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Chainman's Introduction

Welcome to New Onkeans and the 14th Design Automation Conference. This year we hque 70
technical papers coverning new innovaitions and Zfechniques in ;hq automation of various aspects
0§ electrical, mechanical, and architectural design. .In addition, we siant each conference
day with a tutonial whose purpose is to give to those new in the field an overview of Zhe
techniques employed in a particular area of design automation. And, of course, we will
continue to have the evening "binds of a feather" sessions to allow those with common
intenests in a Apecific anea to get togethern for continued, Ln-depth technical discussions --
as in the past, .we hope that confenees who would Like to suggest a particular topic for a
"binds of a feather" session wilf coordinate with someone at the negistration desk to get a

sign-up sheet stanted. ; L -

Vhy did you come to the Design Automation Conference this year? Some of you are negulars --
ve see you every year. And, if past statistics hold up, about a thind of you are new --
sithen new to the DA field on just finst-time parnticipants in this particularn conference.

\nd, 0§ counse, thene ‘are a few who searched the conference £istings forn a nice vacation spot,
tnd chose New Orleans this year. But, seniously, why do we come fo the congerence?

¥ ¥ e, : ; §
Speaking forn myself, 1'd Like to say that I1've been atftending these conferences for seven
jeans now and- 1 bgtiéuavthat-l_have‘gendinely'beneﬁited grom the interactions herne. What
1appens to all of ws, I believe, 44 that we get so0 enmeshed in our own fob and oun own way
1§ doing things -- whether it be how we attack the design of an algorithm, the structuning
7§ a new system on' the management of a profect -- that we narely take the time fto stand back
ind reevaluate our methods. When we come to the Design Automation Confesrence we get away fon
thnee days - away from the stack of mail and Zhe telephone and the pressures of immediate
needs. While we are here we are 3£4iLL thinking about our fobs, "but usually we anre thinking
1bout them with nespect' to the views of the speakern at a technical session, a counterpanrnt
during a coffee break on dinnern, onr the didcussion going on at'a "binds of a feather! session.
Technically, even managenially, oun problems are very much the same, and yet we someimes
handle these problems inm very different ways. 1 say, sometimes, because actually I §4ind that
fon the greatest pant, even though we come from companies all over the world, our method of
handling design automation problems are nemankably alike. But Lt is the differences that
stand out and are nemembered. And, pernsonally, 1 always go back to my job with a new idea
and a nenewed desine to approach my fob' in a different mannenr.

This yean, we have added two new items to our conference, a Best Papen Award and an Artwonrk
Show and Contest. With the Best Paper Awand, we hope Zo make special necognitiomw of the
tremendous effornt nequired to- produce a top-notch papen that presents some kind of break-
through in the design automation field in a way that makes it easily undenstandable and
intenesting to the neaden. Oun method of handling this award was to ask Zhe Zwo technical
neviewens of each papern to indicate 4if the papern was of particular high quality. 0§ the 70
paperns selected fon the conference, 8 of these papers were designated by neviewens as being
0f particular menit. A commitfee of four was then appointed and each memben of the committee
was asked to neview all eight papers 4in teams of this Best Papen Awand and List them in the
onden of thein preference. The top gour papers from these votes based on a dirnect comparison
of the oniginal eight papens anre the finalists fon' the awanrd and each of you has a ballot,
allowing you somefime durning Monday or Tuesday £o read Zhese fourn outstanding papens, and vote
on 4t by placing your marked ballot in the box at the neégistration desk. The awanrd will be
made during the Wednesday Luncheon by Steve Chappel, who suggested the idea 0§ having the
Best Paper Awand. Duning the conference, we would apphrecdiafe if if you would. make your feel-
ings and suggesdtions concenning the metfhod of handfing futurne DAC Best Paper Awards known zo
any DAC Committee Memben. : ‘

The Artwonrk Show and Contest has also been added to the Conference this yearn to allow as a
means for viewing useful output of each othens design automation sysitem with the contest pant
included to generate internest. In this case, the chodice wifl be made by a New Onleans arntist.
The award will be presented at the Wednesday Luncheon by Paul Losleban, who suggested this
addition to our conference. ! ] i : Rass

The DAC Commifttee wonks as a team to organize and hofd this conference. As the conference has
grown in sdize and scope, the organization problLem has grown with it. This is an extracurnic-
ulan activity that nequirnes a great deal of effort from people who are already busy. 1 would
Like to express my appreciation to the membens of the committee and to those in our sponsoring
onganizations - the ACM's Special Interest Group 4in Design Automation and the TEEE Computen
Society's Desdign Automation Technical Commititee who have made Zhis conference possible. Wonrk-
ing with these people over the Rast year has been both a newarding and pleasurecable experience.
But you, the confernees, are also nesponsible for making the conference a success by younr
contributed papens, discussions, and interactions in the next thrnee days s0 Let's all get going
at our continued effornt o make DAC '77 an outstanding conference.

