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IHTRODUCTION

Oesign autoration of electronic systems is
generally separated into a number of distinct
areas of effort. Brever [1] has divided design
automation into the oreas of logic synthesis, gate
simulation, partitioning, placement, rcuting, and
faull detection and dioygnosis, mnile LS separa-
tion may not be compiete or entircly accurate,
these functions generully must be perforuea.

At some point in the design process the com-
ponents have been chosca, the logical interconnec-
tions specified, and the componerts placed on a
printed circuit boards the next step 1S the
physical intercannection of electricatly cosvon
elements. Humnernus technigues hdve been proposed
to solve the resulting interconnecticn or routing
prablem, with alost endless minor variations on
these techniques possible [3].

Lee's alqorun—. {2} is ane o’ she fow true
algorith K
guarantecs that
points will be found i ¢ s.,usfa'tory path exists.
11 §s an cxhaustive alyorithm, as rany true
algorithms are, eaploring al) possibie patns.
Typically it is quite siow in execution becauie

all possible paths are ex.lored in parallel. A
number of modifications to this basic technique
have been proposed; mast change the algorithm to

a heuristic {it tan no lenger guarantee @ solution
will be found) in orde. to realize a gain in
execution speed,

There are also many heuristics of very differ-
ent kinds of solving the rauting proplem: nearly
any possible technique for tracing lines is
feasible, but results cannot be guaranteed.
However, many heurisiics run very rapidly in
comparison ta eshaustive algorithme and appear to
do a “reasonable” interconnection job.

One general classification scheme applicable
to most routers is whe'her they are depth- or
breadth-first routers. That is, do they explore a
path to a great depth ctoosuing to explore another
when foilure is encowntered, or do they eaplore
multiple path. in parallel, stopping when the
endpoint 15 reached by any peth, Lee's alaorithm
is a breadth-first algorithm, Host heuristics use

This work was perforsed uider Lhe auspices of the
U.S. Energy Pasearch and Developiieri Administration
under cantract ruocber k- WEI\G-~ 3.
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depth-first approaches which atternt to reduce
execution time.

There has been scme experiment tion with
polyrouters, i.e., two or more rout—s operating in
tandum. Often a fast heuristic dep -first router
1% used 1o make as many connections possible,
followed by a slomer, more expensive nd exhaustive
rovter attempting only those connecy ns that could
not be made by the first state cf the router.

Most of the routers discussed in current
literature are experirentally evaluated to give
some indication of their syccess, with performance
generaily espressed as a percentage cowpletion
figure for the nurber of wires routed on a board,
compared to the nurber of wires attempted. There
are few analytical tools. mowever, to indicate
or predict router performance.

This paper introduc's a mode} for printed
crreait boarde mhich can Se usad 1o prodict the
probability that o router wili successfully make
2 connectian. The model reflects certain
characteristics of the circuit board that is
being routed and the model incrementally changes
as the board is routed. Routing procedures
typically nave certain parareters which influence
selection of the set of naths that are explored,
dnd determine the order of exoloration. These
parataters obviously influence the probadbility
that a particular connection can be made. These
parameters may al1so be used to formulate a model
of the behaviar of a particular routing procedure.

The purpose of the Soard and router models
sraposed here is to allo.s (comparative} predictions
of router performance. More specifically, it is
assumed that the fedtures of a router which select
the set of paths explore) should impact the
probability that a router will be successful, as
wel) as router execution time. Relatjonships
between execution time and performance can be
snalyzed using the concepts developed below.

This study also attempts to sddress several
other guestions: What factors cause 3 router to
be good and how could a routers' performance be
increased lel‘plng the same geners' heuristic;
which router in a polyrouter Stould be used for a
marticylar conneition or when should the change-
over between rc ‘ers be made; and finally in what
order should tht connections be made to give the
greatest expected nunber of carpleted connections?
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Adnitiedly none of these guesticns are anwwered
fully in this paper. However, the geneegd analesis
techniyue vay bold the potentiad fur treatimg such

Jssues. 1t shiald aisa ne erphynized that both
poard environrent and router Behavivr rodeis are
statistivally tased, and thercfore do not uasrantee
that a particutar cornection can ve £ag- Burteren
any two paints; the approadh Livea wtll o L0
produce, for esch (ummectin, 3 prabeuility that a
satisfaciory path will found.  Nu coatieq
funclions are perfuremd Juring the ce-putalivn of
this probabiVity.

