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Abstract

Presented is 2 new automated design approach for the net initial assignment, placement
and routing of components on a printed wiring board (PWB). In order to obtain shortest
total wire length, all nets under consideration are randomly connected-as minimum Steiner
trees in every process. The random optimal net process theory is used to eliminate redundant
comparisions and the indirective opcing‘t,echnique is used to avoid calculating the exact
length of minimum Steiner trees in the iterative process. Thus complex PWBs can be
designed more eflicently. In the routing process, a modified Lee’s algorithm is used to build
the minimum spanning trees related to the minimum Steiner trees imagined in the placement
process and search proper channels for the Steiner trees in terms of the minimum spanning

trees.

gy

1 The research was supported by the Westinghouse Defensc and Electronics Systems Center ot Baltimore, MD
and the Systems Rescarch Center of University of Maryland, College Park, MD.



g

9.

Content

Introduction

Indirect;rve Random Optimal Net Theory

The Computation of the Random Optimal Net

The Initial Assignment Algorithm and its Data Processing

The Placement Algorithm and its Data Processing

The Minimum Spanning Tree Builder Algorithm and its Data Processing
The Modified Lee’s Algorithm and Its Data Processing

The Router Algorithm

The PWB Design Automation System

10. Discussion

Reference

Appendices

1. The Procedure of Initial Assigr;?nent

2. The Procedure of Indirective Random Optimal Net Placement

3. The Router Procedure

13

17

21

29

36

49

54

b7

59

61



()

1. Introduction

The increased demand for high density printed wiring boards (PWB)s (Fig. 1a) has
necessitated the utilization of computer-aided design (CAD) and artificial intelligence (AI)
techniques in the design process. In particular, the efficiency of PWB interconnections has

become extremely important for manufacturability, reliability, testability maintainability.

component insulating layer
; <

Fig. 1a The printed wiring board

In the presented design approach, the PWB design is accomplished in three steps: initial

assignment, placement and routing.

Initial assignment is predominately a data management problem consisting of entering

and'uLiliz‘mg data such as board and component dimensions, nets, and the components and

pins in every net. In the presented approch, all the components are standard and rectangular.

Placement consists of determining the optimal locations of components on the board
with respect to a measure defined on the interconnections, such as the minimal weighted wire

length. There are a number of possibly conflicting goals which must be satisfled in a
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placement conflguration: wire buildup in the routing channels on the board must be kept
within tolerable bounds; signal cross-talk must be eliminated without undue use of expensive
shielding techniques; signal echoes must be eliminated; heat dissipation levels must be
preserved, i.e, no severe heat source concentrations can be permitted; and so on. Most impor-
tant of all, the placement configuration must result in ease and neatness of wirability to
reduce the expense of manufacturability, testability and maintainability in the field. For
practical purposes, it is impossible to directly incorporate all of t,p’e; goals. In this discussion,
emphasis is on minimizing the total weighted wire length of the PWB components. To sim-
plify the process, all pins in a component are regarded to be located at the geometry center of

the component.

Routing is the final design task. It is the selection of the actual paths of the nets inter- .
connecting the components. Routing is a costly process, which typically requires excessive
computer time and numerous storages. Routing cost is primarily dependent on PWB com-

E ]

plexity and component placement. An optimal placement is therefore critical to successful

cost-effective routing.

1.1. The background of placement

Historically, placement method may be identified into two classes, "constructive” and

"interative improvement”.

In the constructive method, one starts with one or few "seed” cells (components) and
adds others that seem to be closely related to what has gone before. The intent is to keep
objects that are connected close to each other so that the wires between them are short.

Because it is hard to guarrantee the optimal result, this mothed is now less important.

In the iterative improvement method, arbitrary placement is created without regard to
quality; it is then improved in stages, often by rearranging small groups of elements (com-

ponents), until no further improvement can be found. This process can be repeated as many



§1.1 3

as desired; each new initial placement leads (at least potentially) to a different and perhaps

better final placement.

Graph partitioning can be employed in the iterative improvement method® = % It is
NP-complete® (multiple solutions may be obtained with different processes). The original
graph partitioning problem is: given n nodes connected by edges, partition the nodes into two
subsets of size n/2 such that the sum of the weights on the edges connecting the two subsets

is minimum:

cut
- L —
[ ——
\
-] B -
minimize

Fig. 1b Cuts in the partitioning

The graph partitioning problem for circuits is very simular. The nodes are elements, and
the edges become nets that connect two or more elements. A net is said to be cut if it con-
nects elements in one subset to elements in the other (Fig. 1b). The cost of a partition is the

number of that are cut.

Let a €A and b €B, and let N be a net. if a is the only element of N in A, then mov-
ing a to B reduces the number of nets cut by 1. Let E, be the number of nets touching a

for which a is the only element in A .

Similarly, if all elements of a net are in one set, say A, then moving one element of the
net to B causes the net to be cut and thus costs 1. Let I, be the number of nets touching a

which have all their elements in A .
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Let D, = E; - I, for all z€S; D, is the difference between external and internal

costs. The gain ¢ obtained by exchanging a and b is simply

9g=D, + Dy - Cy,

where C,, is a correction that avoids double counting in @ and b are both on same net.

The procedure is as following:

Repeat
A =A;
B’ = B;

Fori=1ton/2 do

begin
Compute D values for all a €A’ and b €B’;
Find g; and b; that maximize
9 = Du + Dy - Cuy:
Move a; to B and b; to A; _—
Remove ¢; and b; from further considerstion in this pass;

end;

Find k that maximizes

k
9 max = Egi;

f==1
If gmax > O, then
exchange a,,......,q; with b,,...... by
Until g, = O.

This procedure is the well-known Kernighan-Lin’s algorithm !,
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A processing cycle from "Repeat” to "Until” is called one pass.

Each time a pair a and b Is selected, they contribute to the gain so far, which is just
Eg,-. Notice that once a pair has been selected again on this cycle. The value of k,
1<k <n /2, which makes the sum of gains as large as possible determines whether an
improvement has been made. If there is a gain, ¢, will be positive; in the case, a,,...... ,a
are exchanged with §,...... ,b and the process is attempted again. If the improvement g, is

zero, the resulting partition is a loacal minimum.

The partial sum Eg,- may actually be negativé in the early stages, yet later become
positive, and finally falls again when all the elements are exchanged (Fig. 1c¢). Thus the algo-
rithm is able to escape from local minima.