J. G. Brdinsfield
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A MINICOMPUTERIZED AUTOMATIC LAYOUT SYSTEM
FOR TWO-LAYER PRINTED WIRING BOARDS

Ikuo Nishioka, Takuji Kurimoto, and Hisao Nishida
Central Research Laboratory, Sharp Co., Ichinomoto, Tenri, Nara, 632 Japan
Isao Shirakawa and Hiroshi Ozaki
Department of Electronic Engineering, Osaka University, Suita, Osaka, 565 Japan

Abstract

The requirement for high density packéging is do-
minant in the design of electronic systems. In the
assembly of such systems multi-layer printed wiring
boards are often used to provide the necessary connec—
tions among functional modules, and as the wiring den-
sity for a board ascends, an automatic scheme to re-
alize 100 percent wiring would be more essential to
reduce cost and time incurred in laying out wire pat-
tern. Thus, methods to improve the layout of printed
wiring boards are still continually under investiga-
tion.

The present paper proposes an automatic layout
system for two-layer printed wiring boards, which op-
erates ona PDP 11/40 computer with 24K 16-bit words
of core memory and with 1.2M words of disk storage,
coupled with a TEKTRONIX 4014 display terminal in con-
junction with a 4953 graphics tablet. This system has
been at work, and more than 300 wiring boards of manu-
facturing use have been already processed automatically
by this system, almost all with 100 percent routing
realized. A part of such implemented results are also
shown. :

1. Introduction

In the design of electronic systems, the high
density packaging is one of the most important objec-
tives in order to reduce cost and improve reliability.
In the assembly of such systems two-layer printed wir-
ing boards are still most used to provide the neces-
sary connections among functional modules, and hence
of practical importance is the layout scheme to real-
ize high density wiring on such boards.

Generally, the circuit modules to be interconnc-
ted by means of a two-layer wiring board are mounted
on the first side of the board, each with connector
pins inserted through conducting holes, called plated-
through holes, so that each set of the pins to be made
electrically common can be connected by conductor
paths, or wire routes, composed of horizontal and ver-
tical segments on the first and second sides, respec-
tively, and vias to connect segments on different sides.
Thus, the process of layout for such a wiring board is
to be divided ihto two phases: The first is the place-
ment of circuits modules on the first.side, and the
second is the routing of conductor paths on both sides.
To these problems a variety of approaches have been
proposed and extensively developed (see, for example, -
excellent literatures [1-3]). However, especially as
to the second problem, in most instances routing algo-
rithms are non-iterative, that is, wires are laid out
one at a time in a specified order, and meanwhile once
they are laid out, they can not be modified later.
Hence, it is essential that wires be routed in the
'optimum order' subject to some criterion. As is often
employed for two-layer wiring boards, let the perfor-
mance of a router be measured by the number of un-
routed wires, then the ordering scheme is very criti-

[4’5], but any of schemes so far proposed is not
fully satisfactory to this end.  Thus, there is a ten-
dency that as the wiring density for a board ascends,
the flexibility, and therefore wirability, of any rout-
er based on non-iterative algorithms descends. To

cope with this, new approaches are still continually
under investigation[5r6]. On the other hand, as ano-

ther way out of this difficulty, of practical use is
the interactive layout scheme based on a minicomputer
(for example, see [7]).

The present paper proposes a minicomputerized lay-
out system for two-layer printed wiring boards, which
operates on a PDP 11/40 computer coupled with a TEKTRO-
NIX 4014 display terminal in conjunction with a 4953
graphics tablet. This system is distinctive mainly in
that the routing scheme, composed of line-search and
maze-running routines, is automatic in the following
sense; a user who' is a lit;Ie acquainted with specific
features of the two routines, has only to try to modify
the current wire pattern so as to make an open space in
order that each wire route still ‘lacking can be laid
out automatically by applying any of the two routines.

This system has been in use, and is contributing
not a little toward reducing cost and time incurred
in manufacturing printed wiring boards. To observe
its performance, a number of results so far implemented
for practical purposes are also outlined.