THE BASIC MODELS

The mode) of a printed cirfuit board is based
strictly on the ‘density’ of o toard. Several
avthors [4,6] have noted that 4s a bourd bacomes
more crowded (addivienal wires conplezed) 1t
beconies harder o9 route wires, ub would be expected.
At @ ccrtain density it becomes nearly irpossible
to route an additignal wire. This idea forms the
basis of the problem board mode?.

The model assumes that cach layer of a printed
circuit board can be representad as a rectanguiar
grid of small squares, each of which is either
empty (can be used)} or occupied (furtner use is
filegal.. The density of occupied scuares (or
Just density) is defined by cavation (1) as the
ratio of the number of g upied <quares to the
total nwder of squires all Jayers of a boara. As
density is just the prodaiblity of a square being
used, equaticn (2) defines tnc Srotabylity F of
a square being frew.

Sty = [ = ———. becupied squares
0) Density =G = 7 Occupied sqs. + 3 erply SGs-

(2) Free=F =1-0D

The initial mogelinyg effarts reported here
have been focused on three genvral classes of
boards:

MODEL 1. A board is filled witn randomly distrib-
uted occupied sguares. but no lines or
groups of connected grid squares are
included. This rodel mignt resembile
a board containing randosly placed
component pads.

HODEL 7. The board has randu~ly distribated con-
tinuous segments of cccupied squeres,
with all wires naving both espected
width and expeited length egual to
constant vaiues. This model sorewhat
resembles a p. i3tly routed buird, but
is more regulsr in 185 layoul.

HOUEL 3. The board has ronds 1y distribe*~d con-
tiguous seguerts af cccapicd Saaares,
with each scqg o aving @ cansiznt
exgecten width and a randor leaath
chosen from s given gistribution.
This rodel atie~pts o more acc.avately
represent a partially routed printed
circuit board.

Dur mogeling effurt 15 b-set on the following
arguaent.  If tnre denwity of the board is calcu-
lated by equation (1), then the probabily
a squére 13 occupied is [, and the prodatility

ot a syuire i< free is F by equation (). for a
pztn of lenqth n, the probadilily thet u line can
ke aovted eancily that wistance is Ziv. probability
that n free squares cae be found foliowed by n
occupied square, and (s given by equation (3}.

The vrotabiiity that a 1ine can be routed between
w0 points, nowever, i3 rol the probability that
it ¢an be routed exaclity the distdauce between
those points, butl rather the probability it cen
be routed at least that distance, ond i3 given by
equation (4), which is simplified to equatiun (5).

(3) Probability of success for length n =
Pi(ienglh:n) =fhep={1-D)"*D

(3) @ {length - n) = Soanto-- E‘(l-n)’*
L=n <0
D
aAl=1-0-(-0)*0--0%+p
R T LA

>

Pl

(1-0) P{z 2 n) = (1-0) - (1-D) * 0 - (1-0)°
D - (10" D

P2 2 n}(1-1eD) = (1-D)" * D
(5) P(aZn)= (i-0)" = 7"

In a ssmilar mannar the expected length for a
routed wire can be calcylated using the normal
|(’oruml.| for expected value calculatiens, equatfon
6):

(6] E{iengthj = 2. iength * 7 ilength;
Tength=0

(7) E{length) = ¥ o - {1-0)" " D
a0

E{length)= {1-0) * 0 + 201-0) * D + 3(3-D)?

TDt L

{1-D) Etength) = (1-0)2 * D+ 200-0%) - p

230-0% 0.
£(1ength) - (1-D) £{lenoth) = (1-0) * n
S (-0 0 e (1-0)% D4
0 ° E{length) = 2 (1-0" - 0
n=1

(8

E(length) = ;):\ (1-0)" = TTIYW)’ =¥

The expected length value of egustion {8) is
of a very simole fori, just inversely proportional
to the density of the hoard. Using rodel 1 a
series of experiments were conducted to demonstrate
that this was in fact an accurate aodel of the
envirenmeot. For this experiment {and all others
referenced here) the wire width was taken to be

i
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ane unit, Hires of grester width could b handled
mathematicalty in o very similar manner,  The
falluwing anidysis tilustrates the geneed teck-
rique, which utes the wril wire width atsu~ption,

Flqure | shows the results 6f routing erperi-
ments, bated on board el 1. A very riyn degree
of agreerent betwoen fysclion B ond the rsperi-
mentally determined votues wWas found. 7. close-
pess of the agreewnt 15 6ot Surprising, hecgpse
the falhematical wodel devcioped s explicitly for
the situation that was codeled:  single, randomly
placed used squares.

