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ABSTRACT

The circuit layout problem is an important facet of
physical design of electrical circuits as the cost, perfor-
mance, maintenance énd reliability of any electronic circuit
also depend on the placement of circuit components on fhe
printed circuit boards The partitioning and léyout of printed
circuit boards is a very important phase in making a good

Physical design of an electronic system,

In this dissertation methods have been developed to
obtain optimal component placement on double and multilayer
printed circuit boards. The component placement is obtained
such that ﬁhe design avoids the congested area, excess cross-
overs or holes, long etches, strong capacitance, temperature
rise of components due to thermal coupling and improves the
reliability of the circuit, An efficient iterative algorithm
based on sensitivity analysis is presented to achiéVe optimal
placement of*cifcuit components (similar or dissimilar in
size). A technique for‘obtéining a good initial placement of
components is also developed, The fofmu}afion of via assign-
ment problem for multi}ayer printed circuit board has been
dealt with and a refined heuristic algorithm is developed

for its solution.
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LIST OF SYMBOLS

initial via column matrix defined as

-, 1y if net Ng contains a pin in row i
43 = { 0; otherwise

final via column matrix

number of horizontal divisions on the board
number of vertical divisions on the board
comection matrix of order NXN defined as

[W if components E; and Ej are
_ gconmnected by £ wires

c; s ={
+J 0, otherwise

‘

vector to indicate whether a component is placed on
the board such that
1, if E; is placed on the board

¢ 0, otherwise

Py

component i, i=1,2,4e0e,N

fictitious component placed in empty cell
i=1,2,,+.4yab=-N

activation encrgy

objective function to be minimized for placement

number of holes

wiring function related to the length of etches

wiring function related to the interconnection

densities, in horizontal and vertical sections of the

board

wiring function rclated to the stray capacitance

objective function related to the temperature rise of

components due to thermal coupling between them



AFi(s,t) increment in function F; due to interchange of

[GsH]

=

=z =
.

components Eg and Et in the placement matrix P
matrix obtained from connection matrix C and
Placement matrix P, such that

i = . 1=1,25400,N
+J - k=l l,ij J=ly2yeeeya

e =% o 1=1,25 000,
A7 v AP 3a1,2,.0.,0

Boltzmann's constant

net matrix defined as

Nos if jth pin of component number i/2

[iﬁ _ (or (i+1)/2) of the lower (or upper)
' pin row is comnected to the net Ny

0, otherwise

length of printed;FirCuit board
length of the oell)i.e; Lb/b
natrix of the order NIXNT defined as
mij = disﬁance between components Ei and Ej
number of components to be placed
net, J=l,2,see,\N o
total number of nets in the circuit
number of pins in each row of a component
total number of pin rows equai to (2 X a )
total number of slots on the board ( é X b)

placement matrix of order a X b and defined as

pj 4=k, if component E, is Placed in
position (i,J)



ie

ij

set of components excluding fictitious components
placed in rows 1,2,es44i

thermal resistance of component Ei when circuit
board is assumed to be perfect insulator

thermal resistance of component E; when heat
transfer in circuit board is taken into account

coupling thermal resistance between component E{

and Ej

set of components excluding fictitious components
placed in columns 1,2,+ee,a ‘

absolute ambient temperature in QK.
absolute junction temperature of component E; in‘oK
power dissipation of component E;

interconnection leads passing through ith horizontal

-section of the board

interconnection leads passing through ith vertical
section of the board

interconnection density in ith horizontal section
of the board i.e, Wh /1y |
interconnection density in ith vertical section of

the board i.e. in/Wb
width of the board

 width of the cell i.e. wy/a

failure rate of a component at absolute junction
temperature T



CHAPTER = 1

INTRODUCTION

1.1 QveFVZéw

In the design of present day large scale electronic
systems, high density packeging is achieved by DProper design
and interconnection 'of its subsystems. The design invéives
placement of components and interconnections at three diffe-
- rent levels. At the lowest level, logic elements are to be
Placed and routed on a semiconductor wafer. A printed circuit
bbard is used at the second level with ICs and other éompo-
nents instead of logic elements. Set of PCBs form the back-

plane which is the third level of the layout problem.

Printed circuit boards are certainly a very important =~
element in the fabrication of electronic equipment., It is the
design of properly laid out PCBs that determine many of thé
limiting properties with respect to noise immunity, fast pulse,
high frequency and low level characteristics of the equipment.
High power PCBs in their turn require a special design strategy.
The design of PCB forms a distinct factor in electronic circuit
performance and reliability. The producibility of a PCB and
its assembly and serviceability aiso depend on the design.

All these factors finqlly get reflected in the price for thé_
‘electronic equipment, because PCBs constitute about 20 percent

of the cost. .
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1.2 Printed Circuit Board Design

The magnitude and complexity of the PCB design problem
is too large to solve &1 mass. Thus attempts are made to divide
the problem inte distinct phases which are individually handled.
The circuit diagram of a particular electfonic system is assu~
‘med to be available in the form of design diagrams. An inde-
pendent physical component is considered as a module and each
module has several pins which are to be connected electrically.
Each such connection is said to form a Signal Net, A collec-
tion of such signal nets describing a complete layout is called
a Net list. The individual components are given physical ﬂ
1ocations'on the board surface, so that the electrical connec-
tions betweén them can be done. The positioning of the compo-
nents can be done to optimize ceftain‘characteristics of the
layout, such as total wire length, board area, total number
of holes, expected congestion, time delay, maximum .length' of
an etch, stra§ capacitance temperature rise due to thermal
coupling etc. Goto and Kuh [4], Patnaik eteall.[10], Quinn
and Breuer [11] and many authors use only total wire length
as the optimization criterion for the placement cof components.
Gupta [5] has developed a refined iterative multicriteria

optimization placement algorithm based on

1, criterion related tc the length of etches,
2+ minimization of interconnection wiring density,

3, minimization ¢f stray capacitance,
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b4, minimization of the effect on the electrical
performance and reliability of circ&it due to thermal
coupling befWQen components,

5. minimization of total number of holes required for the

realization of the circuit.

A placement problem is said to be solved if such an
optimum physical positioning is achieved for all the components,
Having assigned physical locations to electrical pins to be
connected, the actual physical laying of condgotor patterns‘is
to be attémpted. This problem is referred to as the routing
prohlen, The_interconnéctions nust again be obtained satisfying
certain physical constraints. For exemple the number of conducter
patterné per gnit area is limited by the available technology.
Also, the numder of tracks per unit.arealnust be mere .or less
same throughout the beoard. To provide the required inter-
connections between the circuit modules for assembling digital
systems, multilayer printed wiring bcards (PWB) are used very
often, The design rules for these PWB's have been revoluti~nized
with the recent advances in the micro electronics technology.

In an ordinary dual in line package the number of etch paths
between two consecutive pins is restricted. Kuh et.al [8] |
have derived necessary and sufficient cohditions for minimum
street congestion iﬁ single row routing. Tsukiyama et.al.[16]
have described an efficiént routing algorithm for special
cases of upper and lower strect congestions upto two,

The studies of single-row routing problems by Kuh et.al.[8]
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and Tsukiyama et.al.[16] have been restricted to minimi za-
tion of the tctal number of horizontal tracks needed for

the realization of a given set of nets, Therefore it has been
assumed that enough space cxists between adjacent ncdes to
allow for the wiring. Due tc this assumption, realizations
obtained from these algorithms require a large number of
vertical tracks between adjacent nodes, Du ‘et,al [3] have
discussed the single-row rcuting problem when the number of
vertical tracks available between adjacent nodes is bounded

by a positive integer called the crecss-over bound,

The connections between the different layers in a
multilayer wiring board is achieved by pl &ed through holes,
~also called Vias. Ting et.al.{14] have suggested that a
multilayer problem cen be reduced to several single line
single layer problems by the proper usage of vias, They
have also‘discussed the via assignment problem with thé
objective of mihimizing via columns. Some aigorithms for its
solution are also proposed. Tsukiyama ete.a2l.[15]} have formu-
lated an'optimization'problem for finding the via assignment;
A heuristic algorithm to this optimization problem is also
proposed by them. The essence of the via assignment phése is
to establish the fact, that the interconnections are feasible.
This isAaccomplished by assigning appropriate vias in order to
determine connection patterns of all the nets. A principal'
objective in this phase is to minimize the number of via
columns, thus reducing the size of the board or alternatively

increasing the routing area. A set of pins which belong to



5m

the same net and which are located on the same row is

called a Generalized pin, Thus individual pins which belong

to a generalized pin of a net can be connected without use

of vias., The connections for the genceralized pins are made
first, for the remaining interconnections vias must be used,
The manner in which vias aré selected is importent, After

the connection patterns are obtained, the problem of routing

is reduced to much simpler problems with routing specifications

on a single line basis.

After the preliminary realizatibn one has the choice of
perturbing the realization as long as the connection patterns
are not disturbed., Because of the fixed placement, the pin
- locations can not be altered, However the via columns are
less rigidly located. Patnaik et.al.[10] have stated the problem
as finding the optimum placcment df via cclumns for a given
via assignment of 2 wunidirectional routing sco that the maximum
number of horizontal tracks is minimized. Several available
strafagios for'permuting 'via columns are also suggested by

Patnaik et.al.[10].