2. Hardware Configuration

An outline of the hardware configuration of the
system is shown in Fig. 1: This system operates on a
PDP 11/40 computer with 24K 16-bit words of core me-
mory and with 1.2M words of disk storage, coupled with
a TEKTRONIX 4014 display terminal in conjunction with
a 4953 graphics tablet. In addition, the system is eq-
uipped with a card reader, paper tape reader/punch, 9
track magnetic tape unit, and a console typewriter. A
digitizer is used off-line to provide input data con-
cerning pin locations of each circuit module on the
board. A drum-plotter is used for check drawing of
wire pattern generated by the routing process, and a
photo-plotter is for photo realization of wire pattern
completed in Artwork File.

3. Software Configuration

The software configuration of the system is out-
lined as shown in Fig. 2, where each routine has a
function summarized as in Table 1.

Table 4 Function of Each Routine
Routine Name Function
GET-S To read input data and to const-
g ruct the source data file
EDIT-G To correct those errors, which
are detected as the input is pro-
cessed, directly at the graphics
display without undue delay caused
by paper tape or card handling
-G-FILE To build the design data base from
5 the source data file
M-FILE To manage the design data base
LINE Line-search routine
MAZE Maze-running routine
S—-GRAPH Interactive editing routine for .
the design data base
C-GRAPH Interactive editing routine for
the artwork file
NC Tapes Ge-| To generate NC tapes to be inputted
rerating A to a drum-plotter for check drawing
NC Tapes Ge-| To generate NC tapes to be inputted
nerating B to a photo-plotter and a drilling
: machine




To check .short- and disconnection-
errors of wire pattern which may
possibly arise in exgcuting S-
GRAPH

Closeness checking for wire pat-
tern in executing C-GRAPH
Replacement routine

S-CHECK

C-CHECK

PLACE

)
Note that in this system the design data base is
accessed by pairwise independent routines such as
1. Line-search routine (LINE),
2. Maze-running routine (MAZE),
3. Interactive editing routine (S-GRAPH),
4, NC tapes generating routine (NC Tapes
Generating A),
5. Checking routine (S-CHECK),
6. Replacement routine (PLACE).
Here, the line-search routine (LINE) and maze-running
routine (MAZE) constitute the routing scheme of this
system, which is outlined later. The interactive edi-
ting routine (S-GRAPH) is for modifying the current
wire pattern with the aid of a CRT display system so
that each wire route still lacking can be laid out auto-
matically by applying any of the two routing routines,
as is discussed later. The NC tapes generating routine
(NC Tapes Generating A) is to produce magnetic tapes to

be inputted to a CALCOMP 1036 drum-plotter and for back-

up store. The checking routine (S-CHECK)- is for. check-
ing automatically any short among wire routes associ-
ated with different signal nets* and disconnection of
wire routes associated with the same net, which may
possibly arise in executing modifications of wire pat-
tern with the use of the CRT display in S-GRAPH. In
addition, the replacement routine (PLACE) is optionally
provided to modify the initial placement of the modules
on the board, with the use of the CRT display, which is
also outlined later.

4, Implementation Overview

Normally, a design originates in the form of pro-
viding input data to describe the pin locations of cir-
cuit modules on the board and the net interconmection.
As the input is processed, numerous error conditions,
are detected, and these errors, if any, may be corrected
directly at the graphics display without the undue de-
lay caused by paper tape or card handling. Once the
input has been read, the design data base is construc-
ted, and the system waits next operations.

'As to implementing the routing scheme, in its
first run, the process is fully automatic with the use
of the net ordering scheme, to be stated later, and
begins with the line-search routine for all nets in
the specified order. Then, for those nets which are
still unconnected, the maze-running routine is executed
in the order specified before.:

At a stage when the user gets 100 percent routing
and is satisfied with the wire pattern, he executes
checking the net interconnection on a drum-plotter, .
then shifts the operation into the second stage around
Artwork File, which is constructed from the design data
base. Otherwise, the graphics editing system for wire
pattern plays an active part. The user may be devoted
to updating the current wire pattern in order to make
isolated pins be connected in the next run of the rout-
ing process.

For this purpose, the interactive updating routine
in this system offers various kinds of instructions
which will be discussed later. With the use of these
interactions, the wire routes still missing in the cur-
rent pattern are to be laid out at a time in the next
run of automatic routing, as in the following policy:

* A signal net indicates a set of the pins to be made
electrically common.

For each net still unconnected, a user first
tries to modify the current wire pattern so
as to make an open space such that the wire
route between an isolated pin and the con-
nected part of the net can be generated
. through the open space, and he then restarts
the routing process, ordinarily the maze-
running routine. Series of graphics updat-
ing and automatic routing can be repeated
_ until the user is satisfied with the wire
. pattern so far generated. ;
Thus, in this system any new wire route is generated
in principle by automatic routing rather than manual
routing, which might be so complicated as to be liable
to make wiring errors, as well as to be time-consuming,
especially when the wiring density is high.