- —

gi

|

> pass number

29.'

\> pass number

(b)

(a) — A graph of the galn at each pass over the previous pass
(b) — A graph of total galn through the progression of passes

Flg. 1¢ ¢g; and Eg‘
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In the placement based on above partitioning, a graph is divided into two equal subsets

repeatedly until all subsets are small enough (Fig. 1d)>***.

It is noted that the minimum cut is the measure in the processing. Therefore the process

is not related to the component size and the total wire length is ignored.

Al Bi

A2 B-

G=A + B A=A, + A B =B, + B,

Fig. 1d The placement based on partitioning

1.2. The Background of Routing

10,11,12 .
18

introduced. This is the problem of search strateges which are employed to find, for a fixed set

of n points in the plane, t:lf—éAshort.est. network for completely interconnecting them ( i.e. the

minimum network which contains a path between any pair of points).

The problem is closely related to the problem of mase searching. As early as the 1940's
C. Shannon '’ explored maze searching by building a mechanical mouse which could find its
way through a 25-square checkerboard maze. In 1959 Moore '® presented his now well-known

algorithm for maze solving and then in 1961 C. Lee!*®

applied it to wire routing. This grid-
expansion algorithm has been modified and adapted and is now commomly known as Lee’s

algorithm (or Lee-Moore's algorithm). In 1969 D. Hightower '*'* proposed using line segments
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as the representation instead of a large grid of points and this greatly improved the efliciency
of the algorithm but caused it to fail to find some connections which could be found by a
Lee's router. As a result, some routers use Hightower’s algorithm for a quick first try, and if it
fails, then the full power of the Lee’s algorithm is used. In 1984 G. W. Clow '8 presented a
line search technique, in which no grid is assumed, to approach the problem. Clow shown that
the Lee-Moore's grid-based approach is actually a special case of his general search algorithm.
In Clow’s algorithm, it is assumed during the global routing phase that an unlimited number
of wires may pass between any two elements. With this assumption one is forced either to
require the designer to insure sufflicient inter-elememt spacing in the initial placement or to
require the rolting system to provide feedback so that the placement can be automatically
adjusted. However, it has not been shown that this approach is guarranteed to converge even

with suflicient restriction.

1.3. Presented Idea

-~ It has been noted that the "min-cut” method in Kernighan-Lin’s algorithm does not
consider t.ixe effect of the element sizes. In VLSI, this may not be important because the
number of pins per element is small. In contrast, the nu‘ﬁ’er of pins per component in a
PWRB is much more (more that 40 pins per component). It is necessary to directively consider
the size effect in the placemen't, processing. Also, the total length of all nets is required to be a
reference measure in the process with more constraints, for example, heat dissipation etc.. If
all the nets are processed as minimum Steiner trees in IKKernighan-Lin's iterative processing,
the executing time which is required to build Steiner trees for every comparision connot be
tolerated (see section 6). This in turn limits the cabability to incorporate other constraints
within the placement process. In order to obtain shortest total wire length in the final result
and avoid building random minimum Steiner trees in the placement processing, indirective
random optimal nets are constructed to substitute the random minimum Steiner trees. The

presented method is called an idirective random optimal net placement. By the use of this
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method, an optimal result can be obtained. According to Lhé optimal result from the place-
ment process, all the nets are built as minimum spanning tree. Finally, a modified Lee’s algo-
rithm is employed to globally search all the paths in terms of the edge length precedence of
the edges in all the minimum spanning trees. The total length of all the paths is optimal in
the final layout. Therefor, the presented method integrates placement and routing processes

and provides an sfficient and optimal design.
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2. Indirective Random Optimal Net Theory

In an indirective random optimal net process, a "nominal” structure of a Steiner tree
must be established. We call this representative structure a nominal net or a nominal tree of
its equivalent Steiner tree. This structure is designed to be easily built or re-built and its
main data is easily computed. To determine structure types which can function as a nominal

net, the following theory is established.

2.1. The Indirective Convergence Theory

Definition: No Component Intersection

A Steiner tree is connected by nodes and edges. If more than one edges intersect in a
node without components, the node is called a no component intersection.

Theory: The Accompanying Theory

A net can be expressed by a variety of trees. The length of a minimum

Steiner tree is a minimum for all trees.

This theory is derived from the structure of a Steiner tree (Fig. 2a) in which every com-

ponent is connected with its nearest component or its nearest no component intersection °,

*

|

o

I
*-——-@ no component intersection

- l

@-——---—-—* component,

I
I

*

Fig. 2a Stelner tree

We defined a graph G which consists of n Steiner trees as
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and where C,- is jth component in ith tree.

We further define the nominal graph of G as NG, the nominal tree of N; as NN;. So

If the lenght of a graph (or sub-graph ) x is denoted as L., then

Le = S Ly,

f=1

and

Lye = 33 Lnw,

t =1

Introducing the Accompanying theory,
LN‘ < LNN‘_ for i=1,2,.......n.
So
Le < Lne
and
L™ < Lyg
where LZ™® and Ly®® are minimum length of Ly and Lyg respectively.

Therefore, the indirective convergence theory may be described as

The Indirective Convergence Theory: If a tree

is equivalent to a Steiner tree
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for i=1,2,......,n
and
L = Lu,,
where LN'}'\}:‘ is the minimum length of NN;,

then L; is"a minirium if Lys is 2 minimum

where

and

According to the indirective convergence theory, any net which connects all components
in a minimum Steiner tree will satisfy this theroy if its shortest net length is the lenght of the
minimum Steiner tree. So the nominal trees may be constructed in many ways. If NN; is

considered as a closurgﬁteN,- , in order to make N; smallest, we just squeeze NN; rether than

——

. =
N;.
2.2. Nominal Graph -

Based on the indirective convergence theory, following nominal structure (Fig. 2b) will

satisfy the engineering requirement in a placement process:

1. Components in same row are connected one by one from the first terminal component
to the last terminal component. If components are rectangular, the shorter edge will be paral-

lel to the row direction because the connection is row orientation.

2. Each row will be connected to its next row with shortest Manhattan distance.
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3. The terminal of a net is a floating node along a given terminal boundary and it is

connected with any nearest component or no component intersection (Fig. 2b).

terminal
@ terminal boundary
|
|
* *____% *
|
ok *
|
*. ok,

Fig. 2b Nominal tree

According to the structure of nominal nets, the length of 2 nominal net with n rows is

n
= 3 (the coordinate of last terminal component

f==1

L

- the coordinate of first terminal component)
n-1
+ ¥ row distance
f =1 ——

+ the distance between terminal boundary and its nearest component

or no component intersection.

where n is the number of rows occupied by a net.