After via assigmment and linear placement of via

columns is carried ocut, the routing problém,reduces to the

much simpler problem of single line routing. At this stage

the track availability must be considered. The objective of
layering is to allow more 1ayers.for the purpose of evenly
distributing the number cf connecting wires on different layers.
Chang and Du [2] and Han andSabni [6] have discussed some
algeritims for the layering problem that arises when the single

row routing approach of wire layout is used.
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le3 The Author'gmgqpﬁributions

The goals of this dissertation were to develop more
realistic mathamatical models and efficient methods for .
performance optimization of physical design of electronic

circuits at various stages of the design process.

The algoritm proposed by Gupfa [5] does not include
any method for constructive initial placement. The initial
Placementshas to be decided arbitrarily and then the algori=-
thm iteratively optimizes the placement, For different initial
pPlacement different local optimal solutions may be obtained,
The algorithm also does not incorporate the edge connector
which is an important part of a printed circuit board. One
of the assumptions made for the algorithm proposed ﬁy
Gupta [5] is that all the components are similar, and dimen-
sions of the components are such that 211 components require
same area for their placement. This assumption poses severe
limitations on the design. In this dissertation all these
draw backs have been taken into account and the algerithm

proposed by Gupta [5] is modified.

The important groblen of multilayer PCB design has aiso
been taken up for this dissertation, The heuristic algcrithm
for via assignment problem proposed by Tsukiyama et.al,[15]
assumes that the Placement of pins is fixed. It finds the
optimal assignment of via columns by repeated application of

the process of column merging and column decomposition, This



algorithm has been modified to find the best placement of
pins (or components), The best placement is achieved by the
iterative algorithm using sengitivity analysis for which
éXpressions have been derived with a view tc reduce the
computational effort, The algorithm proposed by Tsukiyama
et.zl [15] is modified such that an iteration is performed
with a view to achieve best results in two consecutive
iterations, |

1.4 Qrganization cof the dissertation

The procblem of component plaoement on double layer
printed circuit board has been dealt with in Chapter 2,
Chapter 3“describes the problems associated with multilayer
printed circuit boards,iFinally Chapter 4 offers general"
conclusions and suggestions for further reséarch work in this
field. Computer programs in FORTRAN~IV have been develcoped on
DEC~2050 which afe briefly described in the Appendices.
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COMPONENT PLACEMENT ON DOUBLE LAYER PRINTED

CIRCUIT BOARD

2.1 Introduction

The layout design of electronic circuits on printed
circuit board is one of the most important and time consuming
phases during equipment design process in all electronic
industries. The problem of layout design is being made more
and more complicated day by day with the advances in the.
electronicsAtechhology. The functicnal capabilities, speed,
frequency and accuracy of electronic circuits have been
increasing exponentially.0n the other hand, with the increase
in all these the electronic components are being miniaturized

and made more complex,

Allocation, placement and Routing are the three phases
into which laying out of electronic circuits has been divided \
[5]. The partitioning of circuit components into groups and
assigment of these groups to boards or modules is called
allocation, To facilitate the routing, the circuit components
are assigned to specific locations on the board, this is termed
as placement. Routing is the process of laying out of etches on
the board to make the intercomnections between the individual
circuit componen%s‘ The‘interrelated problems of allocation,
placement and routing are usdaliy solved independently to ease
the odmplex ppgblem of laying out of electronic circuitt

The cost, performénce, relikability and maintenance of

any electronic circuit depend upon the placement of circuit

components on the printed circuit board. The factors which
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directly effect the performance of electronic circuits are
the interconnection length in high speed circuits, mutual

interference and the thermal coupling between components.

The components are to be uniquely placed in an availabln
location on the board. This placement is done in view of some
objective function which is to be minimized. The total weighted
routing length has been used by many authors[l,b,lo,ll] as a norm
for minimization. The layout of the circuit having large number
of holes, has poor reliability and high cost [5]. Therefore
minimization of holes criterion is also uéed for placement of
components; Interconnection density or the number of etches
passing through a unit space is another factor which effgct
performance of the cifcuit. The placement based on this criteria
avoids the congested area on the board, provides more space
between etches which reduces stray capacitance. The stray.
capacitance and temperature rise due to thermal coupling between.
components should be minimun for better performance of a circuit,
So placement of components should be achieved by using a

combination of the following criteria [5].

1, Minimization of length of etches

2, Interconnection density minimization

3, Stray capacitance minimization

4, Minimization of the effect of thermal coupling between
components on the electrical performance and reliability
of the circuit.

}5. Minimization of the number of holes,
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In this chapter the iterative algorithm proposed by
Gupta [5] based on the above criterié is discussed. The
algorithm is extended for thé Placement of components which
are not similar in size. A technique for a good initial

placement of components is also developed,

2,2 The Placement Problem

The individual components are placed at apﬁropriéte
locations on the board, such that the interconnection can be
done easily, The 1ocatioﬁs assigned to the components on the
board are called 'SLOTS. The components contain pins for »
connection by physical wires to form SIGNAL SEIS. A signal
set is a set of pins which must be interconnected to have the
same potential. On the basis of a given interconnection the
signal séts must be interconnected to form NETS. For the
purpose of the placement problem, the pin locations on the
compohents are ignored, and therefore, the signal set becomes
a subset of the components, Since a component contains a
numder of connection pins, it may belong to more than one
signal set. The complete interconnection is said to be spe-

cified, if all the signal sets haVe_been specified.

So, given a set of components with signal sets defined on
subsets of these components, and a set of slots, finding the
optimal placement of all modules on the slots, with respect

"to some norm defined on the interconnections, is the defini-

tion of the placement probkem.
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2.4

“ile

Assumptions-

The printed circuit board is rectangular and divided
into &Xb cells of equal size with coordinates (i,J),

[i:ﬁl,z’ see ,a’ 321,2—,‘.06 ’b].

(NT-N) fictitious components with zero dissipation and
no connection with any other component are also placed
on the board. These compcnents are not interchangeable

with each other,

The input and output terminals appear on a specified

‘edge (vertical) of the board. The position of required

terminals on the edge is also determined iteratively
with the placement of other components, The edge connector
is divided in 'a' parts and each part is treated as a

component., Firgt 'a!

components El; E‘z,...,Ea correspond
to the parts of the edge connector, |

The components are of two sizes, Dimension of the first
type of components is such that each component require
one and only one slot for its placcment. The other type of
component is dcuble in size, that is they require two
adjacent slots for their placement, The double sized

components are treated as two different components with

very high connectivity between them,

Approach to the placement problem

Following steps are followed for sclving a complex

placement problem.
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2.4.1 Initial Placement

The constructive initiél placement methods selects
components, one at a time based on an evaluation function
which measures signal set connectivity to components already
selected and then decides which slot the components belong to.

- More specifically, a module is selected from the remaining
components which has the maximum number of the interceonnections
with the compdnents which are already selected. Next we assign
the component to be a member of a row and a column, The first
'a! components corresponding tc the edge connector are placed
befbre placing the other components, Dummy components are
assigned to the vacant slots after placement of all the

components.,

The steps of constructive algorithm to detérmine the
initial placement configuration are as fcllows.

1, Find the initial placaneﬁt of thé first 'a' components
corresponding tc the edge connector gy the following
nethod. "
(i) Initialize the Vector Cp. 0.

(ii) Find moximum connectivity between any twe of

first 'a' components

c, ; =max Loy 4]
k’k i=1,a l’J
,j=1, a
(iii) Place the correspending components in the centre

of the comnectors,
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IR ={2V2 y 1f ais even

(a+X)/2, if a is odd
PrR,o = % P(1rs1),L < £
enter E, and EK in Cp

Py Pﬁ
Set IK » O
(iv) If all of first 'a' components are placed
i.e. cPi&i:l,a =1
S top |
(v) IK « IK+l

(vi)  Find
| °n,k %1%, Leg 4]
Cpi# 1.
p(IR-.IK),b . my k_m, °p - 1
(vii) If 2ll of first 'a' components are placed

ioveo Cp 1

, . 1 i=19a—
Stop
(viii) Find
Cp, g = MEX [ci_’)(]
i=l,a

cp:'L £ Y

P(IR+14IK),b = M e Cp o1

(ix) Return to step (iv).

-
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Find the component which has maximum connectivity with
the compgnents alrezdy placed.

i.e. find k and f such that

¢, ¢=max [cg ]
k X
7 SR At
Cpi¥ -
Place E, in the slot nearest to the slot containing»Ek

py following the method given below

(1) Initialize Phend PV, Phj.0 and By - Oli:&...mak[a;“]

(ii) Find m,n such that pm,nzf |
(iii) For all i=l to max [a,b] repeat steps (iv) to (xii)

(iv) phy « m, DPh 4 « m=q, Ph -
17 2QqtQ=1,i '(2q+1)lq=l,i 1+

(v) For all j =1 to (2i+1) repeat steps (vi) to (xii)

(vi) p = Phj

(vi1) If p< 1 or p > a, return to step (v)
If p = (n-i) or p = (n+l), goto step (ix)
If (n-i) <1 or Pp, (n-1) # 0, goto step (viii)
oy <k
Pp, (n-1)
S to Ro
(viii)If (n+i) > b or pp;(n+i) # 0, return to step (v)
pp,(n"’.i:) -k
Stop

(ix) pr «n, - n :
. -q, ™ P n+q
1 2al a=1,1 " T (2as1)| =1, 1
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(x) For all @ =1 to (2i+l) repeat steps (xi) to (xii)

(xi) qwRv

(xii) If 1, odn or Pp,q F 0, return to step (x)
pp,Q"‘ K
stop.