Wiern the used squares are not siagle paints
{e.q., there are contiguous occupiced sey ents of
squaces such as wires], then the prodatility ef

encoyntering an accupled square is qeeatly wodifies.

Khen nodeding a router whach places wires in &
single direction an each luyer of a priated circuit
board. the probability vf inte. ference ¥s related
10 the nuiber of distingt segwents of sqQuares,
rather than the number of QcCupied Sgudres.

10 develop equatians for the effective density
and expected Jength for boards with wire ceguents,
the modeling technique shown in Figure 2 15 used.
Figure Za shows a line to be run, with ane dlready-
routed tine segment in the patn. The presiously
routed Yinrs are codlapurd into singie points
{shown in Figure 2b}. A corcection term is then
appiied to the eapeited iength calculation Lo
account for the finite length of the previously
routed wires: this term is the average segment
Yength divided by 2. £quations 9 and 10 reflect
the results of these calcutations.

o) o 0o =2 distinct_seqrents of sGs.

effective - “e ~ ¥ used $qs. * : frec Sqs.

{10) Ellength) = EQ) = b - ($08CE SEGand 1qthi

Ruaning parallel wires has reduced the
effective density of a board: intuitively this
approgch has reduced the conjestion. This Suggests
the importsnie of minimizing the aumber of
distinct wire segments that must be used. Figures
1 and 4 summacize exgecicuars foc 30ard rodels 2
and 3. The average segment length of equation
10 requries a priori hoawledge of the sea-ent
lengths developed during routing. Obviously this
value canngt be computed eractly befare rauting,
but it can be approairaled Lefore interconnection,
or could bg accunwlatee¢ as routing proceeds if it
is necded.

Figures 3 and 4 show agreerent between the
second rmodel and the corresparding exper
values, although with increased error ovcr
values in Figure 2. This increased error is the
result of the variance in the average ~ire lengths,
and could have beea anticipated. Lquations 9 and
10 tould be appiied to beard nadel 1 as weld,
since the nurber of uysed segments s the nuaber of
seupied squares in this case.

Using the expected density values, the
prohability of success on a path (equations 3 and
4} can be calculated. 1tese probability values
are modified because of the finite seqment lengun
for the wires that are present, and are given

37ain as equations {(34) and {da}:
(2a) Po(l=n} = {(1-0)™ (aversge segment 1qth/2}'D
{4a) P (1en) = (i-0)"* (average segment 1gth/2)

Note that using eguations 9 and 10 the
espected nueber of Sucenssful gaths an 3 complete
rogle mays be calguloted, as the nu-ber of patns
trisd tiees the pre 1lity of suscess far each
Pathi. Ine yerignce of ryuation {1D) ¢on alto be
caiculated ta give 3 confidence factor for routing.
It 145 also of inlerest, though, o oblain equations
for the probabilily of success P for several
fouters and atlempt corparisort aslng this type of
snalysis.

HODELING SXAMPLES

A rogification of Lee’s algorithm is the
‘router-in-a-tos' version [7]. "As shown in Figure
5 the two points Lo Se interconnected form the
corners of a two-dircensional rectangle, and Lee's
algorithm is applied nithin that rectangle.
Intuitively this resteiction appears justifiable,
since the remaining three guadrants not used for
routing genera}ly lead eway from the destinatian
poiat, and are therefore Jikely to be unprod.:tive.

