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ABRSTRACT

This report studies the automated generation of logic
diagramse Logic dilagrams play an important. role in the
design, development and maintenance of logic cifcuitry. The
automated production of logic diagrams results in increased

speed and accuracyes

This report discusses the logic diagram problem and
gives a set of cbjectives and requirements that an
automated logic diagram generation system (ALDGS) should
meet. The structural information of a logic circuit is
represented by graphs and new methods are developed for
classifying and transforming this information for use in
the pgeneration of logic diagramse The steps involved in
sutomatically generating a logic diagram are: partitioning
the togic circuit, placement of components on the sheet,
and routing the interconnections between the componen tse
Methods are given for partitioning and placing the logic
circuit elements on a logic diagram sheet and objective
criteria are established for evaluating the placements A
new ‘"routing algorithm is given which reduces

interconnection crossings on the logic diagrame

The algorithms and technigues have been implemented in
a system which takes a pseudo—boolean representation of a
circuit and generates the appropriate logic diagram(s).
Fxamples are given of several circuits for which the system

has genefated the logic diagrams automatically.
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Introduction —el=~

0.0 Jatroductiaone

In the mld—fifties the subject of <omputers designing
other computers became a popular sub jectes People began to
recognize that the design and development of a complex digital
computer involved many routine and repetitive operations that
lent themselves quite readily to mechanizatione These early
attempts at design mechanization formed the basgis for what has
become Kknown as design automation (DA)e The term digital
design automation is usually taken to mean the art of applyihg
compu ters and computer based techniques 1in the design of
digital systems. A digital design automation sysiem (DDAS)
refers to a collection of programs which are used to assist
the digital systems designere. These programs are usually
defined around a file ayatem or data base to assist in the
designy analysis, and documentation, and in the generation of

manufacturing datas

This report concerns itself with one segment of a design
automation system, namely that of producing digital design
documentation and in particular the agutomated generation of
logic diagramse Loglic diagrams are a very important part of
the documentation process. They are the basic gource of
information about a digital design from its conceptlion through
to thé final design stagese When the design is complete they
are used in the manufacturing and maintenance of digltal

equipment. Because of their importance, loglc diagrams must bhe .
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produced qulickly and accurately. If they are produced guickly
there is a very shoft time lag until changes are reflected in
the drawings and this may result in reduced design times The
need for accuracy speaks for itself. Speed and accuracy should
result if a computer is used and hopefully the further
benefits of decreased manpower and reduced coeosts would also be

presente.

In any design automation system, some method is needed
t0o input a description of the logic which is to be processed.
The common methods are elither to capture the data from a logic
sketch or to provide the information in the form of logic
equationse From the loglec sketch, people specify actual
locations on a sheet for each components Since the logic
equations are a low level description of the logic it is also
possible to specify these sheet locations in the logic
eguation description. The use of automatic generation
techniques would allow, if degslred, omisslon of this location
informatione. A third method of generating the logic
degscription is through the use of a high level computer
hardware description language (CHDL ). A survey of such
languages in contained in [SU 747« Since these languages
‘usually describe hardware at a Llevel much higher than bodlean
egquations, it is not easy fo specify positioning information
and thus the automatic generation of logic diagrams is a

necessity here.

In order to produce usable logic diagrams automatically,

one has to be able to guantify some of the criteria a
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draftasman uses in laying out a diagrame The operations
necessary are the breaking of the logic circuilt into sectlons
which fit on a loglce dlagram\sheet (partitioning), locating
the elements of the circuit on the logic diagram sheet
{placement)y and generation of the interconnecting lines
{(routing)e Much research has been performed on these
operations for the generation of PC (Printed Circuit) board
deslgns, but because of the end objective, the requirements
and criteria for an acceptable PC board design vary greatly

from the objectives of logic diagram generatione

The techniques involved in the generation of logic
diagrams have not received much attention in the open
1llteraturae. Many papers have been published on design
eutomation systems In which logic diagrams were produced but
the papers give only very cursory descriptionss The ma jority
of these systems fall 1into one of the two following

categorlies:

1) component positions are encaoded from hand drawn

sketches or are determined manually, or

2) some form of automatic positioning of components is
performed but no mention is ever made of the

technigques usede.
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In most cases the routing of connections is rerformed
automatically but the technigues used are carried over from PC

board routing schemes with minor modificationss

Thus, there has been no concentrated attempt to examine
the algorithms needed for automatic generation of logic
diagrams. This report addresses ltself to this problem. It
discusses each aspect of the generation of logic diagramses The
sultability of existing PC board techniques is discussed and
where they are inadequate new methods are glivene The
algorithms and techniqgues have been implemented and thus form
an automated logic diagram generation system, called ALBGS,
which takes a pseudo—boolean representation of a logic circuit
and produces logic diagramse Examples of automatically

generated logic diagrams are givene

Chapter 1 discusses logic diagrams and the problems
involved 1n generating them and gives the features that should

exist in a logic diagram generation systeme

Chapter 2 evaluates the logic diagram generation
techniques used by several design automation systems. It also
discusses current PC hoard techniques as they relate to logic

diagram layout.

The generation of logic diagrams involves the
moeintenance and manipulation of much circuit information at
different levels of complexitye Chapter 3 discusses methods of
representing this information in the form of graphs and gives

new methods of classifying the nodes of the graph and
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relationships hetween nodes such that the required
maniputations may be performed easily and consistentlys.
Chapter 3 also gives the basic configuration of the lLogic

diagrams that will be used in this reporte

Chapter 4 dlscusses the selection of the components of a
circuit that should be placed on a logic diagram sheet as well
as the positioning of the componentse The second half of the
chapter discusses placement of the signal inputs and outputs
from/ to other logic sheetse. It glves methods of placing these

in conjunction with a method of pin assignmente.

Chapter 5§ deals with the routing of connections on the
diagreme Tt gives a new algorithm for routing connections on

logic dliagrams which will reduce crossoverse

Chapter 6 dilscusses the logic diagrams which are
produced by the system using the techniques described in the
previous chapters and gives recommendations for future

researche



The Loglc Diagram Layout Problem -1el-~-

1.0 Introductione

This chapter discusses the logic diagram layout problem
and the features that should appear in a logic diagram
generation systems It gives the capabilities expected and the
information that the diagrams should containe Also discussed
is the value of Iinteraction in an automated loglc dlagram

generation systeme.

1«1 The Loxic Diasram Lavout Svstem.

An automated loglic diagram system may exist as part of
an integrated digital design system or 1t may exist as a
system by itself. For the purposes of this report it is
required that the leogic diagram system accept a representation
of a logic circuit from which it is reguired to automatically

generate a set of logic diagrams for this circuit,

This representation would be generated from input data
which could have many formse. Low level logic equations are the
form assumed for this report since they are the common
denominatar of all other formse Other forms of input, ege
truth tables, and state tables,y, may be processed to generate
these low level logic equations as may a high level

description of the logic in a digital design languagee.

The system should be able to handle large sections of

logic and perform the necessary partitioning of the logic to
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f£fit it on a loglic diagram sheete Thias partitioning of the
logic clircult should cluster heavily connected logic together

on a single sheet to avold cyclic references between sheets.

intersheet connections between logic diagram sSheets
»should be handled sutomatically by the systeme It should also
be able to generate different sizes of diagrams and use
different slze=s of components depending on the usmser's

requirementse.

1.2 mg:mnl.on.tnn.exxmgdo

As mentioned in chapter 0, a logic diagram is the basic
source of information throughout the design and manufacture of
a diglital systems Among the minimum infoermation that should
appear on a logic diagram would be: the logic symbols that
represent a gliven functilon (ANDy NAND; OR, etce), the
interconnections between the logic symbols, and the
input-output pads indicating 1ogic slgnals from/ to the
external environment and from/to other logic sheetse. The logic
signals should be identified according to their names in the
input form and the source and destination information should

also be included for off-aheet signalse

The system should have the capability to handle all
types of components currently in use for digital logic
diagrams, isee gates, fllp-flops, and other elements, and be
flexible enough to allow new components to be defined by the

users Then, on one set of diagrams a user could represent a
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functional unit, such as an adder, by a box with ite Input and
output circultry and with another set of diagrams give the
internal circuitry for the adder iteelfe The system should
have the ability to use logic symbols which conform to the
MILoSpecificntionz {DEFE62 e For elements with unique inputs
and/or multiple outputs, the input leads and the ocutput leads