Now, we must also pay attention to the fact that
we are confronted very often with various kinds of un-
standarized modules .to be mounted on the board. In
such a case, it is desirable that a user can execute
graphics updating, observing a realistic artwork pat-
tern on the screen. To this end, we provide a power-
ful tool named C-GRAPH, as will be stated later.

Once a wire pattern layout of a board is comple-
ted, facilities are available through this system to
obtain a full array of design documentation. This do-
cumentation includes artmasters for wiring board fabri-
cation, check drawing, and NC tapes generation for
drilling machine and back-up store.

5. Board Specification

The effective area for wiring use is divided into
columns and rows, both with the same width 1.27mm (or
1/20 inch), which is the half of the interval between
two consecutive pins of ordinary DIP IC's, and let a
square region located in column x and row y be desig-
nated as a cell (x,y). Henceforth, let it be supposed,
unless otherwise stated, that

1° such IC's are placed on the board with dual

* . pin-lines oriented vertically,

2° horizontal (vertical) wire segments lie in

rows on the first side ( in columns on the second

side), ;

3° any plated-through hole or via occupies a

cell, under the condition that any two must not

be located at pairwise adjacent cells, where cell

(x,y) is said to be adjacent -to cell (x' ,y b e b

and only if |x-x'|+|y-y'|=1.

The wiring area of 512 rows by 512 columns is
the maximum sizé. applicable to this system, for which
32,768 words (=524,288 bits) are provided to form the
bit map necessary in the line-search ‘routine, with
8,192 words (equivalently, 256 rows by 256 columns) in
core and excess words in disk.

6. Routing Scheme

A line-search algorithm and a maze-running algo-
rithm constitute the routing scheme of this system,
and any of these is to be conducted for some speci-
fied signal nets, one at a time, in a predetermined
order by ordering scheme, or for a single net indi-
cated by a user, in such a manner that in the routing
process for a net the disk is not accessed, but once
the process halts for the net, all the necessary infor-
mations about the wire segments created in this process
are transferred from the core to the disk.

A. Line-Search Algorithm

In the following, an outline of the line-search
algorithm adopted in this system is described, by which
usually 80-90 percent routing can be attained. The
line-search method, originally proposed by Mikami-
Tabuchi [8] and extensively used, consists essentially
in finding a wire route by searching for those candi-



dates which may possibly be chosen as horizontal and
vertical line segments of the wire route. The algori-
thm, based on Yamamura-Shirakawa-Ozaki [9], is so so-
phisticated as td be implemented by a minicomputer.

Throughout the routing process, each signal net
is partitioned into two; the one is a set of the iso~
lated pins and the other is a set of pairwise connec-
ted pins, and associated with an incomplete net, rout-
ing procedure is, at any stage, devoted to creating
a wire route to connect each isolated pin to the con-
nected part, that is, the connected wire pattern so
far generated for the net.

To describe the line-search algorithm, we need
some definitions as follows: Associated with a pin ti
located at cell (x4,yj), let us denote by a segment of
level 0, written by 2£p(ti), a possible wire segment
candidate in one of the following shapes

1° a maximal horizontal line segment to be newly
drawn on the first side from cell (xj,yi),
2° a vertical segment from (x4,¥y4) to unoccupied (x4,
yi*1) and a maximal horizontal one to be newly
drawn from (xj,y{*1), both on the first side.
A segment of level 1, written by %3(ty), indicates a
possible wire segment candidate in the shape of a max-
imal vertical line segment to be newly drawn on the
second side from a cell located on any 20(ty), and a
segment of level 2, written by 2,(tj), a possiblé wire
segment candidate in the shape of a maximal horizontal
line segment to be newly drawn on the first side from
a cell located on zl(ti), which does not coincide with
any zo(ti). :

A rough sketch of the line-search algorithm is as
follows: Let T={t;,t),...,t,} be a signal net to which

- the algorithm is to be applied, and let US and CS de-
note the unconnected set, that is, a set of the iso-

" lated pins, and the connected set, that is, a set of
the pairwise connected pins, 'of the net, respectively,
where it is noted that T=US vu CS, USnCS=¢.

The algorithm consists essentially in finding
those wire routes to connect each tj € US to some of the
wire segments, already settled, connecting pins in CS,
which are limited to be composed of three or less hori-
zontal wire segments and two or less vertical segments,
This limitation on generating wire pattern aims at
speeding up the search.