Figure 6 shows ar ealargement of one ares of
Tigure 5, wit. a squire at location {x,y} in the
box, and the rour adjacent ncighboring cells. The
routing procedure is assumed to be up and to the
left. the probien iS to find the probability of
routing from poiat ix,y) to point {3,%). Tnis 4s
a function of the probabilities of success from
two neignbor points only (because of the algoritte
used}. and is given by equation (11);

W) Pty 10 ¥,1) = F = Plelyy) * F 2 Poixyyet)
U R AT XCRRY)
+ {10} 2 Fop (xy-1)
«F " Ps(x-l,y) tF
(1-Pg{x,y-1))
+F* Ps(n.y-l) v Fw
-2 (1,y2)
tguation {31} 45 an iterative equation, but
is eesily tabulated becuase the boundary conditions
are known.  Figure 7 shows tne boundary conditipns
for the two box Sides, and the remainder of the
walues m1y be tabulated by a straightforwsrd
application of {11) alcng either the rows or the
colymns,
For certain points in Figure § an intercsting
phenomeaa occurs: Tne probability of success
miy be uniform in a region of the board. That is,
equation {11) yields
(12) Plxuyto L) =x=Fex*F*x
+{1-F) *F*x*2 N
PFEYa*F*(1x) v 2




which ¢an b swaplified to

|

(13) P(xy 01,1 = » = ’{

This equaliaon is graphed as Figure 8.

This S an unexpected ang surprising resyle:
The probubility of completing a poth botueen two
points in the uniform region i Indepeadent of the
path jength between those polare, ond deoentent
anly upon the board dencity. T result wes
suggested as possible by Leonsrd [5]. but 35 mot
obvious. Clesrly, rowever, it is 3 very desiradle
characteristic for any router! Figure H afso shews
& relatively sharp cut-off point fGr routing at a
board density of about 35 , a figure which has been
observed [4) in other work.

Path length independence is rot valid over the
entire 'box’ of Figure 5. The boundary conditions
cause certain regiors to have different {and
generally such lower) Ps values: tnese regions are

shown as the shaded area of Fiqure 9. The extent
af this regiar is dependert only on the board
density, ihe meihoo used to calculate these
regions is by tabulation of the PS valye for the

entire board, using equation 11.

The path length independence formulas devel-
oped above do not nold for the orijinal Len
algorithm. In this latter (ose the equation
corresponding to equation (.3; is 3 cubic in Ps,

implying that there are {potentially) three
Gistinct regions of stable propavility. Altnough
the original Lee algorithm gives 2 higher prop-
ability of successful routing tnzn the heuristic
described ¢hove, the analysis is =150 much mare
difficylt. Equation {13} minne w21] be used as 3
more directly obtatnaple lower tound on performance
for the Lee algorithm,

Consider next a guite different royting
heuristic used previously by the 2.thors [61. It
can be describec as a one-turn 1ine prope roater
which attempts paths such as ¢hpse shown 1n
Figure 102 and 10b, witn a pararerer k desij;nating
how many lines are attempted tn eicn directico,
The equation for the Ps tinterconnection of two
gaints) is developed below, culrirating in
equation (14f)

(14¢) Protability of failing <o route a2 teast

cne line, € unizs long:

k ’
AU A
K=-k

(14b] Probability of success for previous (14a}

k
1-7 (1-F
K=~k

)

{34c) Probability of a successful interconnection
over one cross of Figure 9:

'3 . k
p-mwa-tfpn-a. g
K==k Kook

Q - el¥myy

(13d) Probabiiity of failure of (1ac):

[3 X
1-u-mra-eepa- g
K-k

(1 - fiEy
{14e) Probabitity of failure, on both crosses, of
a route:
k ' k
a-p-o g-dley - . 7
K=k Ke-k

(- flklEm)2
{141} Ps for a route:

k
Tau-0- bRy e
K=k

k .
(- f%emn?
K=~k

This equation is of Timited use; however
reasonable apgraxiTacions can be made, First,
assume that k << L an¢ k "% m, to yield {15a).
Then, assume + = m {meaning the two points to be
interconnected determine a square, to yield
{15b}, (15¢), and {156)

. k s k
(5} 1 - -Q-qO-FN"0-7
pE-k pe-k

0 -emn?

k 1 k
sty 1-01 -0 -7 O-F)N (1- 1
p=-k p=k

(-enP?