ahould be ldentifled on the loglc diagrame

The remaining basic information that must be included is
the standard drafting data auch as circuit name and
jdentification data, designer, sheet numbering Information,

and update or revision datae

The next level of information to be included, if
avallable and desired, would be the Iinformation that describes
the isplementation of the logic circuite This would include
the chip types which were used to phyaically realize a
particular function and even the function number if the chip

contained many simllar functlonse

Furthermore, it the PC boards had been previously
designed for the circuit then the PC board number and position
of the chips on the PC board as well as the pin numbers could
be included on +the loglc disgrame For those logic signals
which enter or leave a PC board, the board pin number

informatlon should be placed on the diagrame
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1¢3 Apalvsis of the Froblem.

Generation of logic diagrams involvea taking some
description of a logic circult which represents the components
and their interconnections, and embedding the circuit on one
or more logic diagram sheetse Solution of this problem
requires the solution of the three problems of: 1)
partitioning, 2) placement, and 3) routinge Because of their
interrelation; these three problems would best be solved by a
simultansous approachs However, because of the difficulty in
solving these problems simultanecusly, they have historically

been attacked separately.

Partitioning involves the selection of a suitable subset
of the circuit to be placed on each logic diagram sheet. If
heavily connected components are kept together on logic
diagrams the intersheet connections will be reduced and hence
their readability will be improved. There is however another
consideratione. Resldes using connectivity criteria some
thought must be given to the placement of components 1n an

attempt to improve the layout of a sheets

Placement refers to mapping the components of this logic
subset into positions on the logic sheet, In LD layout all
placement is performed to ald the clarity of the logic
diagrams. For this reason 1t is preferable that the diagram
have its inputs on the left and its outputs on the righte.
Those components with all inputs external to the sheet should

be to the left of all logic that they are input to, and those
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components with outputs external to the sheet should be on the
right of +those components that input to thems The remaining
components should be sultably placed between thems The logic
diagram will be more understandable and easier to follow if
the conponents are placed to reduce crossovers and the number
of reversed connectionste Thus the ?'flow' of the logic should
‘he from left to right as much as poamibles If unconnected
sections of logic are to be placed on one logic diagram then
these sections should be separated from each othere The input
and output signals should be placed close to the compenents to

which they are connectede.

Routing 1s concerned Qith drawing the interconnection
lines between the components. For logic diagrams, a connection
bhetwean two components should be as direct as possible to
allow easy tracing of connectionse. It is further desired that
'the routing scheme be always succesaful. The routing of
interconnection lines should be such that the number of

crossings is mimimal,
14 Coste.

1e4.1 General Sonsilderationss

The cost of generating a solution to the partitioning,
placement, and routing problems determines the feasibility of

automatically generating logic diagramse. For any given circuit
T A reversed connection is a connection whose source

component is to the right of its destination components. A

reversed connection whichA forms part of a loop in a

circuit is called a fgedback sonnectione.
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that is to be represented on a logic diagram many solutions
are possible and although each solution has a particular
associated cost, it is often difficult to evaluate the gquality
of the soalutionss The crossing of interconnection lines is
allowed and in fact a crossing of lines is much better than a
line wandering all over the sheet in order to avoid one
crossings The criterion of 'goodnessa' depends mostly upon ease
of comprehensions The number of logic diagrams to be_produced
does not affect the cost of generating the layoute Logic
diagrams should be as readable as possible and produced as

cheaply as posgibles

4.2 Ipntexaciione

The value of interaction is determined by the gquality of
the solution desired and the assocliated coste Given the need
to generate large dliagrams it is doubtful that interactive
graphics intervention 1s feasible at the partitioning or even
the Initial~placement and routing stage because of the large
amount of information involvede Adegquate algorithms meay be
developed for partitioning the logic, performing a placement,

and doing the routinge

Interaction does have a place in revision of logic
diagramse In this case, if logic is to be changed or it a
small bit of logic is to be added to a logic section and it
may be done on the same sheet, then interaction could be used
to place the logic such that the original circuit layout on

the sheet remained the sames
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1.5 Summary of Desirahle Features for LD Layoute

The followlng is a rearranged summary of +the desired
features as proposed In the earlier sectionse. An automated

logic dlagram generating system should:
1s produce legible diagrams at a reasonable cost

2e fhandle large sections 0f 1logic circuitry and different
sizes of diagrams and components with heavily connected

logic grouped together on a sheet

3e have sheet inputs on the Lleft and sheet outputs on the
right with the components suitably placed such that the
tflow' is from left to right and reversed connections
are minimizedes Unconnected sections of logic should be
separated on the diagram and Input and output
connections should be placed close to the components to

which they are connectede.