L, Ifc _ N
pi{i.:l,N = 1, return to step 2.

5+  Plece dummy components in the remaining slots.

For k = (Nfl) to NT

If Py = Oy i=leseay J=l,ees,t

Dy L~k '

The constructive algorithm suggested above, lsaquick
and straoight forward method whose solution is not cptimum
but may be clcse tc its This methods givés goed results fer
g any applica‘cidns. This placemént confuguration is changed in

iterative fashion tc give better solutions,.

Examvole 2.1 Consider that the board divided in 4 h-rizontal

ané 4 vertical divisions and there are six components to be

placed with connecticn matrix as,

Fo 34 2400 32 1/
300 10 2 10 0 4
} L oo 2 309 156
C=]/2 12 01 7 1 4 o o,
L 0 3 1 0 4 8 0 0 3
0 2 07 4 00 2 4 0
"0 1 9 1800 0 2 1
301 4 0 2 00 1 2
2 050 04 2 10 9
1 4 6 0 3012 90
- i




0- l N
Cij for i=1,4 and j=l,4 represent the components corres-
ponding to the edge conncctor, So in «ffect there are 10
components to be placed cut ¢f which first 4 constitute the

edge connector,

" Solution

1. (i) cp=1,cl, 0, 0, 0, 0, 0, 0, O, 0, 0)
0000
P = {0000
10000
0000]

S

(iii)IR <2, Pz’q«l, PB’A«B, IK -« 0

CP = (1,0, 1’0,0"0’09090,0)9

P ={0000]
0001
C00 3
(0000]|

(v) IK -1

(vi) © = ©2,1%3 42y kw2

C = (1,1,1,0,0,0,0,0,0,0)
P =]0oo0o02]
0Q01¢
0003
0OCO0O0}

(Vlll) (’amk = '94’3=2, p4,4f LI-, I“Ll-
Cp '=(l,1,1,1,0,0,0,0,0,0)

—

P =10 002
0001
000 3
0004
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C( = %7,3 = Fys

(ii) m=3,
n=b

"17-'.'

Cp = (1,3,1,1,0,0,1,0,0,0)

(iii) max [a,b] = 4, i=l

(iv) Phy«3, Phy«2, Phy-4i

(v) J=1
(Vi) p‘_Phl

(vii) P53 =

7

% = °5,7 =

. (ii) m = 3,

n=23

(iii) i«1

o o ol

=

0
0
0
0

“p

-
02
01

73
0 &

—

= (1’1!191’1903190’090)

(iv) Phy« 3, Phy«2, Phz<h

(v) J«1

(Vii) P3,2’ - 5
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. el

0Co02
0001
05753
0004

\ P SR wd

Oy f= 06’4=7, Cp = (1,2,1,1,1,1,1,0,0,0)
(ii) m =4

A n==4
(iii) i < 1
(iv) Phy- 4, Phy 3, . Phge5
(v) 3°1
(Vi) P"‘Ph]_ =4
(vii) 94,3.-6» .
0002
0001
0573
0064

——

2
3

CKK =
(i1)
(1ii)
(iv)
)

ClO,3d6’

m=3,
n=h

iv1
Phl"" 3 s

P+ Phl= 3

¢, = (1,1,1,1,1,1,1,0,0,1)

Phy< 2,

Phz & 4
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(v) J«1

(vi) p+=Phy=3
(vii) P5’3=7 # 0
(viii) (n+i) =5> b
(v) 3=

(vi) p « Phy=2
(vii) p =2 = (n-i)
(ix) Pvy=4, Pv,<3, Pvy “5
(x) ©o+1

(xi) q«Pvy=h

(xii) qu=P2’ 4=l 40
(x) 9«2

(xi) q«Pvpy=3

o “"1‘
0002}
P=10 010 1]
05753
0064

2. oy €5 1079 cp=(1,1,1,1,1,1,1,0,’1,1)
3, (ii) m=2, n=3

(iii)i «1

(iv) Phy=2, Phy<l, Phz«3

(v) § =1

(vi) pe Phy=2

(vii)P, 5 =9
0002
P={0 9101
0573
0064

-4
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2. e-kx =°’8,2=5’ Cp=(1,1,1,1,1,1,1,1,1,1).
3.  (ii) m=l, n<h '

(1ii) i+1
(iv) Phy..l, Phy.0, Phs~2
(v) §-1

(vi) p<«Phy=l

(vii) Pl,3 8

e Aty

0082
P={0 9101
1057 3
0064
5.. Pl’l*_‘llg 91’2@'12, P2,1«13, P3’r 14, Pl{»,l“ls’ PL‘_’2¢—16
. . ‘ ___ — ‘
11 12 8 2
P = {13 9 10 1
5 7 3
15 16 6 4

2.4.,2 Iterative placement improveuent

2.4.,2.1 Same sized components

For tkis phase it is assumed that dimensicn of the
components zre such that each crmponent requires cne and only
one cell feor its placanent. In other words, the size of the
components is practically the some. In this step, the place-
ment configuration is changed in iterative fashicn., A new
placement configuration with a lower wiring function is

cbtained after each iteraticn.



Gupta [5] has derived expressions for calculating
the wiring function F based cn length of etches, inter-
cocnnection density, stray capacitaence, thefmal coupling
between components and number cof holes. Expressions to
determine an incremental set AF=[aF(s,t),s=1,2,...,
N=1, t=(s+1l), (542),.4e,NT] from sensitivity analysis are
also derived. The strategy adaopted +o change the placement
c&nfigurafion in the iteration is tc calculate AF until the
first negative element is enccuntered and ccrrespending

components are interchanged.

" The expressions derived by Gupta [5] are stated below,

The matrix [GYH] is formed as

811 812 *ee* 81g iy Byp e By
[GeH] A : . .
18y Bnp ccee Byg S R
- -
g h 5
where A Cy i = C;
1,07 L hePyd LR T Ll

R ATy 13, Vj e I; and ¥me Io

I1=(1,2,000p8)y Io=(142,004,b)

and I is a set of cumponents (19250e4yN)
gij gives the total number of wires connecting Ei with the
components in the jth row of placement matrix P. him gives
the number of wires connecting compconents Ey with the crmponents

in the m th column of the matrix P,
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Objective functionuﬁil

B =;thh +zy Fx + ng Fg +r%>FC + nn, Fu (2.4.2.2)
where nyy 0., Oy oy 0, are the weightage given to the

fupotions Fp» Fﬁﬂ Fd, F, and Fr respectively.

AF(s,t) represents the increment in function F due to

interchange of ¢omponents ES and By in the placement matrix,
AF (s, t)= Ay AFa(s,t)+ ng AFﬁ(s,t) +ndAFd(s,t)

+ nAF (5,t) + nAF (s,1) (2.4.2.3)

Calculat;gg of number of holes (Fy)

For X~Y cnordinate wiring, the number of holes which
"are formed from wires comecting Bs(j,k), to the row t(t# j)

is given by.

a

HR(s) = % 1 <gst~CS,I%$? - gsj 521,24 v veyN

Then, total number of holes to minimize becomes

| |

Fp =3 g HR(s) o (2.3.2.4)
Theorem 1  Whenr Es(j,k) and Et(X,m) are interchanged in the

matrix P, the elements which change in matrix [GiH] are

8 30 by e gi[' hy o [i=l;2,..;,N]. Their modified vélues

become
‘ — o 0
gij = glJ + A
h;k = hyy + A (2.4.2.5)
]
Big =8y ~ 4
| 1 |
hlm =him—A “




"23-'
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where A =
0 , if j-j = 0
RE £ Cis if kem £0
- O 9 if k"'m - O

Theorem 2 When E_(Jj,k), By(f,m) are interchanged, the

increment in wiring function Fh is given by

AFh(s,t) =855 + hsk'(gst,"'hsm"z cst)J’gtﬁ "‘hm'(gt,j*htk'zcts)

(2.4,2.6)

S=1,2, oto'-,N, t=S+l, S+2, ven .,ab

where,
1, if (3o )(k-m) =0

A=
{2, otherwise

Theorem 3 When E (J,k) and Ey(f,m) are inter changed at
iteration (i-1), AF; (u,v) is given by

AE';; (u,v) = AFi'l(u,v) if n,q £ Jig and pyr £ kym

o1
AF; (uyv)+(cy 0Oy 4#0y g ) (X1 -Xp+x 37X, ) ,

otherwise (2.4.2,7)

U. :1,2,...,1\]; U. # S’-t

A

u+l, u+2,eeey ab, V£ s,t
where E,, Ev are occupying position (n,p) and (q,r)
respectively

xl = { -l, if n=)(
0, otherwise

1, if q=j
0O, otherwise

H
n

]

—~

1
=



1, if p=k
0, otherwise
1, if r=k

X, ={-1, if r=m
0, otherwise

Calculation of length of etches (B;( )

Symmetrical matrix M of the order ab ¥ ab can be

determined as

m 5 = kolk-pl+wclk -al Manhattan (rectilinear) distance

between components E; (k, () and

Ej(p,Q) . (2-40208)
The total routing length is equal to
Ly s | (2.4.2.9)
s 2, Z C.- m, . 2' 0209
2 121 pel ik ki _

