i s L i v e r / r a r e 
L a b o r a t o r y . A s e r i e s o f e x p e r i m e n t s u s . i w p roouc -
t i o n boards and c o n s t r a i n e d v e r s i o n s o f t he r o u t i n g 
programs i s be ing p lanned and car .duc ted . Msing w e l l 
unders tood r o u t e r s and Known module p ' i J t e i - e i t and 
i n t e r c o n n e c t i o n r e q u i r e m e n t s , t he e x p e r i m e n t s a re 
In tended t o v e r i f y o r c o n t r a d i c t t ne models .presented 
h e r e . 

Exper imenta l r e s u l t s m i l t be r e p o r t e d i n a 
l a t e r v e r s i o n o f t h i s paper . 

ORDERING 
Given a se t o f p o i n t - t o - p o i n t i n t e r c o n n e c t i o n s , 

t h e o r d e r i n g prob lem a t t e m p t s t o ceLf i i - ' . ine t n e 
o p t i m a l sequence o f t n t c r c o n n e c t t c n s t c maximize 
the expected nu"iber o f comple ted . v e r s . P rev ious 
work [ 4 ] i n d i c a t e s no c l e a r s i g n i f i e s 
p a r t i c u l a r o r d e r i n g : a l t h o u g h i 
p a r t i c u l a r o r a c - ; — — *•- k - - * 

• any 

j w r i n . u i d r y m t r i n g m-iy bo best pj_*u P. r. t*< i rJ.' n o 

ordering scheme seems clearly superior for the 
general case. 

Our ecut! gives one solution to th is problem, 
based on the r f igure. P is a function of D, 
tne path ler.y.n, and the router. This function 
can be deter-met), as i l lustrated above. To 
properly QfCw the Hires for routing i t is 
necessary to "-djicize the Sum of the P values for 
each wire, to obtain the expected mmber of wires 
that w i l l be completed (equation (16)). 

Il2« £ 
1 wires 

B t » l 

P t ( i n t e r c o n n e c t i o n m) 

Fo r e * a r p l e , t he Lee h e u r i s t i c above has P 
g i v e n by ( 1 3 ) , where 0 i nc reases p r o p o r t i o n a t e l y 
t o the l e n g t h o f each rou ted w i r e . The longer the 
w i r e t h a t i s <.or.j>3Hea t&e " o r e the board d e n s i t y 
i s i n c r e a s e d f o r the u n r a t e d , w i r e s . To maximize 
(16 ) i t is c l e a r t h a t s h o r t w i r e s s h o u l d be r o u t e d 
f i r s t . 

For a rare genera l ease . Such as t h e second 
r o u t e r H e u r i s t i c d i s c u s s e d , the S i t u a t i o n i s f a r 
more c a m p l e * . 0 inc reases w i t h long w i r e s f a s t e r 
t h a n w i t h s t o r t o n e s , bu t P, decreases both w i t h 
i n c r e a s i n g l e n g t h o f the path and w i t h i n c r e a s i n g 
0 , Tht csr ,c*usio i> fifecut o r d e r i n g here i s Vftry 
dependent upon the r o u t s r h e u r i s t i c , t n e P equa
t i o n , and t h e d i s t r i b u t i o n o f w i r e s t h a t must be 
comp le ted . 

Assuming the f u n c t i o n f o r F shown i n F i g u r e l l . 
t h e d e s i r e d o r d e r i n g aga in i s s h o r t e s t w i r e f i r s t 
t o max imize ( 1 5 ) . Note t h a t t h i s i s w i r e - l e n g t h 
d i s t r i b u t i o n dependen t , i n g e n e r a l , by the 
argument i n t n e p receed ing pa ragraph . I t shou ld 
a l s o be no ted t * ia t d i f f e i e n c e s i n the expec ted 
va lues f c r d i f f e r e n t c r ^ : r i r , g : e re 35.~eiir.e5 * e r y 
s rca l l i n a n - ~ e r i c a l sense , wh ich nay be the 
reason t h a t p r e v i o u s enher imenta l r e s u l t s wpre 
i n c o n c l u s i v e : t h i s f i g u r e i s a l s o S u b j e c t t o 
s t a t i s t i c a l v a r i a n c e r e l a t e d t o the f r o » - t o l e n g t h 
d i s t r i b u t i o n . *e have ye t t o f i n d a p r a c t i c a l 
r o u t e r where S h o r t e s t w i r e f i r s t does n o t maximize 
t h e e x p e c t e d t a w p l e t i r . n va lue p r o v i d e d by t h e 
nechan isn 1 presented above. 