For a nominal net-with 20 components, it takes average 8 additions®and 1 multiplication
(for a nominal net is assigned in a PWB with six rows) to compute the nominal net length.

For a Steiner tree with 20 components, it takes more then 38 additions and more then

19
33 n(20-n) = 1330 comparisions in every which there are three additions and one multipli-

n =1
cation to compute the Steiner tree length (see section 6). So the computing time on a Steiner

tree with 20 components is almost as much as 1330 times on a nominal tree. Also the com-

puting time of connection correction is not included in above computing time.
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3. The Computation of the Random Optimal Net

-

To determine the optimal location of components on a PWB, the measure for the pro-

cessing must be defined and the computational rule for the measure must be derived.

3.1. Definitions in the Random Optimal Net Placement

Let G (z,y) be a set of n nodes connected with m nets and
n m
G=uU{UN;}
fexl  fasl
Before discussing the computation of the gain obtained by exchanging@wo nodes, we define

following terminologies. k 4

Definition 3.2.1: Net-node Relation

If ¢ €Ny, then N; is ¢ relative. If ¢ CN;, N; is not ¢ relative.

Definition 3.2.2: Weight of a Net

-

-

The weight of a net is the total length of the net. The weight of the jth net is denoted
as WN7. If there is a node ¢, ¢ €G and N7 is ¢ relative, the weight of the jth net is
denoted as WN/, and as WN;;C if the net is not ¢ relative. The weigth of a net may be

computed by the formular in section 2.2 for a nominal net.
Rt

Definition 3.2.3: Weight-ef a Node R

The weight of a node is the sum of weights of all nets passing the node. The weight of
node ¢ is denoted as W,. The weight of node ¢ is denoted as W,"_d if ¥ nets are ¢ and d
relative, and denoted as W,"J“ if k£ nets are ¢ relative, but not d relative. It is noted that

Wk_‘ = W‘k".

<

Definition 3.2.4: Gain of Exchanging Nodes a and b

The gain G, of exchanging node a and node b is the difference of weights prior to

exchanging and after exchanging. It is noted that G, = -G,, .
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3.2. The Computation of the Gain in the Random Optimal Net Placement
14
Lee G, = NNfCG,

7 =1

9
Gb= ﬂN;C G:

J=1
a € G, for (n—p) nets are not a relative,
b € Gy for (n—gq) nets are not b relative.

Suppose p' nets are both a and b relative. noted that
r <p.9q.
The weight of node a and node b can be expressed as

14
W, = 3 WN}

k=1

?, P_P'
= E WNa.,b + E WN:,%b

- =1 v =1
= Wa’,b + ch,;gb ’

and

9 k
W, = 3 WN;

k=1

PI . 7—}’,
= NWNS. + 5 WNS .
€ =1 v =]

= Wg, + WiZ..

Denoted the position of node n as S(z, .y, ) in space S(z,y), After swapping a and b,

S(z."ya‘) = S(zb »Yo )-

S(zb‘vyb’) = S(zl »Ya )r
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+ Wr

W‘.=W:o ‘.'7“.,

.c

W . = W‘P.'.a + W::.;‘o »

Gy =W, + W) - (W,. + W,.)

The random connection of a steiner tree is only relative to positions of all nodes in the
tree, rather than their identifiers. Exchanging positions of two components inside a net will

not change the weight of the net.

Since

a, b CNal,b N N¢2,b n...... N Nap.b,

Wup,b = Wbp'a = W:',b' = Wbp..‘. . B — e
therefore

Go =(WPh - W7, .) + (Wike - WJT, )

This is the computational formular of the gain in random optimal net placement.

3.3. The Characteristcs of Random Optimal Net Placement

From above computational formular, we obtain the computing time of weights in one

pass

- T =2Up-p") + (g-p" ).

From T,., we note that
1. If p=q and p' —p, T, —0. In this case, most nets are relative to both of two
exchanging nodes.

2. The greater p' is , the less the Ty, for given p and gq.

3. Because of p' <p or p' < ¢, In a wiring board, p and ¢ are the number of
activated pins in two exchanging components. If conclusion 1 is extented to any pair of com-

ponenets, every net will connect most components in the board. Therefore, for a given
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number of activated pins, the longer the nets are, the less the process time. The length of nets
is also the measurement of the complexity of a PWB. In this sence, the more complex the

PWRB is, the faster the process speed.



~—

§3.3 17

4. The Initial Assignment Algorithm and its Data Processing

The presented initial assignment process is only for building original imformation data

base. The process will not include any optimal process.

4.1. Algorithm

According to the structure described in 2.2, the algorithm of initial assignment is as fol-

r

lowings
Repeat

Enter a net;

Qg
If components in the net have not been assigned into empty positions then

-
-

assign them into empty positions;
Remember Net-Component-Position relations;

Remember Net-Component-Pin relation; -

r~

Save above relations into data base;
Until all nets has been entered.

The procedure of initial assignment is shown in appendix 1.

4.2. The Data Processing System

The initial assignment data processing system includes five sub-systems: I/O port (key
board, screen and printer), net-component-pin-location relation system, component-location-
net relation system, net-component-location relation & net-component-pin-location relation

data base, and assignment processor (Fig. 4b) algorithm are involved. The initial assignment

processing system is shown as Fig. 4a.
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In Fig. 4a, A means the processor informs the I/O part to enter data to net-component-
pin-location record component-location-net relation record. After the entered data are made

sure, B means the processor copies the data in two records to two data base respectively.

net-component-pin-location relation B data base
, -
net-comp
A B -net-
~-position
relation
ﬁ assignment
I/0O Port processor
comp-
A B loca-net .
relation
\
comp-location-net relation B
~

Fig. 4a Initial assignment data processing system

In-the procedure for the initial assignment, the data structures of data records are struc-

tured as following:

1/ Net-component-pin-location relation
chip_and_pin==record
chip: integer;
pin: integer;
X: integer;

y: integer;
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end;
net_chip_pin=array|1..tolch] of chip_and_pin;

In the record, the names of net, component and pin have been interpreted into integer.
Compononet name is stored in chip item, pin name in pin item and the location of the com-
ponent coordinates in x and y items. This record is stored in the disk as a global data base
and is provided for routing process.