Initially (when CS=¢), the algorithm seeks an in-
terval [xj,x;], over which segments 20(ty) of level 0,
with tj € US, are most congested, and let any of those
pins t; € US, for which ko(ti) pass over this interval,
be chosen arbitrarily as a member of CS and be deleted
from US.

At the first stage, the algorithm seeks wire
routes composed of segments of level up to 1, as fol-
lows: Pick up any pin t, € US, and search for the fol-
lowing segments

1° a segment Lo(ty) of level 0 which inter-

sects any vertical wire segment already

: settled in the connected part of the net,

2° a segment 2o(ty) of level 0 which meets a seg-

ment 2g(t.) of level 0 for any t,eCS,

3° a segment 21(ty) of level 1 which intersects

a segment 2g(t.) of level 0 for any t. € CS.
If such segments are found, then wire routes to connect
ty to the connected part can be defined, based on these
segments. Choose the shortest® of these routes, and
add it newly to the connected part, with t, transfer-
red from US to CS. Repeat this process for the remain-
ing pins in US. ;

At the next'stage, wire routes composed of seg-
ments of level up to 2 are generated, as follows: Pick
up any ty e US, and seek the following segments

1° a segment £3(ty) of level 1 which intersects

any horozontal wire segment, already settled

*. By the shortest route we mean the one which occupies
the least number of cells.

so far, in the connected part of the net,
2° a segment 29(ty) of level 2 which intersects

a segment 27 (t.) of level 1 for any t¢e CS.
If such segments are found, wire routes to comnect ty
to the connected part can be defined on these segments.
Choose the shortest of these routes, and add it newly
to the connected part, with t, transferred from US to
CS. Repeat this for the remaining pins in US.

In the computer implementation of this algorithm,
the process of finding segments of level 0, 1, and 2,
which is dominant over the others, is conducted by mak-
ing much use of the bit map, and every time any new
wire route for a net is generated, all informations
about its wire segments are stored in the core, one
after another, which are transferred to the disk at the
termination of the routing process for this net.

This algorithm realizes ordinarily 80-90 percent
of the total wiring, and the rest is processed by ano-
ther algorithm for the maze-running method, to be out-
lined below.

B. Maze-Running Algorithm

The maze-running method, first proposed by Lee
[10] and later modified by Geyer [11] and Rubin [127,
consists essentially in finding a wire route between
two cells by means of expansion around one until the
other is reached, and hence does not fail to find a
wire route to connect them whenever any one exists, al-
though it requires processing time much more than the
line-search method.

Any of the algorithms so far proposed aims mainly

- at seeking the shortest route and/or reducing the num-

ber of vias, 'and hence in its application to two-layer
wiring boards, there may possibly occur a case when a
fairly long vertical (horizontal) wire segment is drawn
on the first (second) side®**, and this vertical (hori-
zontal) segment prevents a certain number of horizon-
tal (vertical) wire setments from being generated across
it on the first (second) side later on, which lowers
the wiring density of-the board.

Considering this, the maze-running algorithm adop-
ted in this system is divided into two phases: ¢

The first phase is provided to avoid such a sSitu-
ation stated above, by introducing into it directional
limitation facilities such that the vertical (horizon~-
tal) portion of any wire route between two consecutive
vias, does not exceed totally some specified length on
the first (second) side. Although by this limitation
on generating wire pattern, a wire route, otherwise
possible, might fail to be found, it should be claimed
that in compensation for losing such a route, we can
expect to get more routability by this, which is to
avoid in advance making unnecessary obstacles for a
number of wire routes to be generated later.

The second phase is mainly based on Chiba-Shira-
kawa-Ozaki [13], and is sophisticated such that its
application to an incomplete net yields a tree-shaped
wire pattern, which connects an isolated pin to the
other isolated ones and the connected part of the net,
whenever such a tree-shaped wire pattern exists. The
following is a brief description of the second phase.

0°: Given a signal net T= {t3,t9,...,ty} for which

" US and CS indicate the unconnected set and the

connected set, respectively. Select a pin tje
US , let the cells on both sides occupied by
this tj be the start cells and the cells occu-
pied by the other pins in US or by the connected
part for this net the target cells. Mark the
start cells and let them be the front cells.

1°: Repeat the following for each front cell while
there exists one, and then go to 4°:

For any front cell (x,y), examine whether or

%% Note that in this paper the first (second) side is
principally for horizontal (vertical) wire segments.



not there is any target cell in its adjaccent
cells still unmarked, and let (x,y) be a non-
front cell. If a target cell is found, then go
to 2°, else mark all unoccupied cells adjacent

) to (x,y), and add them.to the front cells.

