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The paper deals with the automation of the placement of integrated modufes on a board and

0f the intenconnection of the module tenminals. The procedunres proposed for s0lving

such

problems nequine very Limited nesounced for implementation and are nelatively fast, as com
paned to the approaches discussed in the Litterature. The neduced complexity ordginates
from the assumption of a structured scheme and the decomposition of the plLacemeni problem

and

INTRODUCTICON

The problem of automating the realization of
a logical circuit consists of four subprob-
lems [1] :covering the given circuit by means
of a set of integrated modules; partitioning
the modules in subsets (each one correspond-
ing to a board); placing the modules of a
subset in proper positions on the board ;
intenconnecting the terminals of the modules
on the board.

Automated procedures for solving the two
last problems, well suited for implementa-
icn on a small computer, are described in
this paper.

The aim of the placement problem is to mini-
mize some objective, such as the total con-
ductor path length. As the connections a-
mong the modules are not determined when the
module placement is carried out, this goal
cannot be directly reached; the most algo-
rithms proposed in the litterature attempt
to mininize some quantity indirectly related
to the interconnection length [2,3].

The interconnection problem can be, in turn,
divided in two major subproblems: wire £4{s%
detenmanation, that consists in determining
tow a set of electrically common medule ter-

o4 the interconnection problLem in simpLen cascaded subproblems.

minals should be interconnected; wire Lay-
out problem , that consists in specifying
the conductor path in every wire list. Sev-
eral procedures for solving single steps of
the interconnection problem have been pro-
posed in the litterature [4-10]. Specifical-
1y, the wire layout problem solutions con-
sist of either a heuristic procedure and or
Lee's algorithm [ﬁ]. In this algorithm the
board is divided into small squares, whose
size is comparable to the width of a conduc-
tor path. Akers [9]has ghown that at least
five different simbols are required, in the
computation, for characterizing the situa-
tion of every square on the board. This tech
nique requires a large memory space for im-
plementation and is incongruous with our
aim.

For obtaining an algorithm requiring a lim-
ited memory space, a solutlon is proposed
in which the conductor paths are printed ac
cording to a fixed connection scheme. More-
over, for reducing the total computation
time, the placement problem and the inter-
connection problem have been decomposed in
several simpler subproblems, solved sepa-
rately. This decomposition is made possible



fen

by the features of the proposed structure

scheme.

propose attenpt to minimi-
ze the total area covered by the conductor
paths, In every step, an objective related
to this qguantity is directly minimized.

The procedures we

EMTEQCbMNECT!ON PROBLEM

In the proposed scheme the connectlions among
module terminals are realized by means of
horizontal and vertical segments, printed on
different sides of the board. An horizontal
and a vertilical segment electrically common
are connected via a hole. The modules are
placed in the board on the nodes of an array
{ Fig. 1}; the exact position of each row and
each column will be stated only when the in-
terconnection problem will be completely
solved.,

A connection among electrically common ter-
minals of modules belonging to the same col-
umn is realized by means of a vertical seg-

ment, printed in the vertical strip on the

rigth sideé of the considered column, con-

nect the horizontal prolongations of the
inals (Fig. Z}

proper bterm

+

A connection among electrically common ter-
minals of modules belonging to different col
umns is realized by vertical segments con-
necting module terminals in a same column,
as stated in the preceeding paragraph, and
by & horizontal segment connecting the ver-
tical segments previcusly obtained and
printed in a horizontal strip whose position

is to he determined (Fig. 3} .

Some vertical segments can be prolonged to

the connector (up to the top side of the
or conﬂ»”tgnq madules belonging

board }, f
: e

Ty using such a scheme, the wire list prob-
iem reduces to determine the horizontal
strip where each horizontal segment must be
printed. Moreover, the wire lavout problem
reduces to determine the exact position of
a segment in the corresponding strip, 1. &,
the horizontal {vertical } line where each
horizontal (vertical ) segment must be
orinted.

Hote that in this connection scheme the
interconnection problem has always a solu-
tien, no matter how the modules are inter=-
connected, while the procedures using the

s algorithm are not always ahle to route
all the conductor paths.

o

Wire List Determination

For interconnecting terminals of modules
belonging to different columns, a single
horizontal segment is used. The position of
the horizontal strip selected for printing
such a segment determines the length of the
conductor path. Each horizontal segment is
assigned to the horizontal strip for which
the connection length results minimum.

Wire Layout Problem

This problem has been sclved in two separate
steps: a) assignment of the horizontal seg-

ments to the horizontal lines in every hor-

izontal strip; b) assignment of the vertical
segments to the vertical lines in every ver

tical strip.