k
(se) 1-(1-(- -
p=-k

(58) 1 -0 -0 - (- N2

Equation (14f) has the property that is
maximized if the two points being interconnected
are located at the corncrs of a square, rather
than at the corners of an etongated rectangle,
and the value of the cquation drops off rather
sharply if the two pointsy form & very elongated
rectangle. Equation (15} assumes (optimistically)
that the point pairs dlwayS determine a square,
rather than a rectangle. Jnd thus (15) represents
& maxinum potential performance figure for the
router. The length of the path being routed does
clearly effect the LA value for this router,
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v
belavse of the b ters in the cquition. Talle
shows Lhe Py vatue for @ range of effective board

densities. [xperience (6] with this router has
indivated thot it funcrions reantnebl; well iy
the effective <onsity reaches belwees 4 ana §.,
wi:ich is verficd by Taole i,

Table 1
Effective Density * Ps -
23 100
az 94
6% n
81 29
10z 12

If the primary rectangle shaae is an elongated
rectangle, equation {15) is not valic. Since (1%}
represents 4 maxivum performauce figure, huwever,
11, should irfluence the objective function used
by any placement method: ubviously minimizing the
distance between modules does nrat necessarily
maximize ..1e routability of & board! Zquattion (14}
15 not epsily reduced. It 33 possidle to assume
an 'average' rectangle, but this is not mathemat
{cally justfiable. Additionsl work meeds to be
done ta determine how the shape of the rectangle
formed by the two points 1o be interconnected
effects routability.

The experimental results described io the
previous sections used statistical sirsdation
mdels rather than sraduction rcuters ond produc-
tion circuit boards. Verificat:on of ine techniques
fuggested in thic Diper requives that drodudtion
cnvironzents te u32d. We are priientiy in
pretiminary tages of esgerimental verification of
the models preseated here, uSing w0 reyters.

Lee's royter with limited tura aoility (aii turns
cavse layer changes giving parallel lires on each
Tayer), and a many-turn i1ne probe rouvier are
presently nearing vompievion for prediction use in
the Design Automation System at lLawrencg Livermore
Laboratory. A series of experimnats us.aa peoguc~
tion boards and constrained versions of the routing
programs is being planned and carducied. Ysing meil
understogd routers and wnosn module piicerent and
tnlerconpection reyuirements, the Cxperiments are
intended to verify or contradict the rdels pgresented
here.

Experimental results will be veported in 2
Jater version of this paper.

GQROERING

Given a set of point-tp-point interconnections.
the ordering problem attempts to celer-ine tae
optimai sequence of interconnecticns to maximize
ihe expected number of compleled wires. Previous
wark {41 indicates no ciear significance for any
particular ordering:  although im 23ch Case &
particular ordering may be best ppst priari, no
ordering schewe seems clearly superior for the
general case.

“

Our eudei gives one solution to this problem,
based on the ‘rs figure. Ps is a function of D,

the path ler;tn, and the router. This function
cAa ba detervined. as illustrated above. To
properly ord.r the wires for routing it is
necessary to wuxirize the sum of the P, values for

each wire, to obtain the espected number of wires
that will be completed (equation (16)}.

= wires

{16) maximize 3 P, (interconnection m)
m=1 N

For exarple, the Lee heyristic above has P5

given by {13}, wnere D increases proportionately
to the length of edch royted wire. The longer the
wire that is cerpleted the mare the bpard density
is_increased for the unrouted wires. To maximize
{16) it is clcar that short wires should be routed
first,

For 2 rore genera! case. Such as the second
router heuristic discussed, the situation i far
mre camples. D incredses with fong wires faster
han with sturt ones, but Py decreases both with

increasing length of the path and with increasing
0. T corclusion sboutl ordering here is very
dependent upon the rauter hewristic, tne P equa~

tion, and the distribuvtion of wires that must be
completed.

Assuming the function for F shown in Figure 1),
the desired orderiag again is shortest wire first
te maximize (16}. Hote that this is wire-length
distriberion cependent, in general, by the
argument in tne preceeding paragraph, It should
aiso be noteg thai differences in the expected
waluce fer dYfferart oriirings are somelimes very
small in a nu-ericdl sense, which may be che
reason that previpus experimental resulis were
inconciusive: this Figqure i3 alsa subject to .
statistical variance related to the from-ta jength
distribution. «e have yet to find a practical
rguter where shortest wire first does not méximize
he expected tompletinn value provided by the
mechanism presented above.