2°: 1f such a target cell is the one occupied by a
pin in US, then mark it and add it to the front
cells. Otherwise ( in this case, such a target
cell is occupied by the connected part), mark
all the cells on the connected part, and add
them to the front cells. Then go to 3°.

3°: 1If all the cells occupied by the pins in T are
marked, then go to 4°, else return to 1°.

4°: From each marked target cell, settle the wire
route backward to the start cells by tracing
marked cells, one by one, in the reverse order
of the search, and then halt.

At this stage, all the pins with their cor-

responding cells marked are proved to be con-
nected to the start pin tj.

In the computer implementation of this algorithm,
the wiring area of a given board is paged into blocks
of 32 rows by 32 columns, so that the blocks can be
processed, page_ by page, in the core of the minicom-
puter in such a fashion that once the front line of
.the search enters into a different page to some depth
from the boundary, that page is substituted for the
old one in the core so as to be searched next.

74 Orderihg Scheme

It is possible for a user to input his digitized
or displayed manual layout into the system, instead of
automatic wiring. Thus, the signal nets to be ordered
are those which remain still unconnected after such a
preassignment. 4

In this system the input data for such the re-
maining signal nets are divided into two classes: The
first is DATA-1 consisting of those nets, given top
priority by the user, which are to be arranged in the
order of his instructions. The second is DATA-2, com-
posed of the rest, which are left entirely for the
ordering scheme..

Traditional ordering schemes tend to attach much
importance to the dength of potential wiring fer each
net. Apart from them, the ordering in this system es-
teems the relative relationship among the pin loca-
tions for each net.

The priority order for the nets depends on the
assumption that ordinary DIP- IC's are placed with dumal
pin-lines oriented vertically*, and is given roughly
as follows;

& nets within a certain horizontal spread,
I: nets within a certain vertical spread,
II: nets of high density pin-distribution.

A brief description of the ordering scheme is
given as follows:

0°: Let U be a set of the nets in DATA-2, and for
each det Ty = {til,tiz,...,tin}eu, with each

pin tj, placed at cell (fik.yik), let

H}( Amla‘x { xik}, ol Amin Uxg,. 1,

Hy A_max { Yik % A min { Yik}
3 k
% & i =5 % e
D A M mx 3 Dy A=My my A

Then, for specified constants a=20, b=12, and c=50,
sort U so as to be put into a list I= (21,22,23,24)
by the following procedure.

1°: For SIA{TieU I-Disa}, make a list p; in ascend-

*# In this case, there are far more obstacles for hori-
Zontal wire segments than vertical ones, in general.

ing order of D;, and put U«U-—S,.

29 VoY S, {T;eU | D:;sb}, make a list I, in ascend~
ing order of Di, and put U<-U—-52.
3%z For S3 A {Tie U | Di:sc}, make a list Iy in ascend-

ing order of Di, and .put U<—U—S3
4°: For each T eU calculate d A(D1+Di)/n, where n

AIT I and make a list I in ascending order of dj.
Here, it should be added that the list I thus ob-
tained is permitted to be altered in part by the user.

8. Interactive Editing Routine

Interactive editing routine provides two kinds of
facilities for graphics updating; the first is S-GRAPH
to update the current wire pattern symbolically dis-
played on the screen, based on the design data base,
and the second is C-GRAPH to complete the final compo-
site artwork pattern to be 1nputted to a photo-plotter,
based on Artwork File.

In the process of implementing S-GRAPH, once a
user attains 100 percent wiring, he has only to modify
the current wire pattern until he is satisfied with it,
or until he is convinced that it may be free from any
trouble latently possible in the subsequent stage. On
the other hand, while 100 percent wiring is not still
realized, he may be devoted to finding another better
pattern by adding new wire segments and/or modifying
the current pattern. However, especially when the wir-
ing density is high, such a manual layout, which is a
prevailing policy, is so complicated that it is fairly
time-consuming, and furthermore, rather liable to wir-
ing errors. To cope with this difficulty, this routine
is organized so as to supply for the user a variety of
sophisticated instructions convenient for modifying
wire patterns, by which he can easily make an open
space in the current wire pattern in order that a wire
route still missing in it can later be laid out auto-
matically by applying either the line-search or maze-
running routine.

‘The instructions prepared in this system for gra—
phics updating are listed as shown in Table 2, and are
classified as M
—Add

‘—Window —Select

—Enlarge —Move —Grid-on
—Reduce " —Delete —Scale
r—Shift —Repeat.