2/ Net-component-location relation:
single_net=record

ch: integer;

X: integer;
E
>
y: integer;
restricted: boolean;
- -4&::‘!:- p—
- marked;: boolean;

last: boolean;
end;

single_array==array|1..tolch] of single_net;

- -

In the process, component name will stored in ch item, location coordinates in x and y
items, restricted item is provided for the location restriction of some component and marked
itemn for the processing. If last item is assigned true, the net is terminated. This record is

stored in the disk for placement process.
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enter net, component data & pin
to net-comp-pin-location record
and enter net & component data
to net-comp-location record
from key board.

comp has no
been assigned
location

yes

assign location to
net-comp-location|
relation record

- store
net-compgpin-location record
net-comp-location record

to disk

no iit
all data

Fig. 4.a The function of asslgnment processor
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5. The Placement Algorithm and its Data Processing

In the iterative improvement placement, the components must be partitioned into sub-
sets. Intuitively, the components may be partitioned into m subsets with equal number of
components. Appearently, n <m <2 for the PWB with n components. Then all subsets are
compared each other. The comparing methed is simular to Kernighan-Lin’s algorithm except
the measure. At the end of a pass, the exchanges which obtain a maximum gain are per-
formed. If the maximum gain is zero, the minimum total length of nets has been obtained and
the processing is terminated. For example, the components are partitioned into three sets
named A, B and C respectively. Suppose A and B, B and C, and C and A are compared and
the maximum gains are ¢, ¢, g.s~respectively. If g, >g;. >g., and g, >0, then the
exchanges which lead to ¢, is performed in A and B. If g, =0, the processing is terminated.
A global placement (n subsets) and a two way partitioning placement (2 subsets) are

described in the followings.

Except the algorithm of Global Placement, all the algorithms, procedures and data

structures in this section are expressed in appendix 2 with Pascal langusge.

S

© —————

5.1. TheAlgorithm of Global Placemaiit

Suppose there are n components in a PWB, each component is denoted as a or b . The

algorithm of global placement may be followings
Repeac
for a =1 to n do
for b =1 ton do
If a%£b then

begin
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Compute p, q,p';

Compute

G = (W23Ey - WEP,.) + (Wike - WP, L );

Store the maximum G,"}™;
end;
If G540 then
swap a and b;

Until G "*>=0.

For every pass, the comparision time is n(n — 1) ~ n% If m pair of component are

exchanged, the time will be m Xn X(n — 1)~ m XnZ

5.2. Two-way Partitioning

If the inderective random optimal net theory and iterative process method in

Kernighan-Lin’s two way partitioning algorithm are integrated, the algorithm is followings
PUST
U Y
Partition a PWB into two subset A and B of size n/2;
Repeat

. ~ o - ,_:_:..’ﬂ'
Open mesk for all a €A and b €B;

For i=1 to n/2 do
If both a and b are not mesked then
begin
Compute W, and W, ;
Find a; and b; that maximizes

Gu = (WISl ~ W2 ) + (Wike ~ Weir L
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Mesk a; and b;;
end;

Find k that maximizes

If G, > 0 then
exchange a, ......,a; with b,,...... Lby
Until G "™ = 0.
The comparision time in one passis (n /2 — 1)4+(n /2 — 2)+...... 4241 ~ n?/4.

Except some special cases, two-way partitioning processing will be faster than the global

placement.

5.3. The Data Processing System of Two-Way Partitioning

The data processing system (Fig. 5.b) is compose of three systems or 10 sub-systems
There are four sub-syst®ms in the data management system: net-component-location data
base, net-row-column relation record, component-net relation record and location-component-

weight relation record. There are three main sub-systems in the knowledge base system. And

the third system is placement controller (Fig.5.c).

-

— i

In the procedure for the indirective random optimal placement, the data structures of

data records and a variety of knowledge are structured or expressed as followings
1/ Net-row-column relation record (nominal net record):
row_array=array [0..columnmax] of integer;
row_record=record

col: row_array;
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last: integer;
end;
net_array=—array|{l..tolnet,1..rowmax} of row_record;

In the placement process, column coordinates of nodes in a net are stored in row_array.
Item last is a pointer pointed to the last node in row_array. The first dimension in net_array

expresses net index and second dimension expresses row index.

VAR AN A
-
3
41 A A
5 A

net_ipdex: 3 e

. --i— Fig. 5a Pins of a net in 2 PWB

Using nt as a variable pointed to net,_arra.y, in Fig. 5.a, data in net_array will be
nt{3,1].col[0]==1, nt[3,1}.col[1]=1, nt[3,1].col{2]=3, nt[3,2].last=2;
nt[3,2].colj0]=4, nt[3,2].col{l]=1, nt[3,2].col[2]=>5, nt[3,2] last=2;
nt(3,2].col[0]=S, nt[3,3].col{1]=3, nt|3,3].last==1.

If a node located on (1,1) moves to (4,2), then data in the record will be

nt[3,1].col[0]=1, nt[3,1]=3, nt[3,1].last=1;
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nt{3,2].col{0}=4, nt[3,1].col{1]==1, nt[3,2].col[2]=2, nt[3,2].col[3]=>5, nt|3,2].last=3;
nt{3,3}.col{0]=5, nt[3,3].col{1]=3, nt[3,3].last=1.
Note that row number is stored in col[0].

Using the formular discribed in section 2.2, the nominal net length may be computed as

followings -

LNs = i (nt{3,n}.colflast} - nt[3,n].col[1])

R =1

+ ratio X ( 22) (nt[3,n+1].col[0] - nt[3,n].col{0})

=1
+ nt[3,1].col{0},
where "ratio” is the ratio of the length and the width of the grid.

2/ Component-net record:

Chip_net,_relatioxg;rray[l..tolch,l..ma.xpin] of integer. -

—n

In the array, the first dimension expresses component id and the second expresses the

o —

array index. cnr is a variable pointed to chip_net_relation in the procedure. For example, if

net 1,2,4 and 7 pass component 10, data in the array will be

enr{10,1)=1, cnr{10,2}]=2, cnr[10,3]=4, cnr[10,4)==7.