Totél rectilinear weighted wiring length can also be
determined from matrix [GsH]. Number of intercomection leads

passing through ith horizontal and ith vertical sections are

a
Wps = 3 % 80 1=1,2,000,2-1 (2.4.,2.10)
1 pai+l Qo : _ :
py 0 E - |
wv‘v = Z Z ) hjk’ i=1',2, '..’b'_"l (2.1‘}'02011)
: 1 k=i+l jﬁbi

‘where

' Qi 1s the set of components excluding fictitious components
placed in rows 1,2;...,i.
Si is the set of components excluding fictitious
components placed in columns ly2yeveyis
L, and Ly are the total wiring length parallel to
X~axis and Ywaxis respectively, then total rectilinear wiring

length is given by,
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a~1 b-1
P o= Lytly =, ?-1 Wpg + Lo ?:1 Wys (2.4.2.12)

Theorem 4 When components E.(j,k) and E¢(f,m) are inter-
changed, the inorements'AWhi (s,%) and oW, (s, t) in Wy and
i By

W, respectively are given by

Vi L a
K [ 2 (8.rmBin) +5  (By.=Bo)]+2C pyif el
aiip, (s, ) = Lol SRR T T otaTsa st =
0 otherwise ' (2.,4,2,13)
i=l’2’0..,a"lo
and i -b
Kol & (ho~hy )+ £ (hp~b._ )]4+2c 4 if¥Fiel
AWV,(S, t) = { 2 p:l 5P tp q=i+l h.tq 59 st 2
T 0, otherwise (2.4.2.14)

i=1y2y000yb~1
where
S=1,2y44eyN and t=s+l, s+2,4..,8b
I = [min(j, f),min (j,[)+l?...,max(j,X)-1]
I2 = [min(k,m),...,ma}c (k,m)'l]
1, ii“}( > J
Kl = {-1, 11/( < 3
O, lf m-..-j
_ 1, ifm >k
K, =‘{_1, if m < k
0, ifm =k

With the help of this theorem AFX(S,t) can be written as

OF 4(s,t) = w. I A Wh (s, t)+f, T &W,.(s,t)
X ’ C iaIl hl ’. '03812 VJ ’
S=1,2,400,N ' (2.4,2.15)

t=s+1, 842 g sveyab
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Theoren 5

If components E (J,k) and E (f,m) are interchanged in

placement matrix P at iteration (y=1), the values of Awﬁi(u,v)

) -1
and AWV’.y(u,v) in terms of Awhiy (a,v) and AWVit'l(u,v) can

be given by

i

AV‘[h;;_’ml( Q’V)+2K1Bl(°u‘t-cus+°vs"°vt) yif 18T3

Awﬁ’(u_,v) = ¢ yel
* AW, (u,v), otherwise -
: (2.,4,2,16)
121’2,00}’8—1
“and (y=-1) ) ..
, /_\W_\',l (u,v)+2k2(cut—cus-u-cvs—cvt) Byy 1f Lel
1 NS (u,v), otherwise :
Yy : (2.4.2.17)

where

U=l,2,400,N, V=U+l, U+2, e,.420

vyu £ s,t

=
W
L}

[max[min (3, £), nin (n;q)],s--.miﬁ [max(J, £),max(n,q)]]

+
=
]

[max[min(k,m),min( pyr)]) ;'l’- ,min[max(k,m),max(p, r)]]

1, if f >3 1, ifm > k

By= {=1, if [ < J Bo= {~-1, if m < k

0, if { =3 0, ifm = k

E, and K, are occupying the positions (n,p) and (q,r)
respectively.

From theorems 4 and 5
AF}’(u,v)ﬂF%"l(u,v)+(cut-cus+cvs-cvt)(ZKlBlwclIBl

+2KoBof o 114l)
(2.4.2.,18)



-27-&

U.=l,2, LY .’N, V-“:(U.'l-l), as ,ab
u,v £ s,t

where, |X| is the number of clements in the set X.

Calculation of interconnection densities (Fy)

Wiring function (Fd) is taken as weighted sverage

interconnection density on the board.

1.0 o g-l B, W Enl 8. W..]

-~ § . + .

4, (a-1) #ny (b-1) i1 BT g vy
(2.4,2.19)

for even distribution of etches in horizontal and vertical
‘sections of the board, Bhizwhi,[i=l,2,.;.,a-l] and

ij=wvj[j=l92’ tse ,b""'l]

. . - b-,
AFd(Syt) = L0 [ % - B AW (Srt)"' zlﬁv AWy, (59 t)]
fo(em)wny(b-1) ~ 1=1 B4 R vy Ty

(2.4,2.20)
S=l,2, o Q,N, t=S+1, S+2, Xy ,ab

If the components Es(j,k) and Et([,m)-are interchanged at
| ; ' i1
iteration (i-1), the value of AFé (u,v) in terms of aF3 ~ (u,v)

is given by
i, i=-1
AFé(u,v) = AFy (u,v)+(cut~0us+cvs-cvt)[KlBl Z Bpt
. . UEIB n
Kng' iI Bwn]/[kb(a'l)"'wb(b"l)] .
n ' .
b (244,2.21)
u=1,2,400, N, v=(usl), (u+2),..4,ab, u,v As,t.

Calculation of Stray Capacitance (F.)

In X~Y coordinate wiring, total stray capacitance in

the circuit will be minimized by minimizing.



(2.4,2,22)

a=1 b=1
W, Z_ Wh Wpi j ;_ W§. Wy,
L= j =1 ) J J
or, X . o1
min F_ = wfl PR
1 .

Wo a=l P 2
oF (s,t) = z [, My AWhL(S,‘t)J.-LAWh'(S,t)] ]

b i=l’ 1 1 1
A X =1 \
4 = zl (2w, AW (s,t)+[a, (s, £)1°]
b = Vs T I (2.4.2.23)

821’2,.0. ,N’ 't=S+1, S+2,o'.,ab

Calculation of temperature function (Fr)

The failure rate of semiconductor devices is defined

via an _ Arpyehenius relation

A (1) = x (1) e [(271 -17D)

e /k] (2.4.2,24)

Components E; and Ej are placed in slots having

coordinates (k,()'and (p, q) respectively. The distance

between components

E; and E‘j is ,
2 2 2 2-1/2 : o
5 =L fg (&=0)" + v ( f-q)7] (2,4.2,25)
The temperature function F is written as
N N '
©oia J= 1:Le Je J ' ,
where,

n : ‘ '
= (Ry ¢*W;)"y 025 < 0 € 2. valye of n decided from experience.
n :
Rij= riJ(miJ) ? O./-lb S_ n S_ 2.5
Value of n depends upon the thermal conductivity and
dimensions of the board, and heat transfer coefficient of

the surface of circuit board.
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Theorem 6

When ES and Et are interchanged in the matrix P,
the ohly clements which change in matrix M are mg;, My,

m; end myy, [i=1,2,4es,ab)s These modified entries will

be
' t
Mig = ms't = Mgy
m;_"t :mfbi ==msi i=:l,2,'oo,ab (2o402.27)
' '
Mgy = Myg < M
Lheorem 7

When components E, and B, are interchanged in matrix P,

S

- the change in function Fr will be equal to

N . . ,
-1 ~1 3 .
z l{f (m 4)~£ (mis)}{Yi(Kis~xit)+YSKsi-Ythi},1f t (N,

F_(s,t)=| 172 '
Ar(.S ) i?; \ . | (2.4:2.28)

N

(ol -1 .
g {(£ (g -1 (mis)}{YiKis+YsKsi}' if t> N
iz . ‘
| FS |
52124000, 1, t=(s+1), (542), e, NT

nooa 5
f(mlJ) = (mlJ) ’ Ool‘l' S_ n S_ 245

Theorem 8

If components E_ and E, have been interchanged in

]

. . . - o 141 . : . :
iteration i, the value of AFr+ (u,v) in terms of oF (u,v)

is given by
: i . T ~1, i -1, i -1, i
AF;*’I(u,v):AFl(u,v)+(JS-Jt)Lf (mtv)-f (mtu)-f (msv)'*f. (msu” ‘
U.:_lpzytn.osN, V==(L1+1)1(u+2)9'0'0" SNT (2 .4.2,29)
ﬁs"‘t ,é S,t -



where,

Jg =Yg Kgy + Ty Kis "gl(Ysst"~ YV‘K\rs)

Ty = LTtV By D1 YKV g)]
1= : ~
0, otherwise
1, if t¢N

62 = {

0, otherwise

Algori thn

(1) Calculate matrix [GiH] using (2.4.2.1), calculate

. i i i i i "

functions Fh ’ FK ’ Fd ’ FC and Fr by equations
(2.4.2,4), (2.4,2,12), (2.4.2.19), (2.4.2.22) and

(‘2.‘452.26) respectively, set i=l.

(11) Celoulate multi oriterie function F'= By Fy + ny Py +
n, F; + ng F;’ + 1, FJI“ by equation (2.4.2.2).

(iii)set s+0

(iv) s «s+l

(v) Set t =s+1

(vi) If (s £ a and t >a) or (sda and t < a) go to step (x1ii)

(vii)Caleulate AFﬁ'(é,t), AFi(s,‘t), AFé(s,t), AFg(s,t),AFi(s,t)
if i=1 by equations (2.44246), (2.442,15), (2.4.2.20),
(2.4,2423), (2.4.2}28) and for i > 1 by equations
(24442,7), (2,422,18), (2.442.21),(2.442.23) and (2.4.2.29)
reslpec tively, . '

(Viii)Calculate AF*(s,t) by equation (2.4.2.3).
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(ix) If’AFi(s,t) is not negative goto step (xiii).