MODEL LIMITATIONS 
I ' i s n o t c l e a r a p r i o r i t h a t t h i s model w i l l 

be a c c u r a t e . Trie «ode"1 assumes w i r e s randomly 
d : s t r i b u t e d cve»- tne t o & r d a r e a , w h i l e the w i r e s 
u s u a l l y a re c l u s t e r e d tova rds t h e c e n t e r o f a 
normal b o a r d . F u r t h e r , the ROdel i m p l i c i t l y 
assumes an i n f i n i t e boarr 1 , bu t t h e r e a r c n o t i c a b l e 
edge e f f e c t s on f i n i t e s n a r d s . These e^~e e f f e c t s 
may be compensated f o r a t some expense i n model 
c o m p l e x i t y . Perhaps t * e s t r o n g e s t l i m i t a t i o n o f 
t h e Bodel i * t * a t i t i s d e r i v e d f rom ou r board 
T ide? 1 , t » h : l c hoard model 3 i s much move r e a l i s t i c . 
The c o r r e c t i o n s t h a t myst be made t o o b t a i n model 
3 p r e d i c t i o n s a re no t m a t h e m a t i c a l l y j u s t i f i a b l e 
in an a b s o l u t e sense , b u t ire c l o s e r t o ' e d u c a t e d ' 
guesses t h a t c o u l d Be e x p e r i m e n t a l l y v e r i f i e d . 

CONCLUSIONS 
A model has been presented f o r p r i n t e d c i r c u i t 

board r o u t i n g . The mode! is s t a t i s t i c a l l y based , 
and i s p r e d i c t i v e i « t h a t s t a t i s t i c a l sense . The 
model i s Suppor ted fcy l i m i t e d expe r imen ta l ev idence 

http://35.~eiir.e5


and v e r i f i c a t i o n , and i_ on forms ; o - . eve ra l i n t e r e s t 
ing and d i v e r g e obse rvab le f e a t u r e : , of the r o u t i n g 
p r o t e s s -

FrOm our c a l c u l a t i o n s s e v e r a l i n t e r e s t i n g 
ideas have been d e v e l o p e d ; voce have y e t t o be 
v e r i f i e d o r d i s p r o v e n . f o r b o t h tfic- Lee " r o u t e r -
i n - a - b o x " h e u r i s t i c and the l i n e p robe r o u t e r i n e 
best P va lues a re found when tnc m i n t s to be 

i n t e r c o n n e c t e d a re l o c a t e d on the r .orners o f a 
s c j a r e , and not n e c e s s a r i l y when * ••*/ a i f ' . l j - , e r 
t o g e t h e r o r l u t j l e d on the co rne rs u * a r e c t a n g l e . 
Th is suggosts t h a t do ing p l j - . c ^ - n t o f c o ^ p o i e n t s 
shou ld a t tempt t o - is iminue an o b j e c t i v e f u n c t i o n 
wh ich cons ide rs p r i n a r y r e c t a n g l e shape f a c t o r s as 
w e l l as m i n i m a d i s t a n c e . 

For the l i n e probe r o u t e r t h e c d r 3 r e t e r k 
(number o f w i r e s t o run i n p a r o l 1**1) c o u l d be 
chosen , us ing e u j . u i o n ( l 5 d ) , to n c i n e . e a c e r t a i n 
P va lue ( r e l a t e d to con f i dence r e q u i r e d ) p r i o r 

t o r o u t i n g . Th is would g i ve the r o u t e r a degree 
o f adpa t f ve behav io r deyendin- j upon i t s e n v i r o n m e n t , 
and cou ld p o t e n t i a l l y be q j i t e e f f e c t i v e in 
••educing computa t ion t i m e . 

The model a l l o w s conpa r i son o f e t p e c t e d r o u t e r 
performance as a f u n c t i o n o f t h e d e n s i t y o f a 
p r i n t e d c i r c u i t board and the r o u t i n y h e u r i s t i c , 
and thus a l l o w s c o m p a r i s r - o f r o u t e r s and t he i - -
cos t / pe r fo rmance t r a d e o f t a . The r o j e i a l s o g i v e s 
some i n s i g h t i n t o the o r d e r i n g p r o B l e - i , and 
suppor ts the i n t u i t i v e l > reasonab le i n f l u e n c e o f 
o r d e r i n g on p e r f o r r a n c e o f a p a r t i c u l a r r o u t e r . 
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figure 4. Board Hodel 3 Experimental 
Verification. 
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Figure 5. Constrained Lee Algorithm. 
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Figure 7. Boundary Conditions Imposed on 
Constrained Lee Router. 
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Figure 8. Probability of « Successful Route 
as a Function of F. 
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Figure 10. A simple One-Bend Routing 
Algorithm. 
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Figure 11. Distribution of Interconnection 
Outcomes. 