B 'y - e
By the use of the m number of nets passing two comparing components gan B¢ g

R

detected.
3/ Location-component-weight relation record:
chip_record==record
id: integer;
weight: real;

restricted: boolean;
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masked: boolean;
end;
chip_array=array|{l..sql,1..5q2] of chip_record.

This record is used in the iterative placement process. The component id is stored in id
item and the weight of a component in weight item. Restricted and masked items are used in
the placement process. For example, if some components are restricted in some region, res-
tricted for those components is true. In a pass of the processing, masked is true for disregard-

ing those exchanged components in the further processing.

4/ The nominal net building knowledge is provided to build or re-build a nominal net.

It is expressed by procedure deletecoor, procedure delete_insert and procedure reposition.

5/ The net weight computing knowledge and the component weight computing
knowledge are provided to compute a weight of a component so as to make two components
comparable. It is expressed by procedure rowlength, procedure distofadtrow, procedure

lengthofpet, and procedure weightofch.

6/ The maximum gain knowledge iSPYOVided to determind which-exchange may obtain

maximum gain in a pass. It is expressed by procedure pickmax.

e e g s

-
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Fig 5b Placement data processing system

data record knowledge
net-comp transfer data
location to record
A. how to nominal
net-row A. build net buildnet? | net
-column re —1 Dbuilding
(record 1) | r—
1
— B. how to net-weight
| l compute and comp
l I comp weight? computin
< ) weigntt |
comp-net B. number of —— — —
“—1 (record 2) | .. nets passing ' l I l——
two comps ? ] ] ! |
boorz; Y . .
R m o I ! l‘ iy
T PLACEMENT
CONTROLLER — ~—
gy
{1
e ™
: :C. which pair
location C. change should be
-comp- location ' l exchanged max gain
weight I |  or finish?
(record 3) T T ]
g
store location in DB
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1
set false
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in location-comp-
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|
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-welght Lo part A;
others to part B.

{
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;€A
b;€B

yes
a; or b,‘
masked?
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Fig. 5¢ Function of placement controller
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§5.3
6. The Minimum Spanning Builder Algorithm and its Data Processing

It takes two steps to build minimum Steiner trees. First, all components in a net are

connected in terms of shortest Manhattan distance between two pins in two components.
I
¢

Then, redundant connections will be corrected if they exist. A tree built in this way is called
a minimum spanning tree.
AN
All the algorithms, procedures and data structures in this section are expressed in
appendix 3 with Pascal language.
6.1. The Algorithm of Rolling a Snow Ball
A so-called "rolling snow ball” (Fig. 6a) method is employed to build mininum spanning

A Steiner tree is regarded as a "snow ball”.
et

A node in a tree is regarded as a piece of "ice”
A Component which.is not connected by a tree is regarded as a piece of "snow”.

trees. The terminology is defined as followings.

~ Ry
To compare Manhattan distance between "a piece of snow” and "a piece of ice” inside a

-
"snow ball” is regarded to roll the "snow ball”.
«JLo connect "a piece of snow” and "a piece ice” inside a "snow ball” is regarded to stick

”a piece of snow”™ by the "snow ball”.
* snow
snow ball

Fig. 6a "Snow”, "ice” and "snow ball”

Based on above definitions, the algorithm of rolling snow ball is followings
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Select arbitrary piece of snow as a snow ball;
Repeat
Roll the snow ball and stict the nearest snow;
Remember the relations of all ice;

Until no snow.

It takes n (N - n) comparisions to "stick” a piece of "snow” into a "snow ball” for a
N-1
tree with N nodes and n nodes in the "snow ball”. So it takes ¥} n(N - n) comparisions
— =1
- .

to get a "whole snow ball”. Note that there are 3 additions and 1 multiplication in every
comparision because the calculation of a manhattam distance needs those arithmatic opera-

tions.

8.2. The Connection Correction_Algorithm

The relation of "ice™ in a "snow ball” is not exactly the connections of nodes in a
minimum Steiner tree. As shown in Fig. 6b, n; is connected by n, inside a "snow ball”, how-
ever, n4 should be connected by a no component intersection n (Fig. 6c). Therefore, the rela-

tion inside the snow ball must be corrected.




o
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Flg. 6¢c n 4 Is connected with a o component intersection
—

The correction algorithm is as followings

Repeat
If two connected nodes are not in same row or same column,
find nearest no component intersection;
If found then correct the connection;

Until all connection are checked.

However, this algorithm is not necessary in the router because the modified Lee’s algo-

rithm can solve this problem automatically.

6.3. The Data Processing System

The data processing system (Fig. 6d) of the spanning tree builder is compose of five

sub-system: component-pin-location relation data base, snow ball record, ground Fecord, snow

ball roller (Fig. 6g) and sticking knowledge. — -

data record .~ Knowledge

net-comp-
pin-loca
relation
data base

snow ball roller sticking knowledge

HER

ground
record

B

snow ball
record
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Fig. 64 The data processing system of snow ball (spanning tree) builder

In Fig.6g, A means that the data base is retrieved and the data of pin location are sent

to ground record, and B means that the sticking knowledge is inquired to build snow ball.

In the snow ball roller procedure, the structures of data records and knowledge in Fig.

6d are structured or expressed as followings
1/ Net-component-pin-location relation:

(The structure has been introduced in section 4.2.)

2/ Ground record

ground_record=record
pinx: integer;

piny: integer;

———

snow‘:&boolean;

end;
————

ground_array==array{l..tolch] of ground_record;

In the "ground”, tfﬁ%‘ﬁ)cation coordinates of pins in a net is stored in pinx and piny.
After a pin is connected into a spanning tree (snow ball), snow item is set false (ice). Initially

all pins are "snow” rather than ”ice”. If no "snow” on the_Zground”, The tree (snow ball) is
s T
complete.

ot et
g

3/ Snow ball record:

The snow ball record is expressed as a edge-net-component-component-net relation

record. Because all edges will be sorted for further process, the record is also called

sorted_edge_record.

sort_edge_record=record
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pinx: integer;
piny: integer;
npinx: integer;
npiny: integer;
net: integer;
routed: integer;
dst: integer;
end;
sortartays=array[0..toledge] of sort_edge_record;

In the spanning tree, all edges .are terminated by two pins located in two different com-

ponents. The location coordinates of two pins in the PWRB are stored in pinx, piny, npinx, and
npiny items. Net name is stored in net item. Routed and dst items are provided for data pro-
cessing. If an edge is routed, routed item is set true. The Manhattan distance of two pins is

stored-in dst item for reference. ——

In t:t3e processing, net-component-pin-location record is converted to ground record
beca&se pin i‘o‘cation in the PWB is "f‘ééui?ed in the routing process. Then the "snow ball
roller’;is éﬂo).'ﬁd to build edge and store it i~nt,o snow ball record. In order t© nest shorter
edges by'longer edges to reduce vias (Fig 6f), shor-t,er edges are desired to be routed first. To

avoid storing a.long edge first, a pin near the geometry center of a net is sellected as "first

piece of ice” (the root of a spanning tree) (Fig. 6e).