(x) Find the matrix Pi after interchanging components
By and BEye |

(xi) Seti = i+l and calculate F*.

(xii) Calculate (G H]l with the help of equation (2, 4.2 .5)
and matrix M with the help of equation (2.4.2, 27) and
goto step (iii).

(xiii)Set t = t+l.

(xiv) If t is not grcater than NT go to step (vi)

(xv) If s is less than N go to step (iv).
(X))~ Shop

2.4,2,2 Components of different sizes

P

One of the assumptions while stating the placement
problem is'that the components are of two different sizes.
Dimensions of first type being such that each component
requires one and only one slot on the printed circuit board,
and the second type of componcnts are double the size of the
first type., In other words, a double sized component requires
two adjaéent slots for its placement, The double sized
component, for solving ‘the placement problem are treated as
two distinct components withfvery high connectivity between
them., After performing the iterative improvement algorithm
with all the components treated as occupying one slot, irres-
pective of the initial placement, it has been observed that.
the two components which corrcspond to a double sized component

come closer and are placed in adjacent slots, because of the

Cc.... Library University of Roo:’
' ROORKEE
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high connectivity between them. But the position of the
slots occupied by the two components depend largely on
'methm1phmmmw.mmetMrWchmmqmshwécmm
close in the adjacent slots during the iterative prooedure
it is not posgible to move the two components to any other
slot to improve the ?hjective.function, unless the pair is
noved together, That is, the positidn of the pair of
components corresponding to double sized components are
inter changed with anothcr pair of components placed in some

other slots.

The two slots occupied by the pair éorresponding to
the double sized components may be adjacent in either the
same row or in the same column. So this phase of iterétive
improvement procedure is éarried out in two stages. In the
first stege all the possible pairs of.components in a column
can be interchanged with another pair of adjacent components
in a column. For different combinations of two pairs that
can be inter changed the objectivé function value is calculated
using the equation (2.4&2.2);vThe pairs are interchangéd if
there is any improvasent in the value of total objective
function, For this stage the various combinations poséible are-

' g
. . 3 ) interchanged with ) '
(pll,J;L')’ (p]'z;:liZ) g (pkl’/fl ’ (?k2’l,(2)

for all f0£~all 4
12 = 2,& o klzil
Jp = Jo=lib-1 | L1=A2 =31 +1,0-1
and k2=i2+l,a : .
xl= 12=l,b-1




~33

The second stagé is similar to the first stage
except the possible pairs of components in a row are
interchanged witn another pair of adjacent components

in a row, i.e.

) can be interchanged with any of

where where,

31_32 1 ﬁzzjz | y 1T iy <a

11—12—1 a k1=k2=i;i—1,a _ .

and _

{5=3,+1, b-1
11—(2-1 $ 1T Jo<b-1
ky=k,=1,a

Eﬁ(am Ele 2 02 '

Consider a circuit containing 14 components. The
components are to be placed on the printed circuit board of size
15 X 23 cmg., As many as 36 components can be placed on the
board. The board is divided into 6 horizontal and 6 vertical
divisicns. In all 20 components (14 plus 6 corresponding

to the edg¢ connector are to be placed on this board. Thermal
resistances of all the components are 400°C/W, Failure rate
of each ¢omponent at lOOOC (junction temperature) i§.0;025 per
1000 hrs., Ambient tanperature is 27OC. The power dissipation
of each component is given in Table 2,1, Thermal reéistance

(Rij) due to thermal coupling between twc components E; and Ej
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is assumed to be 5000 m; 39 where m; 5 is in cms, and

J
Y Rie Wi[i=1,2,...20]. The values of weightages for

different functions cre taken as
n, =1, nk=0.05, ng=20.0, n,=0.015, n,=0.015
Non zero clements of connection matrix C are c, 1=1’
5 ’
o5 151y ¢y 171 O 52y C7 o=, cg 2=y Cg 3=y Op 323
08’3=2, 05,4=1, .09,5::1, 010,5-_-4’ 611’525, 09,6=2’09,7=100

4

010,7_—.1, Cll’8=59 012,9=5’ CB’J_O:B’ C]_L‘-,ll— ’ 015’12=3’

020’12=100, 016,13=4, 017’14-:100, C18,15=1, 019’16'-:5,

020,17=6

Table 2.1

Power digsipation of compenents of example 2.2

I e i

Component 1 2 3 4 5 6 7 8 9. 10

g o T e T e o T e 0 P Y - T g G T G g B S B ey G B Ty S T s P B S T T N P, i M oy T 0 W P,

Power
dissipation =~ - - -~ 160 170 180 80
in mw co

19 20

Component 11 12 13 14 15 16 7 18
Power , :
dissipation 85 120 130 140 150 160 170 60

1in mw

80 130

. - ok, e crenc e, .
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Initial placement obtained by-the constructive algoritim,

- . ~
0 19 16 13 10 5
7 9 0 8 11 2
15 12 20’ 17 ',14 6
i 18 0 0 0 0 ‘3
0 0 0 0 0 1
0 0 0 0 0 4

Plaeenent obtained by iteratively interchenging two individual

S

components at a time (stage one) in 22 itcrations

"5 7 1 19 s 3]
6 9 12 c 11 5
0 © 20 o 17 6
P= | G O o o 1 2
c ¢ 0 o ¢ 1
18 © 15 o o 4|

After iteratively interchanging a pair of components in
same column with another pair of componcnts in same column

(stage two), the placement after two iterations is

7 19 6 13 8 3T
9 ¢ 12 1¢c 11 5
' 0 0 20 o 17 6
P=1 90 o 0 0o W 2
0o 0 0 o o 1
~}8 0 15 0 0 l+~
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There is no further improvement by interchanging =
pair of component in seame row with another pair in seme

row (stage three).

The function values at the end of cach stage is

\

compiled in Table 2,2.
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CHAPTER = 3

MULTILAYER PRINTED CIRCULT BOARD

3.1 Introduction

The sophisticated Integrated Circuit technology has
facilitated the fabrication of compiex circuits within small
chips. For designing oqmplex lafge scale electronic syste@s
using these semicoaductor chips as basic building blocks,
multilayer printed circuit (MPC) boards are used as a medium
for interconnecting these blocks, The components are mounted
on top of the MPC board with terminals inserted in the drilled
through holes called Pins., The blocks are interconnected by |
means of printed wires on different layszrs., Plated through holes.
called Vias, are used for inter layer connections, in order
£ connect wires on different layers, Determination of via
locations and physical routes of printed wires for making the
interconnections of the circulit constitute a MPC routing

problems,

The routing of MPC boards is restricted by some physical
constraints namely the size of the multilayer board, the
feasible number of layers, the minimum width of conductor
path and the necessary seperation between two adjacent parallel
conductor paths. The basic assumptions as proposed by Ting et.al
[14] for solving MPC routing problem arect
1. The geometrics of the pins and vias are at fixed locations.

Vias appear only columnwise.
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2., Only points (pins and/or vias) on the same line can be
comected directly and the physical routes must be confined
within the channels on both sides of the line.

3.. Connections for'holes in a column are on one layer and

for points (pins or vias) in a row are in other layers.

The problem of interconnesction of circuit on different
layers can be divided into three interrelated phases [15].
First to decompose the whole intercomnection into the portions
of each layer, second assigmment of vias for each net,
and finally laying out the wire patterns on each layer, Many
algorithms have been developed [3,6,8,16] for solving single
row (or unidirectional) routing problem. Based on the assumptions
made apove, the multilayer routing problem can be feduced to
several single line rbuting Problems [14]. From a general
;multilayer protlen, several single line single layer réuting
problems can Le obtained by following three basic steps, firstly
assigning V¥ias to form comections with pins on the board,
secondly assignment of connection patterns to various layers,
and finally realizétion of all the comnections on the basis of

single line, singlc layer problems.

While assigning vias te form connections with pins two
main objectives are to be kept in mind [14},'minimization of
via usage and the minimization of via columns. Each additional
via reduces the reliability of the circuit and via column adds
to the size of the board and if the board size is kept constant,

the area available for routing is reduced.
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In this chapter the problem of component placement
on multilayer printed circuit boards'is discussed, The via
assignment problem has also been described in detail. The
formulation of optimization problem has been dealt with and

then a refined heuristic algorithm is developed.

342 Component Placcment on MPC Boards

For soiving the problem of MPC board routing the first
assumpfion is that, the geometrics of the pins are at fixed
locations, which means that the pin locations have to be |
decided prior to solving the actual routing problem, In other
words the component placement has to be fixed based on some
optimization criteria. For the component placement on multi-
layér circuit boards also the sgme set of criteria are used
as for the double layer PCBs (chapter-2). The criteria used
for optimizing the component placement on MPC toards élso
is, a combination of length of etches, Inter~connection density,
Stray capacitance, effect of thermal coupling between compbhents,
" and total number of holes, But the method of calculating the
number of holes required for realizing a circuit on multilayer
PCB is different from what it is for double layer PCBs. Since
fhe need of multilayer PCBr arose from the development of
components in DIP packages it is assumed that the pins of each
components are in two horizontal rows,

From the definition of the matrix A it is evident that
the non zero entries in a columh of A represent that pins

belonging to the net corresponding to the column are present
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in a row. Further if the pin belonging to a net are'
present in more than one row Viasére required for its
realization. So the total number of vias required for
the realization of the whole circuit is calculated by
.counting the tetal number of vias needed for realizing
each net, That is if a column of A has more then one non-
éero entries then that number of holes are required fer
the realization of the corresponding net, So the total

numnber of holes to be minimized becomes

NR
=1, RN k=l

i=1,NR
During the iterative procedure for finding the best
component placement it is required to find the A\matrix for
each iteration. To avnid the calculation of whole of the A
~matrix the following approach can be used to modify the

matrix A and hence save the computation time.