Table 2 Operating Command List for

Graphics Updating

§ i Control Mode

XEQ Execute buffered commands

MKDR Load drawing from master file to uorking
drawing

STOR Store working drawing to back—up file

EDIT Enter edit mode
EXIT Close edit mode
2.  Edit Mode '
A. Edit Control Mode
XEQE "Execute buffered commands and redraw picture
DBUF Delete all buffered commands
CTRL Enter control mode
B. ‘Window Manipulation

FIT Fit drawing into screen

WIND Enlarge specified part of drawing into window
DWIN Decrease magnitude by half

SHFU Move window up by 1/2 window height

_SHFD Move window down by 1/2 window height

SHFL Move window left by 1/2 window width

SHFR Move window right by 1/2 window width



C. Level Manipulation

EDTL Make specified levels editable
XEDT Exclude editable levels from display

D. Select Manipulation

SELA Select all components

" SELC Select center of specified component

SELE Select end of specified component

| SELP Select specified pins.or through-holes

SNET Select all components of specified signal net

UNSA Unselect all selected components
UNSC Unselect all selected centers of specified
: components
' UNSE Unselect all selected ends of specified
components
UNSP Unselect specified pins or through-holes
selected :

E. Component Manipulation

ADD . Add component on specified point

DELT Delete selected components

MOVE Move selected components

SWAP Change existing level of selected components
CHGS Change signal net selected

CHGD Change spindle size for selected pins
CHGR Change photo aperture for selected pins
CHGL Change photo aperture for selected lines
NAMS Display statistics for selected component
LOCK Switch to prohibit any oblique line

CUTL Cut specified line into two lines

DNET Display all components of selected signal
net

DTBL Display details of used parts

F. Grids and Rulers Manipulation

SCAL Display x, y axes

GRID Grid display switch

GDON Grid on-off switch

DLOC Display abs. coordinates at specified point

User interaction with the editing commands is
carried out through the use of a stylus. These avail-
able instructions are displayed at the right of the
screen, and the user can select one of them with the
stylus. At the top of the screen, accepted instruc-
tions are also displayed.

Some implementation examples are shown in Figs.
3-5.

In the computer implementation, a magnetic disk
data segmentation facility is employed, whenever nece-
ssary, which enables only the required portions of the
whole wire pattern to be in core while the rest is kept
on backing store. :

C-GRAPH 'is a routine to complete an artwork lay-*
out pattern of a board at the final stage, based -on Art-
work File. In its implementation, the layout pattern
is realistically displayed, such that each wire seg-
ment has a specified width and each plated-through
hole or via is in the shape of a circle with a speci-
fied diameter. To manipulate the layout associated
with unstandarized circuit modules, facilities are
available to alter the grid size, at the desire of a
user, with precision up to 0.01 mm.

In addition to the commands listed in Table 2,
the following ones are also available in this C—GRAPH;
which are properly provided;

DRUL Display ruler between two specified points
WGRD Change working grid ;

REAL Switch display mode from (to) symbolic to
(from) realistic (or composite)

DIVD Divide the straight line between two speci-
fied points into k equally parts, so that
k line segments with the same width can
pass across the line

Some implemented examples are shown in Figs. 6-8.
: 5

9. Replacement Routine

This is optionally provided for modifying the pla-
cement given by a user, and is to be applied mainly in
a case when the wiring performance through the first
run of the automatic routing scheme is too bad, such as
80 percent or less. ;

If the user wants to replace modules on the board,
he can accomplish it by the use of graphics. In this
routine, -a display of the modules on the board can be
viewed. In order to visually analize the placement
quality, minimum spanning trees for some or all of the
nets can be displayed. Through the use of interactive
display techniques, the effects of module movement and
exchange can be instantaneously realized.

How to improve the placement is illustrated in the

“following with the use of an actual example. Fig. 9

shows the displayed placement of a given digitized in-
put, in which each straight line connecting two pins
corresponds to a connection requirement, and the pro-
files at the right and the bottom depict the conges-
tions of these straight lines crossing corresponding
rows and columns, respectively. For this placement, a
sequence of processes of exchanging a pair of IC's
and/or moving an IC to an idle position are conducted
so that the total length of the shortest trees (mini-
mum spanning trees) for all nets can be reduced, where
a tree for a net is not a Steiner's one, but simply a
spanning one in the complete graph which is defined by
all pins in the net as its vertices and edges between
all pairs of such pins, each with a weight of its dis-
tance. The total.lengths of the shortest trees in the
last placement and in the present one are displayed at
the upper right-hand corner. Fig. 10 shows a replace-
ment result for Fig. 9, in which the list of IC's dis-
p}ayed at the right indicates those which are newly
selected for movement from the last placement, and the
total length of the shortest trees is seen to be re-
duced from the initial 40,364 to 29,940.