The geometry center is defined as (C,,C, ):

C, = S3(pinz); /.,

¥ =1

C, = S(piny)i/n.

§ =1
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where C, and C, are the coordinates of the geometry cent,er,j,

(();r:;:ld {piny ); are coordinates W

Mmmber of pins in the net.

1 *6
2 * @ geometry center
3 * *5
* 4
Flg. 6e The geometry center of a net
In Fig 6e, pin 3 is adjacent to the geometry center. So pin 3 is selected as "first piece of
ice” in the "snow ball”. After "the ground has been cleared up”, "ice” will "stick™ together in

this way: 3-4, 4-5, 3-6, 3-2, 2-1. By the use of this method , at least most of the shorter edges

will be routed prior to the long edge (edge 3-2).

4/ The sticking knowlege is provided to determind which "snow” should be "stuct” by

- I © o teppes -
) which "ice”. It is ex'p'ressed by the procedure "sticking”.
[ S ey
—_
. *
2 — 1
:] - J i vt
>}
— ] i
o——— P o
2 2
. L
L — [
3 3

If routlng priority 1s 1-2-3, no via is required.
If routing prlority Is 3-2-1, four vias are required

Fig. 6f The routing priority and vias
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Find geometry
center

Select a piece of
snow adjacent to
the geometry center
as a snow ball

Stick snow

yes.~ Any
snow in the

ground
?

Return

How to stick?

sticking

knowledge

Fig. 6g The function of snow ball roller
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7. The Modified Lee’s algorithm

Before introducing the moditied 1ee's algorithm, Lee's algorithm '™ is reviewed.

L] 2 1

sfa3]:fal4]s]e]n 9 Jo] 1 |
BRDEBRE 8|9 fofriiz 1434344
SRS K < 9 f1of11 (A1 S
I  DaBERLIE 6474849410111
alal: 213 12
1 gl 13 ‘3__
A —
6150 1019 j10)11ji2413 |
7 N R
g HUREE SRR 13
E tifrof oftoffi: [l |

Fig. 7a Lee’s algorithm

e

7.1. Lee’s Algorithm

Consider two pins, A an B. in Fig. 7a. The process begin with the selection of cither pin
as a starting point. Say A is selected. Inivially, a 1 is entered in each empuy grid immediately
adjacent to the grid containing pin A (upper-left diagram in IFig. 7a). Next. 3's are entered
adjacent to 2's: and so on. The process‘cominues in this manner until one of two results
occurs. Either all paths become blocked. i.e.. on the Kth step there are no emply  grids adja-

cent to those containing (k - 1), or. as in this case, the target grid, B, is reached. Here this
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occurs on the 13th step (lower-left diagram, Fig. 7a). If there is more than one such way,
channel selection is neccessary. Therefore, the algorithm consists of rorkward search, retracing
serach and channel selection. Following Lee’s algorithm, the modified algorithm consists

above three steps also.

7.2. Modified Lee’s Algorithm
In order to search a shortest channel from a pin to a routed sub-net, Lee’s algorithm is
modified. The target grid modification and vertex location selection have been taken into con-

sideration by D. W. hightower %15,

All the algorithms, procedures and data structures in this section is expressed in appen-

dix 3 with Pascal language.

7.2.1. Target grid Modification
All of the grids occupied by the routed sub-net are assigned as target grids. The grid
which is hit first in the for\wa.rd searching is selected as new intersection between the routed

sub-net and the new branch (Fig. 7b).

5
5|4]ls] |B|B
51413145 8
~ 4{3|2|3|4|5|8|8]8

312171213418 —
2171A111213|4

312111213l4i5

413121314|5

S514|3|4|5

5415

Fig. 7b Target grid modification
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7.2.2. Less Via Channel Selection

as shown in Fig. 7b, there are 5 shortest channels from A to B. Usaully, one conner
required one via to connect a row segment and a column segment in a multilayer PWB.
Therefore, the channel with least conner is favored. In Fig. 7b, channels with one conner are

candidates.
7.2.3. Vertex Location Selection

For improving the next edge routing, the location of the vertex of the conner in a candi-

" date channel is desired to near the next connected pin (Fig. 7c).

desired not desired
A vertex
* @—* A
* e @ *B
* *
- —— . Y
B C C

C is the next connected pin

Flg. 7¢ Vertex location selection

If there are more than one conners in the candidate channels, select the channel with

shortest distance from one of the vertices to the next connected pin.

7.3. The For%ward Search Algorithm
The foreward search algorithm can be expressed as followings

Assign all grids occupied by the routed sub-net with target name B;
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If B is not adjacent to any n-1, then
begin
Assign n’s to grids arround n-1 if the grids are not blocking;
n=n-+1;
end
Ontil B is found to adjacent to n-1.
-

In the algorithm, a grid is blocking means that this grid has been assigned number or

occupied by other connection and n = 0 means the grid is occupied by pin A.

7.4. The Retrace Search Algorithm

The retrace search algorithm can be expressed as followings

: i—=—1; -
C)
/ Repeat
conner = 0; R— . R =
m = n;

decided retrace search direction { row or column );
Repeat
If retrace search direction is changed then
conner == conner +1;
Store unmarked g;id location occupied by m onto stack S;;
Mark the grid location;
If A is not found, then

m=m-1
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Until A is found or no m can be found;
=i+1
Until no m can be found.

So, there are i channels are found.

7.5. The Channel Selection Algorithm

The channel with shortest length, least conners and better vertex location can be finally

selected by following algorithm:
k=1;
Count conner number C, in S;;

Set stack pointer p pointed to S ;

Repeat__ -
k=k+ L - — =
If k < i, then
begin

Count C; in S;;
If Gy < G, or ((Ck =C, Jand(M; <M,)), then
p=K;

end

Until k==i.