In performing the first step, the actqal jole]
sition of the extremes of the horizontal
segments 1g unknown, as the position of the
vertical segments has not vet be stated. It
is assumed that in a horizontal strip two
horizontal segments connected to a pair of
vertical segments belonging to the same ver
tical strip can always be printed in the
same horizontal line ({compaitibility hqﬁoth—
es4s }. For every horizontal strip, the’ num
ber of horizontal lines necessary for print
ing the horizontal segments is evaluated,

as the maximum number of horizontal segments
crossing a column in the considered strip.
Every horizontal segment is assigned to a
line in the strip, by taking into account
two objectives: 1) assigning to dlfferent
lines two horizontal segments connected to
a pair of vertical segments belonging to the
same vertical strip, whenever the number of
the horizontal lines required does nat ex~-
ceed the maximum previously evaluated; 2)
assigning the horizontal segments to the
lines in a strip in an ordered way, accord-
ing to the position of the cenfre of gravd-
1y of the extremes of the vertical segments
connected to each horizontal segment., The
first objective attempts to eliminate the
restriction imposed at the relative posi-
tions of the vertical segments by the com-
patibility hypothesis. The second objective
attempts to maximize the number of vertical
segments that can be printed in the szame
vertical linse.

In the second step, the vertical segments
are assligned to the vertical lines with the
objective of minimizing the required lines
in every vertical strip. This is achieved

by filling a line at a time and by assigning
each time to the line one of the vertical



segments whose upper bound is the nearest to
the lower extreme of the last assigned seg-
ment. In performing this assignment algorithm
a priority relation must be taken into account
between two vertical segments connected to

a pair of horizontal segments that have been
assigned to the same horizontal 1line.

PLACEMENT PROBLEM

although the procedure previously described
for interconnecting the module terminals
leads always to a solution, no matter how
the modules are placed on the board, never-
theless the resulting optimization level de-
pends on the actual positions of the modules
on the board.

The aim of the procedure described in this
section is to find an optimal module posi-
tion in respect to the application of the
interconnection procedure.

The placement problem has been divided into
three simpler optimization subproblems: mod-
ule partitioning into columns; module order-
ing in every column; column ordering in the
bhoard.

Module Partitioning

The modules are partitioned in subsets of
given cardinality with the final objective
of reducing the width of the horizontal and
the vertical strips. Note that the width of
a vertical strip has a lower bound,deter-
mined by the number of interconnections a-
mong the modules in the column at the left
side of the considered strip and ‘the con-
nector; while does not exist a bound on the
width of a horizontal strip. Moreover, in a
vertical strip there exist some restrictions
on the position of the vertical segments,
due to the compatibility hypothesis. As the
efficiency of the wire layout algorithm in

a given strip increases as the number of seg
ments in the strip increases, it is conven-
ient to concentrate the interconnections in
the vertical strips, i.e. to reduce the num-
ber of the interconnections among the col-
umns.

In order to reach such objective, first an
initial configuration with reduced column
interconnections is determined, and then
this configuration is improved, thus ob-
taining an optimal solution in respect to
the change of position of any two modules.

The initial configuration is constructed by
filling the columns sequentially, through
successive steps, each step adding a module

to the current column. The module to be
added is selected according to a criterium
of "maximum conjunction, minimum disjunc-
tion" used in most of similar problems [11]
Precisely, the following figure of merit
has been used:

where V_, represents the number of intercon-
nections among the considered module and
the modules already assigned to the current
column, and V_, represents the number of con
nections among the considered module and L
the modules not yet assigned..A quantity C
has been added to the denominator in order
to distribute the connections to the con-
nector with a certain degree of regularity
among the vertical strips, and then to in-
crease the efficiency of the algorithm for
reducing the vertical strip width. The quan
tity C is defined "O" if the number of the
connections among the connector and ‘the mod
ules assigned to the current column, includ
ing the considered module, is less than th;
average a of the number of connections be-
“ween a column and the connector; otherwise
C is defined equal to a . The addition of
"1" to the denominator prevents the division
by zero, and to - the numerator draws a dis-
tinction between modules for which V., is
equal to zero. , !

The module configuration thus obtained is
improved by means of a"simple replacement
algorithm" [12] . At a given step the module
M' is selected, for which is maximum the
difference d between the number of intercon
nections among this module and the modules
belonging to the other columns, and the num
ber of interconnections among this module -
and the modules belonging to the same col-
umn. The replacement of the selected module
yielding the maximum decrement in the num=-
ber n of the interconnections among the col
umns 1s executed. If no replacement of M' i
makes n to decrease, the module not yet con
sidered for which d is the greatest is se-
lected. The algorithm stops when there ex-
ist no module for which d is positive, as
the number of interconnections among the
columns cannot decrease by changing the po-
sitions of two modules for which d is neg-
ative.