When E.(J, n) and Ei(f,m) are inter changed in the
matrix P then the matrix A can be modified as follows.

no change if j = [

otherwise,
a3 | =0, if Lioo 1)k 7 L(ogp. 1) g
( J )’L(Zs-l),k k-_-l’NP ( )’ ( X J,O ),@ ‘
pP=1,NP
0-1)%
Df n

= 1, otherwise.
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0

an = f if L #L
23%bog, kKl ka1, 0P 25,k T V(2xPy o), P

1, otherwise

a(zx"l)rL(as'-D}t‘k‘l,Np:’l |

a i B
ZK’LZS,klk;l;NP“l

i f =1
0, 3L Loy 1)k fL(szk o1, §=%:§P
~e .

a(2):(*l)rL(2.-b.1‘)"}£lk;l,NP
| 0f m

= 1, otherwise

g =0, if Lyy ) # L(oxp D l p=1,NP
?

2t,ﬁlkal;NE o=1.b
Q

= 1, otherwise

a ' | | _
(25'1)’L(2t—1),k{kalsNP'l

e . -1
a?S’LZt,Klk;I,NP

The nets associated with the components going out of
the row are compared with other pins of the same row, If

another pin in the row is belénging to the same net then
the elenent of A corresponding to the row and the net is not
changed other wisg it is made zero. And the element of A
cort esbonding to the row tc which the component is entering

and the correspending nets is made equal to one.

3.3 The vig Assignment Problem

Fer g circuit, one possible realization on a multi-
layer woard is done by drawing the conducter paths connecting
vias in the same column on one layer, Interconnecticns

between pins and vias in the same row are drawn on the other
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layers. This scheme of connecting pins or vias in the same
row or column is termed as the single row single layer routing.
This can be cenducted only after determination of via assign-

ment for ecach net.

If vias are assigﬁed in a slightly different way, a
totally different realization of the circuit on th2 board is
obtained, Thus increase or decrease in‘the number of via
columns is achieved by assigning vias to the nets{ differently.,
Hencé it is very important to assign the viés_for cach net
under the criteria tha£ the number of via cclumns is reduced

as much as possibles

In a circuit if there is a net with all the pins
Placed in the same row, then no vias are required for the
interconnecticn of this net. So it is assumed.that for -the
via assignment problem the circuit does not contain any

such net,

For a given net list L = {Ny,Ny,..s,N } of n nets.
Matrix A ?s defined.as A = [aijjz[ Eﬁ, 32 33... En] where
gach column éj corresponds to a net Nj of the net 1list such
that
1, if netbﬁjcontains a pin in row i

oy ={

0, if net Nj dces not contain 2 pin in row i

It is not possible to connoct two pins of a net, if
they are placed in different rows by laying the connecting .path

on «©one layer when single~-row single~layer routing is used,
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If there is a nonzero entry in the ith row of the column

a, of the matrix A, that is a; =1 then at least one via in

J 1]
the ith row is required for interconnecting the net Nj,
corresponding to the coclumn ﬂaj o Hence 1t is deduced that the

minimum number of via columns necessary for realizing a
given net list L, i€ q is the maximum nunber of ones in a

row of A, is Q.

If the rows :’L]_,J'.Z,....,ik of the column a. have non

J
zero elenents, vias are assigned in the rows iq,15,404,1

for the netANJ.*, in the same via colum, then all these vias

are comected by single row single layer»routing. Hence, if

the number of columns of A is equal to n then maximum number *?

of via columns that are sufficient for the realization of all

the nets, is n.

34301 Column M ergil’ig

Consider there are non zero elanents in distinct rows
of the columns _aj' and Zﬁ or in other words the scalar product
of the colums EJ- and EX is equal to zero i.es Gj’-éi) 2
% By akx = 0. The matching, M, is defined as the total
nunber of nonzerc elenents in the two cclumns 25 and aK.V ias
| in the same via column are assigned for nets Nj and Nl
corresponding to 'Z\J« and 21 respectively, Thus if (EJ.,-X ) =0
for two columns -c:ij and Zﬂ in A, then vias in the same via

column are assigned for the corresponding nets N

.j and Nxc
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The vias for any net are chosen from one single via
column, but a via column mey contain vias for more than
one net. Hence the problem of assigning vias for each net

with the minimum rumber of via colusns may be stated as [15].
For a given 0-1 matrix A = [ ajy ayyeeea,] mininize
the number of c¢-lumns in the matrix A by repeated applica=-

. tion of the column merging process to A,

Column Merging - For a pair of columnslgi and Ed such that
( ‘aye ay ) =0, merge a; and as into a new column aj 4= a;+ ag.
Delete'zi and Ej from the matrix A and add column Eij’ to it.

After repeated application of cclumn merging process on
A, till no further merging is possible, the number of columns
in tne reduced A matrix is the upper bound on the number of
via columns which have to be used for the assignment of vias

for each net.

3.,3.2 Column Decomposition

The vias for a net are alternatively chosen from p(> 2)
different via columns also. Consider a column Ej of A
corresponding to the net Nj having ones in rows i, logweeyiye
Dencte T 2 {i;, 12,-..,ik}, and decompose I into I and I
such that IUI,=I and Ii&\IZ has exactly one row i Then
for net Nj the ?ias in rows of Iy in @ne‘via‘column 31 ahd
those in rows of I5 in another via column Jp, such that two
different parts of routing for Nj, one in via column jy and

other in via column Jo are finally comccted by means of

two vias in row ia‘ A different way for the assignment of
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vias in two different via columns for net Ny is to
decompose I into two disjoint subsets Jy and J, and then
by adding some row i;el to Jy and Jpy respectively for

3 can be

getting two sets I and Ioe Then vias for N

assigned in two via column jy and Joe

The process of column decomposition for a oolumn.;j
of A is described as follows. The oolumn'zj is decomposed
into ;jl and 232 where ;j has ones in rows of I and Ejl and
842 have ones in the rows of I and I,, respectively, such
that I€I;UI, and lIln.12l=1, respectively. Then each of such
decomposed columns, aj1 and ajp are mefged with other columns

to give single columns through the process of column merging.

Column Decomposition - For a proper integer p(J),
decompose a column 2 of A into 411 ?32"f"ajp(j) such that
i) ay £ agy + 8y F oeee F 2350(3)
1i) for any K (2 ¢ K ¢ p(J)), there exists a column
-;.Jh( 1 S_ h< k) sa‘tisfying (ZJK.EJh):.l’ then
replace a.

dJd
of the p(j) columns.

by matrix [ajl aJZ"‘ajp(j)] composed

The replacement of aj by [ajl, ajzo.sajp(j)] indicates
the decomposition of the net Nj into p(j) subnets le’sz’..”
ij(j)v where each.Njk corresponds to I These Njk are
realized in differcnt via columns and are later interconnected

by means of single row single layer routing.
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With the introduction of the process of column
merging and column decomposition the problem of minimiza-

tion of via columns while assigning vias is stated as [15].

Given a 0O=~1 matrix A = [ 31 32“:En ], by applying
the prooesé of column merging and column decomposition to

A, minimize the number of columns in A,

3.4 Heuristic Algorithm

\

The proposed heuristic algorithm is split up into two |
different phases. The first phase constitutes the forming of
unidirected graphs for A such that each vertex corresponds
to a column of A and each edge corresponds to e pair of
columnswéi and Ej such that (‘Zifaj ) = 0, A sequence of
column merging process is applied to the columns correspon-—
ding to. the edges till no more column merging is possible;;

The resultant matrix A after this phase depends largely upon
the starting pair of columns. The pair which leads to maximum
matching, after all the steps of merging are carried out, is
the best choice for the starting pair. Determination of the
starting pair of columns for merging process 1s a complex and time
consuning problem in itselfs If all the options at each step,
és shown in figure (3.1) are tried out the total number of
comkinations to be considered becomes exceptionally large if
the ﬁotal number of nets in the circuit is sufficiently big.
To simplify the problaemn the matching in only first two steps
is considered. In the second step the pairs are chosen on
the basis of maximum matching, giving least pPreference to the

merging that leaves only onc zero in the resultant column.
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Based on the maximum total matching in first two steps,

the choice of the pair of columns is made., Once the
starting pair of column are decided, the pairs corresponding
to the maximum matching in two steps arc merged and the
graph is constructed efresh. This is 6on‘tinued till there
are no edges in ,theA constructed graph. The second phase is
to decompose unmerged columns in ‘the remaining mafrix A, one
at a time, such'that each of the decomposed columns is then
to be merged with a proper mate into a new column by the

process of column mergings

3.4.1  Qutline of the algorithm
Phase 13
l. Find the matrix A = [ ';1 -52... Zn]’ put ke 1
2, For each VjsV corre‘sponding to .5.3 and (.Vi,Vj)eE if
and only if ( %‘33 ) = 0, construct a unidirected
graph G = [V}E]. Dele‘te all the vertices that do not
have any connéction with any vertex from the graph and
obtain the graph G, = [V, E.l.
3. If B, = ¢ goto Phase 2
4, Find the maximum matching M = Ml+ M2 in two consecutive
steps;

5. Delete 2 and a corresponding to (Vi,Vj)eMl from

1 J
the matrix A and add them to a column defined by
(ay+ ’53), and make this new column inadmissible.

6. Modify graph G, delete the vertices Vi and V jeM.
7. Find the maximum matching M1l in the remaining graph

giving least preference to the matching equal to (NR-1),

Central llhmni\lmversnu ot Roorkn:
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9.
Phase 2

,"5:10
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Delete'gkand.zx corresponding to (Vk’ VK)eMl
from the matrix A and add them to a column defined
by ( 2y +'§x), make this column also inadmissible.