In the algorithm, M; is Manhattan distance between vertex in channel k and the next con-

nected pin and Mp is Manhattan distance between vertex in channel p and the next con-

nected pin.
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Jhs.

7.6. The Modified Lee’s Algorithm\ Data Processing %

The data processing system (Fig. 7e) consists of three system and ten sub-systems:
1/ Data record system:

The system includes sorted edge record, work area, candidate channel record, and seg-

ment buffers. -

2/ Knowledge system:

The system includes foreward search knowledge, retrace knowledge and channel selec-

tion knowledge.
3/ System controller:

The controller includes foreward searcher (Fig. 7f), retracer (Fig. 7g) and channel selec-

tor (Fig. 7h).

In the procedure for the modified Lee’s algorithm (appendix 3), the data structures and

knowledge are structured or expressed as followings
1/ The sorted edge record has been introduced in section 6.3.
2/ Work area: N
grid=ar};y[1..xchannel, 1..ychannel] of int,eger.:“_‘

: -
The work area is the representative of the layers under processing. When a new chan-
nel is searched, the work area is cleared and the data stored in&uff,ers will be copied to work

area for foreward and retrace searching.
3/ Candidate channel record:
retrace_record=record
X: integer;

y: integer;
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row: boolean;
end;
retace_array=array[l.. toltrace, t,ra.celengt.h] of retrace_record.

In the retracing processing, the coordinates of each trace are stored in x and y items and
the trace direction {row or column) in row item. In retrace array, the first dimension is the

trace index and the second is the index of the trace length.
4/ Segment buflers:
segment_record=record
net: integer;
opposite: boolean;
end;

. segment=array(1..xchannel, 1..ychannel] of segment_record.

& N

After the best channel is selected by the channel selector, it is copied from the candi-
date channel record to segment buffers. In segment array, two dimensions express the coordi-
nates of a layer. The net name is stored in net item. One buffer stores data of one layer in the
PWB. Row segments or column segments are mainly stored in one layer. However, some

. -
column segments are required to be printed in row layer to reduce vias and so do some row

segments. In this case, opposite item is assigned "true” for those segments. All opposite items

are initially assigned "false”. The data in segment buffers may be shown as Fig. 7d.
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2
2
1 2 RERRAERE
2 2 21212
2
2
2 }
column segment row segment
X -
- — -

Fig 7d Data in the segment buffers and the layout of the segments
-

5/ F‘or\ward search knowledge

a. How to copy data from buffer to work area? The knowledge to answer this question is

expressed in procedure copytowork.

b. If the searching is inside the boundary? Function inboundary will reply "yes” or

not”.
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c. If the target grid name B is found? Function foundb will answer "true” or "false”.

d. How to mark grids so as to continue foreward search? Procedure markgrid and pro-

cedure term are smart enough to solve this problem.

e. How to know an available channel exists in a specific layer? A signal "no way or not”
from procedure forewardsch will be promped. If no way, search channel on other layers.

6/ Retrace knowledge

The retrace knowledge will help the controller to understand the trace direction and tell
the controller how to store the trace data. The knowledge is expressed in procedure sear-

chlastnode and procedure retracing.
7/ Channel selecting knowledge
a. Which candidate channel has least conners?

b. Is the vertex of conner in the candidate channel corrective?
The_knowledge to reply qitestion a and b is expressed in procedure findbesttrace. In Fig. 7e, -

ey,

the functions in the data processing can be described as followings
A. Copy data from data base sorted edge record.

B. Terminals of the edge from sorted edge record and data of routed edges from seg-
ment buffers are transfer to the work area. Then the foreward search knowledge inquired
and the foreward search is processed.

C. The retrace knowledge is inquired and the retrace is processed to obtain candidate

channels.

D. The channel selecting knowledge is inquired and the best channel is selected.
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data record

system controller
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record

foreward search

knowledge
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for*ward search knowledge

work area

condidate

retracer

__{ retace knowledge
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channel selector

D channel selecting knowledge

i

i N g~

“segment buffers

L

Fig. 7e Modifled Lee's algorithm data processing system
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8. The Router Algorithm

In order to layout complex Steiner tree, A PWB consists of multilayers. The column
segments and row segments are seprerately printed on different layers (Fig. 8a). For the con-
venience of manufacturing, every pin goes through all layers and a via just goes though a
sheet of insulating material on which two routed layers are printed. For example, vias are
only permitted to go though an insulating layer between first and second layer, third and

fouth layer, and so on (Fig 8.a).

A c——

Flg. 8a A pin and a via in a multllayer PWB

Because a segment buffer is required for every layer to store channel data, m X n
memories are required for each layer if adjacent two layers can provide m column channels

and n row channels. So, the memories occupied by segment buffers are

M=m>< n X Nlayt"

where Nj,., is number of layers.
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8.1. The Routing Priority

For globally nesting some shorter edges by longer edges, the routing priority will pro~
cessed in this way: according to the edge connecting priority in every spanning tree, one edge

is taken from every net and the shortest is routed.
For example, there are three nets on a PWB:
Nl = {EurExe'Ela'En}'

N2 == {E2lrE2‘2'E23}.

and

Ns = {Es1.E5.E55,E5,,E 5},

where N and E represent net and edge respectively.
If the lengths of edges corresponsed to above nets are
L, = {11, 13, 18, 20},

~L,= {15, 17, 25}

and

Ly= {14, 19, 17, 18, 28},

the routing priority will be
g -
Ell'E l‘z'ESXEZI'El§'E22'E32'E33.E34’E14’E23'E85'

The procedure for routing priority is expressed in procedure sortedge (appendix 3)

8.2. The Router Algorithm

According to "snow ball” roller, Lee’s algorithm and the priority of routing edges, the

router algorithm is followings

Build spanning trees via "snow ball” roller;
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Build priority list of routing edges;
For t = 1 to tolal edge do
begin
Assign pins’ location data to work area;
Copy routed data from segment buffer to work area;
Find channels for edge i via Lee’s algorithm;
Copy the best channel to segment buffer;
end;
display the layout.
The layout algorithm in the router algorithm is followings
Fori == 1 to Ny, do
_ If layer i is column segment buffer, then
Forj=1tomdo
rér k=1tondo
Repeat .
Find non-zero grid(j,k,);
Find zero grid(j,k ,+1);
Draw wire segment from grid(j.k,) to grid(j,k,);
Untilk = n
else -

Forj==1tondo

Fork =1 to m do
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Repeat
Find non-zero grid(J,,k);
Find zero grid(j,+1,k);
Draw wire segment from grid(7,,k) to grid{j,.k);
Until k = m.
Each layer may be printed seperately also.