10. Implemented Results

This system has been at work, and more than 300
two-layer boards of manufacturing use have been laid
out by this, almost all with 100 percent routing re-
alized, where all those boards without 100 percent re-
alization are for equipments to be made on an experi-
mental basis, instead of finished products, for which
100 percent routing is not always sought with persis-
tence. :

To see the wirability of the router in this sys-
tem, we have compared it with APD-W of IBM, Japan,
which is a program system of batch Processing and is
most extensively used in Japan. Statistics of all the
five sample boards are as follows:

Size: 200 rows by 204 columns

No. of modules mounted:

# connectors = 22-pinx4
# IC's 16-pinx53 equivalently
# LSI's 24-pinx8 81 14-pin IC's

Module density: 1.26 inch2/14—pin‘IC
Implemented results for all these five boards are shown
in Table 3, where #connections indicates the total sum

of required connection pairs, that is, the total sum
of |T4|—1 for all nets Tj> LINE and MAZE denote wiring

‘performances of line-search and maze-running portions,

respectively (associated with this system these two
routines are without interaction).

Table 4 shows a part of the implemented results
by this system, where Wiring Area indicates the effec-
tive area for the routing process, Module Density de-
notes area of inch2/IC equivalent, and Rerun of MAZE
means the wiring portion performed by the maze-running
Toutine after modifications on wire pattern in S-GRAPH.

Figs. 11 and 12 show the artwork patterns on the
first and second sides, respectively, of a board out-
putted by a ‘photo-plotter. ;



Table 3 Comparison of this system with APD-W

Datum No. 1 ¥4 3 4 o
Systems APDW _ This | APD-W ' This | APD-W _ This | APD-W _ This | APD-W  Thie
nats 7 % 179 249 202 178
#fconnections 324 352 420 343 370
flused-pins/IC 7.9 8.6 1023 8.7 8.8
LINE 79.63%  94.75% | 83.81% 98.30% 75.71% 90.21%| 78.43% 93.40%| 79.19% 90,547
MAZE 16.36 * 102,78.4:13.92., .1.42 | 1638312024333° [<16162> D9829654. 45345 5.95
Total 23:99 97053 179773 '99.72 | 92.14.;94.56 |- 95.04 197:10.0 94.59. . 96 45
#1solated-pins 15 9 11 1 35 32 29 - oihis 24 21

(Note here that all these boards have been completed with 100 percent routing by the next run of MAZE in S-GRAPH.3

Table 4 Implemented Results

Module i Wiring Performance (%)
Board | Board Size | Wiring Area ffipins Density finets | #connec- 1st Rerun of
No. (inch) (inch2) (inch2/1c) tions LINE | MAZE | MAZE TOTAL
¥ 9eh %91 65.4 1092 0.84 137 190 82,11 | 15 7187 f DL FE 100
2 12:3 x11,5' 130.9 2283 0.80 220 338 74.26 [17.46 | 8.28 100 -
3 6.1%11.4 S 1306 0.61 190 335 76.12 (18.51 | 5.37 100
“ 4 9.5x10.9 66.9 1196 0.78 123 169 : 78.70 |15.38 | 5.92 100
5 9.5x10.9 : 98.9 1487 0.93 106 169 78.11 |14.79 7.10 100
6 10.3x 9.0 . 83.7 1160 01 294 530 91..32 8.68 0 } 100
7: 95 11D 43,2 456 Sagih YL ) 68 161 97.03 [ 2.97 .| 0 100
8 9Fil203' %128 141.6 1768 3012 260 507 97.44 | 2.56. | 0 100
9 1285117 119.9 1496 12 237 407 | 73.71 |17.69 8.60 100
10 | 12.3)%11.6 112.5 1665 0.95 319 652 90.49 6.90 2.61 100
11112650419 5 b ot 258 1811 0.93 287 L7, ' 74.85 [18.38 | 6.38 99.61
12 8.5x12.9 83,7 1105 1:19 218 316 87.66 8.86 | 3.48 100
13 945ix31. 5 " 82.8 1457 0.80 316 604 78.97 i6.23 4.80 . 100
14 -12.4 %1250, 124.1 2270 0.77 4 263 467 83.08°|' 8.57 ;o g 99.36
15 | 12.4x11.6 128.; 1617 1,49 - 345 635 78.74 14.96. 6.30 100

11." Conclusion Systems. vol. 1, Englewood Cliffs, N. J.: Prentice-
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Development is continuing on more sophisticated 1972. i
automatic routing and placement algorithms, as well as [5] B.R.Rau, "A new philosophy for interconnection on
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