Goto Step 2, k = k4l

Denote the solution matrix by A, and initialize

.1t to zero,

Delete all the columns having less than or equal

to one zero from A and add then to the solution matrix

“Age If A satisfies any one of the following conditinns

" then add all columns of A to the solution matrix Ay

3e

b

and stop. |

(1) There is a row in the matrix A which does not
contain any - zero.

(ii) Each one of the rows of the matrix A have exactly
one zcro.

(iii)There is no admissible cclumn lefts

Select a columnngx in A which has the minimum number

‘of ones among all the columns.

For this E% construct a graph.G:fK,Y;E] whose vertices

- are partitioned intc two disjoint sets X and Y with

the properties.

(i) no two vertices in X are adjacent in E and
(ii) no two vertices in Y are adjacent in &
such a graph is called a Bipartite graph [7]. The

bipartite graph is constructed in the following way.
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(i) each x;eX corrasponds to row i of A such
(ii) each yst corresponds to column Ej of A,

(iii) (xi,yi)eE if and only if a corresponding

J
to yj e¥ has a zero in the ith row correspon-
ding to x;eX,

If any one of the vertex of X ig not contained in a

connected component of G find the column 5} wi th

next minimum number of ones and go to 4.

5, Find a tree T = [X,z:D] spannig X in G =[X,Y;Ek]
such that the sum of zeros in the columns corresponding
to y, €Z is minimum emong all the possible trees,
fhat can be found from the bipartite graph G.

6. For each (xi,yj)eD, a3 3 -1 and make Sj corrgsponding
to yjeZ inadnissible, delete'zx from the matrix A.

7+ Go to Step 2,

The tree constructed in phase 2 gives an information as
to how the cclumns are to be decomposed and then merged with

other columns. For each y.eZ, define a column vector
3}, (3) .(3). ()
a[ (1) = [ ali aZk soo ar2 ]t such that

1, i WV
(j) ’ lf (XJ’YJ)ED
aiﬂ - {O’ if (xi’yi) g D.
then‘EX can be decumposed in to all such.zx(j) with yjez’

by using the process of column decomposition. Each of the

IR
decomposed cclumns a}a)are merged with the column ay using

the process of column merging, giving a new column.



Example 3.1

For a circuit containing 9 nets, to be realized in 6

OWS consider the matrix A to be

A= 3

5
6

i <o wan i -

B Oh R B % Y % %
1, 0 0 1 6 1 O 0 14
o 1, 13 1, 1 o 0 1g o©
0 L 1 0 © 0 1, 0 I
1, 0 0 1 1; 1 0 1 0
1, 0 0 0 1 0 1, 15 I
0 L, o 1 o 0o 1, 0 0

where the subscript of each cne indicate the net number.

The problem is to minimize the number of columns by repeated

processes of column merging and decomposition.

Phase 1=

1. G; is .a graph with five vertices vy, Vo, V3,V and v

as shown in figure 3.2(a).

2., Combinaticns for merging of pairs in first two steps are

\

i, (vgsVp), (V1)V5), matching My My=546<11,

1ie (v59), (v1sVp), matching M= My #ly#46=10

iii, (VZ,V6), (V7,V3), mnatching M=M1+M2=5+5=lb

ive (vgiVqg), (v1,V3), matching My #1;=5+5=10

here maximum total matching in two steps is 11 for
(v6,V7); (v1»Vp), but since My=54IR~1, choose the
setlﬂ:{(vB,Vé), (v1sv5)} as a meximum matching in Gq.



N2

‘\3‘

V7
Ng O \{9
Y3e
; O
(o)
‘ ‘ Y
%0 ?
e Y6
% Vs
x5 14)
" Na
%5 ’
4 £ &s
| y 6 \{i\(’ \(\: E‘\ S.({(
&0 = ' ‘Z'l Y 67
o) © . X‘&\N'E\ fo
) W xL Y
6 °
(d)



 -5he

2354 %

3. Columns '33 and -56 are merged into ?136 :
and ;:L and L;Z into ?112 2 '51 + 22. Thus we have

1L o o o 1 1 I
A= 3 0 0 17 0 19 12 13

Bl o0 1g 0 1y g

5 {0 15 ' ]7 18 19 11 0

J | _}4 © 1, o o 1, O ]

where new columns a1o and azg are inadmissible,

4, E2=¢, hence go tc phase 2.
Phasge 2 )

1, Delete ajp from A and =dd it tc the solution matrix A,

W% H %Y e
1y, 0 0 0 15 I 11,
21 13 0 1g 0 1y 2|1,
510 0 1, 0 1g 1 3|1,

A=411, 15 0 1g 0 1g| A= 4|1
50 15 1, g 15 0 51
61 0o 1, 0 0 © 6 |1 |

2. Sclect ';19 as ;/
The bi.partite graph G for -59 is constructed as shown -
in figure 3.2(b).

3. The trees [X,Z3D] spanning X in G=[X,Y{E] are
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6.

55

i) Tw,zp) & [{leX3!x5}f{Y4)y5}:{(X3)Y4).(kgoYA),
(x15¥5) (x30¥5)}]
total number c¢f zeros in y4”and V5= 342=5
ii) [W,Z:D}‘% [{Xl:xjrx5}a{Y4vY3},{(X3vY4)i (x5,51),
(X19Y8>, (X3py8)}]
total number of zeros in y, and yg= 342 = 5
choose_thé tree (W,Z;D12 [{x1:X3:%5}, {y4)V5}, |
| {(x3094), (5574, (x1,75), (x5075)} ]
as shown in figure 3.2(c). | |
From this trec}%s evident that Ek =’39 is deéﬂmp-osed
into'Zéa) ;[OOlOiO]t and 355)/=[101000]t columnslgéb)and
2# are merged into a new inadmissible oolumn.§49‘and
=(5)

columns ag and 25 into'559. Resultant A and AO Lecome

7o % s T U9 %9
o o I I R
210 18 15 2 12 14 15
e 31, 0 13| A= 3L g I
4o 1 I TS I P T
N N E
6l1, o o 611, 1, o
In the Wipartite graph constructéd for agy X is not

ccenteined in a connected component, so 7 1s selected
as a and the bipartite graph is cbtained as shown in

figure 3.2(d).

7. G itself forms the required treé. Hence, 38 is decomposed

into ';Z,§8)=-[001L001)t and 3?6)—_—[00001.1]Jc
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=(8)

8. After merging o =(36)

with ag and ag” ’with azg,

A is transformed into

8 %367
pik

s

N
-ﬁ‘)i

téJ S ol

(ARG B o

Y. Adding 578 and'2367 to Ao

212 954 g F3p7

: 78
1 ll 19 14 16 o |
AO= 2 12 15 14 13 18
3 12 19 19 l3 17
4 11 15 14 16 18
5 ll 15 19 17 18
6 1 0 14 17 17,

Thus the circuit is realized in 5 via columns.



CHAPTER - 4

CONCLUSIONS AND SUGGESTIONS

4.1 Conclusions

Extensive investigations have been carried out, in
recent years on the design of electronic circuits with
reference to performance, maintainability; cost;reliability,
etc. The aim of this dissertation has been to develop effi-
cient methods and more realistic mathematical modeis for
pérformance optimization of the physical design of electronic
circuits. The main conclusions of the present investigations

are summarized below,

An improved iterative algorithm for optimaliy placing

" the compohents on the double layer printed circuit board has
beén developed. The components that are placed using this
algorithm may be sﬁnilar or disshnilar in sizes The aléorithm
also incorporates the edge connectors which is an important.
part of every printed circuit board. The strategy adopted for
iterative placement improvement is to calculate the change in\
function till the first improvement is encountered and the
corresponding components afe interchanged while solving the
problem on a computer, this strategy requires nonsiderably
lesser amount of computer memory than the other strategy to
calculate the change in function for all possible pairs and
then interchanging the components corrésponding to the maximum

improvement,
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This has facilitated the solution of larger Problems,

il.e. for circuits with more number of components.

A constructive algorithm has been developed which
gives a good inifial pPlacement for the iferative Procedure,
The problens solved using the placement obtained by this
constructive algorithm, as the initial placement for the
iterative procedure are ‘found. to be requiring less number
of iterations and hence lesser time for converging to a
better local optimal, than those solved with an arbitrary

initial placement.