The function of the router is shown in Fig. 8b, where the priority rule, pin drawing
knowledge and copying rule are expressed by procedure pickupshort, procedure drawpin and
-
procedure tobuffer.

The router algoriﬁhmgnd all the procedg_res described in this section are expressed in

appendix 3 with Pascal language.
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Fig. 8b The function of the router
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9. The PWB Design Automation System

By summarizing the data processing system described in section 4 to 8, the PWB design
automation system are constructed by three parts (high level systems). a data management

system, a system controller and a knowledge base.

The data base management system (DBMS) monitors all the required PWB data. The
DBMS is composed of a global data base, work areas and a data manager. The data manager
selects the data base or work area and appropriate fields for data transfer, as well as the

direction of data flow.

The global data base consists of a complete range of component and data, Data
includes: component identifiers, component and board dimensional information, layer, avail-
able routing channels locations, net identifier, pin identifier and net-component-pin relation
information. In the presented system, data base only consists of a net-component-pin data

‘- ——
base. Under normal operation, the giobal data base serves as a read only memory. New or

updated information should be entered prior to the design process. This data provides the

dééign system with the ability to make component and board substitutions.

The work area consists of board, net, component, pin, channel, layer and their relation
information and are specific to the particular PWB design and its operation. The work areas
hold the currer:_‘U“PWB design data and is constantly being updated to reflect changes in the
design. In the presented system, following data relations are included in the data base or in
the work areas: Neb—comgonenb-pin relation, net-component-pin-location relation, location-

component-weight relation, compnent-net relation, net-row-column relation, "ground”, "snow

ball”, work area in Lee’s algorithm, candidate channel and segment buffers.

The system controller provides the computational routines with input data and con-

: -

straint information obtained from the production rules. Before making any decision, the con-

troller must retrieve the knowledge base. Rule consequences also generate an enable signal

S -
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knowledge base

placement;

spanning tree building;
forfward search;
retrace;

channel selecting;
routing priority.

global data base

net-comp-pin

system controller

assignment processor;

placement controller;
router

l

net-comp-pin-location;
comp-location-net;
location-comp-weight;
component-iet;
net-row-col;
“ground”;

"snow ball”;

worli area in
Lee's.algorit,hm;
candidate channels;
segment buffers.

Fig. ¢ PWB design automatlon system
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10. Discussion

Theories and algorithms discussed in prior sections stand on the assumtion that all com- _
ponents are standard and rectangular. If part of components is slightly different from others.
All components may process as standard size in the placement stages. However, all com-
ponents must be arranged as real size so that Steiner trees may be routed in terms of real pin
locations. For different size compnents, the size of each component must be processed as one
constraint in the placement stage and new rows must be created so that the indirective ran-
dom optimal placement technique can be employed (Fig. 10a). Bec'ause'of the assumption that
each pin is located in the geometry center of its component in the placement process, the size
effect is not considered sufficiently for large size components. In order to improve the result A
of the placemnet, large size components have to be divided into smaller sub-components. For
example, A component can be divided into four parts (Fig. 10b) and pins in each part is
assumed to be located at the geometry center of the pins in that part. In every comparision

in the placement processing, two comparing components must be turned arround to make

sure a best arrangement.

To speed up the routing process, D. W. Hightower’s fast line router or Nilsson’s search
e 2 A s - -

) o - gy -7 )
algorithm '* may be used to rout edges whose length is equal to or less than their related

banches in the minimum spanning trees. Finally, un-routed edges are routed by the modified

Lee’s algorithm.
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which specifies which computational routing should access the data base and which informa-
tion should be accessed from the work areas by the data manager. In the pesented system, the

system controller is composed of assignment processor, placement controller and the router.

The knowledge base is comprised of production rules which are used in determining the
process flow and the computational routines. The rules generally take the form of a boolean_
function, a knowledge procedure or a condition statement. In the presented system, the
knowledge base is composed of placement knowledge, spanning tree building knowledge, fot‘-
ward serach knowledge, retrace knowledge, channel selecting knowledge and routing priority
knowledge. The placement knowledge determines which component should be relocated and
what placement result is optimal. The spanning tree building knowledge determines how to
connect pins into a spanning tree. The foreward search knowledge determines how to search a
target. The retrace knowledge determines how to find available channels. The channel select-
ing knowledge determines which available channel is the best channel. And the routing prior-

ity knowledge globally determines edge routing priority.
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knowledge base

placement;

spanning tree building;
l'oréward search;
retrace;

channel selecting;
routing priority.

global data base

net-comp-pin

system controller

assignment processor;

placement controller;
router

net-comp-pin-location;
comp-location-net;
location-comp-weight;
component-met;
net-row-col;
“ground”;

"snow ball”;

work area in
Lee's.a.lgorit,hm;
candidate channels;
segment buffers.

Fig. 9 PWB design automatlon system
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10. Discussion

Theories and algorithms discussed in prior sections stand on the assumtion that all com- ,
ponents are standard and rectangular. If part of components is slightly different from others.
All components may process as standard size in the placement stages. However, all com-
ponents must be arranged as real size so that Steiner trees may be routed in terms of real pin
locations. For different size compnents, the size of each component must be processed as one
constraint in the placement stage and new rows must be created so that the indirective ran-
dom optimal placement technique can be employed (Fig. 10a). Bec'ause'of the assumption that
each pin is located in the geometry center of its component in the placement process, the size
eflect is not considered sufficiently for large size components. In order to improve the result
of the placemnet, large size components have to be divided into smaller sub-components. For
example, A component can be divided into four parts (Fig. 10b) and pins in each part is
assumed to be located at the geometry center of the pins in that part. In every comparision

in the placement processing, two comparing components must be turned arround to make

sure a best arrangement.

To speed up th routing process, D. W. Hightower’s fast line router or Nilsson’s search
\' f‘. . R ——— —

algorithm '* may be used to rout edges whose length is equal to or less than their related
banches in the minimum spanning trees. Finally, un-routed edges are routed by the modified

Lee’s algorithm.
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Fig. 10a Board with non-standard components
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Fig. 10b Set-components and thire geometry centers
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