Note that the degree of optimality of the
final configuration obtained by applying

the simple replacement algorithm. (optimality
in respect to the number of interconnections

cdo



ancing the columns) depends on the degree of
optimality of the initial configuration. For
this reason, an initial configuration with

a good optimization level has been con-
structed before applying this algorithm.

Module ordering

The modules asslgned to every column are
ordered from top to botton with the aim of
minimizing the width of each vertical strip.
Precisely, in each strip is minimized the
nunber of vertical lines required for
printing the vertical segments connecting
terminals of modules helonging to the corre
sponding column only. The portlons of verti
cal segments necessary for connecting termi
nams of modules belonging to different col-
umns cannct be taken into account, as the
position of the horizontal segments is not
known at this stage.

At a given step of the module ordering
algorithm, it is evaluated the number L, of
the lines required for printing the vertical
segments connecting the modules alredy or-
dered, and the number Lz of these lines that
are not utilized in corfespondence to the
position in which the new module is to he
piaced. Let us consider a module M" not yet
ordered. The segments connecting M" to mod-
ules vet ordered. have been considered in
the previous steps, and the number of lines
required for printing these segments has

been considered in L. Some of these segmentsg
{connecting M" to nodules already ordered
only ) may stop in a terminal t, of M", thus
making allowable an existing line for a new
segment  {(connecting M" to modules not yet
oraered and starting from a terminal of M
whose position is lower in respect to the
position of t, }.Then, the segments connecting
M" to modules not yet ordered only can be
printed in existing lines (lines not utilized
or Lines in which some segments stop ) ,or

can regquire new vertical lines. The module

iz seleocted for which is minimum the fol-
lowing figure of merit:

where L 1z the number of the existing lines
in whic% can be printed verbical segments
connecting M%, and L is the number of the
new lines required for printing vertical
sogmants connecting MY to modules not yet
ordered only.

An initial value must be assigned to L in

order to select the module to be assigrned o

the first position in the considered column

oo

The width W of the vertical strip is approx
imately evaluated assuming that: 1) the
lenght of each vertical line is proportion
al to the number of modules in the colunmn;
2} the length of each vertical segment is
proportional to the number of terminals con
nected by the segment; 3} the vertical seg-
ments can be printed consecutively in the
lines independently of their position. The
initial value of Lf is assumed to be the
maximum quantity between U and the number

I of connections among the modules belonging
to the considered column and the connector.
Of course, the initial value of L, is the
maximum guantity between "0O" and 6 [w-T1).

Column Orxdering

The columns are ordered with the objective
of minimizing the total langth of the hori-
zontal segments. It should be difficult to
minimize directly the width of the horizon=
tal strips, as the position of the horizon-
tal segments is not known at this stage,
and the position of a column affects the
width of all the horizontal strips, that
should be considered simultaneocusly.

First, the column is considered for which
is maximum the number of interconnections
with the other columns. In every successive
step, the column is selected for which is
maximum the number of interconnections with
the column previously ordered, and the
length £ of the horizontal segments’ neces-
sary for the interconnections is evaluated,
supposing the considered column to be as-
signed both on the left side and on the
right side, near to the columns yet ordered.
The ecolumn is assigned to the position for
which £ is minimum,

CONCLUSIVE REMARKS

The procedures described in this paper have
been actually implemented on a IBM=360/67
computer, in order to evaluate the opti
mization level of the result [i3-14]. A pro
gram for generating pseudo~random circuits
hag been written, in the hypothesis that
the probability for m terminals to be slec-
trically common is:
plm ) = -k

h

m
where k and h are constant, and m=7.
The number N of modules on the board, the
maximum number M of electrically corwmon mad
ule terminals, and the percent F of the ter
minals of a module utilized for the connec-
tions can be arbiltrarily fixed.



In Fig. 4 a printed board is shown, obtained
by applying the proposed procedures to a
pseudo~-random circuit with 37 12-terminal
integrated modules, distributed in 7 columns
and 6 rows, generated by supposing M=10 and
F=60%.

From the examined examples, it results that
the quality of the automatically designed
boards is comparable with the quality of the
boards manually obtained.

This first implementation has also made pos
sible an approximate evaluation of the re-
sources and of the computation time required
for an implementation on a small computer.
For a circuit lilke that shown in Fig. 4 and
a computer like the Hewlett-Packard 2100,we
extimate that a memory space of 10 K-words
(the word length being 16 bits) and a com-
putation time in the order of a score of min
utes be sufficient. )
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Fig., ¢ Connections among teaminals of modules belonging 2o the same column
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Fag. 3 Connecddons among Lfeaminals of modules belonging to diffenent columns
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Fig., 4 An automatically designed boand