For multilayer printed circuit board the component
Placement is obtained using a similar algorithm as‘that for
doulble layer printed circuit board., A sect of equations have
been derived for the calculation of number of holes or vias
for realizing a circuit on multilayer printed circuit board,
If has been asswned that the routing of etches is done using
a series of single row single layer routing procedures. An
improved algorithm for via assignment has also been Jeveloped.
This heuristic algorithm applies the proéesses of column
merging and column decomposition to minimize the number of
via.colunmns necessary fbr the realization of the circuit,

The colunns to be merged are selccted keeping in view the

best merging in two consecutive steps.

Efficient computer programs have been déveloped for
optimal component placanent on double layer printed circuit
boards and for placement and via assignment on multilayer

printed circuit boards.
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Lo,2 Suggestions For Future Recsearch

Expressions are yet to be derived for sensitivity
analysis in iterative placement improvenent of different
sized components, In this dissértation placement of com-
ponents of only two different sizes is taken up. The
algorithm may be extended to deal with various sized

components,

Associated with the problem cf via assigmment on
multilayer prianted circuit board, the problems of how to
order the via columns and that of layering, are also interes-

ting, which also require further investigations.

One extremely uscful area for future research is the
natural combination of allocation,.plaoément and routing
problems, This combined problem, although large, should
provide very useful results. Apart from this, mcre work must
be done in the direction of glcbal optimizetion of the placement

prcblean,



A computer program is written in FORTRAN-IV tn

implement the multicriteria optimal placement of com-

ponents on double layer printed circuit beaord (MOPCOD.FOR),

The overall organisation of the program is shown in Figure

Al, A brief descrivtion of various subroutines is given

below.

1. CHHOLE

2.  CALFNS

3,  CALMGH
4, DELENG

5. DELFD

This subroutine is used for calculating
the number of holes required for realizing
the circuit using X-Y coordinate wiring on
a double layer printed circuit board, It
is called in subroutine CALFNS,

This subroutinevcalculates the values of
functions Fpy F_X, Fqs Fo and Fre Tt is
called in the main pProgram and calls
subroutincs CAHOLE,WIREDE, WRLE, FACAP,
FUTEIP, |

This subroutine calculates the matrix
[GeH]. It is called in the MAIN program.
This subrcutine is uscd to calculate the .
change in wiring length due to change in
Placement, IT is called ih subroutine
FUNCHA.

This subreoutine calculates the change in
horizontal average density and vertical
average donsity-duc to the change in
placenente. IT is called in subroutine

FUNCHA.,
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This subroutine celculetes the change in
temperature rise function due to change in

the placement., It is called in subroutine
FUNCHA,

This subroutine calculates the change in
nunbor of holes due to the change in placement.
Tt is called in subroutine FUNChA,

This subroutine performs iterative improvement
procedure on the placement by interchanging
the pairs with components in  same column
(stage two) and then the pairs with components
in same row (stage thrce). It is called in the
MAIN program and dalls ‘the subroutine TCIC.

- This subroutine calcul:tes the function which
is proporticnal to the stray capacitance, It
is called by subroutine CALEFNS,

During the cohstructive initial placement
procedure, this subroutine finds the plaoementl
of first‘a'03mponehts that correspond to the
edge connector. It is called by the subroutine
INIPLA.

This subroutine finds the c-mponent Whioh has
maximum connectivity with the components already

B

pleced during the constructive initial place-

mente It is called in the subroutine INIPLA,
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13,

14,

15,

16.

FUNCHA

FUTEMP

INIPLA

INPUT

INTCHA

A. A"B

This subroutine calculates the change in
functions due to change in placement, It is
called in Tthe MAIN program and calls sub-

routines DHOLE, DELFD, DELTAF, DELENG.,

This subrouting calculates temperature rise,

mean Ttemperature ise, mean failure rate and
reliczbility of the circuit, It is called in
the subrcutine CALFNS,

This subrouting finds the initial placement
by performing the constructive algorithm, It
is called in the subroutine INPUT and it calls
subroutines FNDCON, FNDMAX, PLACE and OTHERS,
Thig subroutine reads the input data required for
the program. The data that is.number df hori zon~

tal and verticel divisions of the board,

number of elaments in the circuit, weightages
corresponding -to each optimization function, ambient
tenperature, thermal resistance, power dissipation,
failure rate of each component, connactivity

matrix and the thermal coupling Pocfficieat

matrix are given in the file Y.DAT. This

sﬁbroutine is called in the MAIN program. If
construcfive initial plocement is to be done it
cells the subroutine INIPLA, otherwise the

initial plecenent is read from X,DAT,

This subroutine finds the new values of the
functicns ofter interchanging the. components,

It is called in the MAIN program.
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-18.

19,

20

21,

22

23

24.

NMGH

OTEERS

OUTMUP

PLACE

TICIC.

TEMPRE

WIREDE

WRLE

Ay A=t

for the new plaocement, I6 is called in the
MAIN progream., |

The subroutine places the dummy components
while‘doing the constructive placement, Tt is
celled in the subroutine INIPLA,

This subroutine outputs the results in the
file Z. DAT, It is called in the MAIN program,
This subroutine places o component in a slot
which is nearest to the position of 2 component
during fhe constructive algorithm. It is

called in the subroutine INIPLAz

This subroutine interchanges two pairs of
components and calculates new function values.
It is called in the subroutine DUBIC and it
calls the subroutine NMGH,

This subroutine calculates the temperature

rise mnd the circ@it reliebility. It is called
in the msin program.

This subroutine calculates the average wiring
density and is called in the subrcutine CALFNS.
This subroutine calculates the total wiring

length and is colled in the subroutine CALFNS,



MAIN “
| INPUT
INIPLA
' FNDCON
FNDMAX
PLACE
OTHERS
CALMGH
CALFNS
1 CAHOLE
- WIREDE
WRLE
FACAP
{ FUTEMP
FUNCHA v
i DHOLE
| DELFD
DELTAF
DELENG]|
INTCHA -
[ TEMPRE |
NMGH
DUBIC
—{ TCIC
NMGH
OUTMUP

ORGANISATION OF THE PROGRAM MOPCOD. FOR
FIGURE A1
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APPENDIX - B

For the implencntation of component placement and via
assignment on multilayer p‘_ri-;ltied circ:u:i:t boarZi,‘a computer
program in FORTRAN-IV is writien, The overall organisation
of the program called COPVAM. FOR is given in Figure BJ.
The subroutines CALMGH, DEILENG,-.DELFD, DELTAF, FACAP, FNDCON,
FNDMAX, FUTEMP, INIPLA, INPUT, NMGH, OTHERS, OUMMUP, PLACE,
TEMPRE, WIREDE and WRLE perfcrm the same functions as describad
in Appendix A. A brief description of otier subroutines is
given below. |
1, CAHOLM - This subroutine finds the total number of viss

required for the realization of circuit with
initial placcment of components., The iritial
A matrix is also calculated. It is celled in
the subrcutine CALFNM.

2. CALFNM This subroutine calculates the V_alues of
functions Fh’ Foy Fas Foand Fl.. Tt is called
in the MAIN progi“em and calls the subroutines
CAHOIM, WIREDE, WRLE, FACAP, FUTHMP,

3. DELETE(I) This subroutine deletes the I th column from
the matrix A, It is czlled in the subroutines
PHASEL and PHASEZ.

L,  DHOLEM This subroutine calculates the change in number
of vias due to change in placement, It is called
in the subroutine FUNCHI and calls the subroutine

MODI AL,



6.

10.

11.

FUNCHM

GRAPH

INTCHM

MINVI A

~ MODI AT

A'o B"'2

This subroutine calculates the change in

the functions due to change in “he Placement,

It is called in the MAIN program a'nd. calls the
subroutines DHOLEM, DELFD, DELTAF and DELENG.
This subrouting finds the graph with vertices
corresponding to the columns of A that can be
mergecd with'another column, It is called in

the subroutine PHASEIL

This subroutine finds the new values of the
functions and the new matrix A after‘interchanging
two components, It is called in the MAIN program.,
This subroutine minimizes the number of via
colunns required on the board after the optimal
compenent placement is achieved, It is called

in the MAIN program and calls the subroutines
PHASEL and PHASEZ' ,

This subroutine modifies the matrix A after
interchanging two components. It is called in

the subroutine DHOLEM,

MODMRG(I,J)This subroutine modifies the graph and merges

PHASEL.

the columns I and J of the ma‘trii: A It is
called in the subroutine PHASEL ., |

This subroutine performs the phase one of the
minimization of via columns process by repeatedly
merging thé columns, It is called in the
subroutine MINVIA and it calls the subroutines

GRAPH, MODMRG and DELETE,



A B3

12, PHASEZ This subroutine performs the second phase
of minimization of via coluans by column
decomposi tion. It is called in the subrnutine

MINWIA and calls the subroutine DELETE.

13, RODNET  This subroutine reads the nets connected to
each component from the file W.DAT, It is

called in the MAIN program.



MAIN |
- INPUT :
' 1 INIPLA ,
FNDCON_
FNDMAX
PLACE |
—] RONET OTHERS
CALMGH |
I CALFNM
~ CAHOLM
WIREDE
WRLE
FACAP
FUTEMP
~ H{ FUNCHM}
[ DHOLEM
MODIAL
DELFD
DEOTAF
DELENG
INTCHM
— TEMPRE
H NMGH
MINVIA
PHASE1 |
GRAPH
MODMRG
DELETE
: PHASE?2
— OUTMUP | DELETE

ORGANISATION OF THE PROGRAM COPVAM. FOR
FIGURE B1
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