MODEL L IMITATIONS

It s not clear a priori that this model will
be accurate. ine model assumes wires randomly
dstribyted over the tosrd area, while the wires
usually are clustered tovards the center of 2
normal board. Further, tre mogel implicitly
assumes an infinita board, but there are noticable
edge effects on finite tards. These edge effects
may be compensated For 3t some expense in model
complexity. ¢crhaps the strongest limitation of
the mode} 13 that it is derived from our board
rodel 1, while board model 3 ¥s much move realistic,
The correciions that myst be made to obtain model
3 predictions are ndt mathematically justifisble
in an absolule sense, bul are closér to 'educated’
guesses that could be experimentally verified.

COKCLUSTONS :
A rodel has been presented for printed ¢ircuit H
board routing. The mode! is statistically based,
and is predictive in that statistical sense. The
modg] is supported by 1imited eaperimenitai evidence

s
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and verifization, and conforms o weveral interest-
ing and diverse observable feature: of the routing
process.

From our calculations several interesting
ideas have becu developed: sere have yet to be
verified or disproven. jor toth the Lee “router-
in-a-box™ heuristic and the line probe reuter the
best Ps values are found when the toints to be

intercunnected are lucated on the corners of o
scsare, and not necessarily when they are claser
together or lutated on the torners uf a rectangle.
This suggests that doing placemcat of components
shoyld attempt to wintmize an objective function
which coansiders primary rectangle shape factors as
well as minimym distance.

For the line probe router the cararater k
{number of wires to run 1n paraliel} could be
chosen, using eguilion (15d). to aihieie a certain
Py value {related to conridence required} prior

to routing. This would give the router a degree

of adpative behuvior degending wpOn 1TS enyironment,
and could potentially be quite effective 1na

reducing computation time,

The mode) a1lows corparison of cepected router
performance as & function of the density of a
printed circuit board end the routing heuristic,
and thus allows comparisc~ of routers and theie
cost/performance tradeofts, The rodel also gives
some insight into the ordering proble=, and
supports the intuitively reasonable influence of
ordering on perforrance of a particular router.

REFERENCES

{11 Brever, ¥. A, "Design Automation af Digitel
Systems,” V. !, Preatice-Hall, 14’7

{2} Lee, C. Y., “An Algcrithm for P3th Coonection
and its Applicatious,” (RT Trarsaciine s cu
Electronic Computers, £C-10, 3, po. 346-355

{31 Wilson, D. C. and Smith, R. J., “A Biblioyra-
ghy on Computer Aided Pouttng and Placement,“
SIGDA Newsietter, ¥. 4, =], Janyary 74,
pp. 16-43.

[4] Abel, L. C. "On the Grderirg ¢ Connections
for Automatic Wire Royting,” 1EEE Trams. on
Computers, Nov. 13972, pp. 1227-1233.

[5] teonard, P. 0., Private comrunication, 1974,

[6] wilsar, 0. C. and Smith, R. J., "An Experi-
menta; Comparison of Force Divected Placement
Techniques," Cesign Automation korkshop, 1974.

7

- EE e

\
=
o
g
3
s
&
-
s
b
3
=
[l
T Experimeatal
—— Predicted
Boerd Density H
Figqure 1. Hadel ¥ Experimental Yerifi-
cation (10G3 paths per density).
— | T T ]
Start Previously
Routed
Segment

2a.  Actuwal Sitvation

¢ — I\
Start
2b. Approaimation corrects segment
length by (average segment lengtn)/2.

Figure 2. Mudel 2 Development




il

1 I[;"Il " _Ii...‘.‘..i...‘.‘.u.‘

iy

x,y*t 3
x-1.y Xy x¢1,y
‘ =
S
-3
£
&
: xy-1
+ s
3
% Figure 6. The Adjacent Square
5 Predicted Relationships.
& | —— Predicte: T
§
Board Density . ; 'J P [FJ l P JFTI
Figure 3. Board Model 2 Esperimental
Yerification. 1
1 —
A More error than that f
‘{/ found for Hodel 2 —
'
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Figure 11. Distrivution of Interconnection
Outcomes.,