4. have a routing scheme which routes 100% of the
interconnections using paths which are as direct as
posslible, and which attempts to minimize crossings

without violating item 3

Se be able to handle all types of components including
user deflined ones and be able to generate

MiL-gspecification symbols

6e have provision to present information concerning:
circuit identification, clircuit implementation, signal

names, and off-sheet signal references.
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2.0 Inptroductions

Many of the major computer manufacturers have had design
automation systems In existence feor many years and logic
diagram capabilities have existed in these systems almost from
the start. Generation of logic diagrams involves the three
steps of partitioning, placement, and routinge. These

operations may be performed either manually or automaticallye.

The use of loglc diagramsa in an automated design system
first appeared In [KLOOS8] from 1IBM. In this system, an
engineer's logic sketch was encoded and reproduced on a line
printere. Placement information was specified for the
components but the routing was performed automatically
{ warRB61a ], [WARB61b]. A more recent paper [HAYAT0] from
Fujitsu describes a similar system which alsc uses the line
printer as an output devices The systems [DEHA66], [WISEe6T],
and [ SAND72] also take component coordinate information from
hand drawn schematics but in these cases a plotter>ls used as
the output devices The system described in [BALD67] uses a
manual initial placement followed by an automatic placement

refinément-

Early attempts at sutomatlc placement of components were
made by [ ROCK61] and [KALI63]s The latter system also used a
cathode ray tube to preview the logic diagram before drawing

it on & plottere The systems described in [ROTH65] and
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[LLINN71] performed automatic partitioning of the bootlean
equations to select componeants for each sheet and then

auvtomatically placed the components on each sheet.

Interactive graphics was used in the generation of logic
dlagrams by [ALAI67]e In this system coordinate locations were
not required as input data but a light-pen and cathode ray
tube were used to interactlively place the modules. Others to

take this approach are [ UHLI68] and [ HOWI71 J.

In terms of the input description, boolean equations,
logic sketches, & computer hardware description language
{ FRIE66], and interactive graphics have all been used,

although the most common form was boolean eguations.

The above papers describe the logic diagram aspects of
the systems of six different companies. The following section
discusses each of these systems, glves examples of thelr
output, and shows thelr drawbackSe The remaining section

discusses PC board techniques which are relevant to LD layoute.

2.1 Loulc Disgram Generation Systems and Iheir Capabjilities.

2.1.1 1BM and Euldlisu.

HBoth these companies use a printer as the output devicee.
The use of a printer means rapid and cheap generation of
documentse. A printer does however impose a limit on the size
of documents that may be produceds The 1limit on one dimension

(length or width depending on the orientation of the diagram
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on the printer) is @governed by the printer width and |is
usually around 14 inches wide with 120 to 133 columns in this
widthe To generate the required drawing, both systems use a

character memory image of the print page.

Because of a timited character set and the low
resolution, the logic diagrams of the ebove twe manufacturers
are limited to representing loglc elements as rectangles with
a wmnemonic to designate the type (ie. AND,y OR, FLIPFLOP,
etcs)s Thus they are unable to achieve the MIL-STD-806A

specificationse

The input to the Fujitsu system and the early IBM éystem
was Iin the form of logic dlagrams from which the placement and
connection data were extracteds In both cases the routing of
the connections was performed by computers IBM pregressed to
accepting boolean equations a# input but their blacement
procedures wefe not specifiedt, In the paper by Uhlik an
interactive system for updating these logic dlagrams was

described but the same type of drawing was output.

Examples of diagrams generated ‘automatically by IBM are
shown in Figures 2.1la and 2.1be In these flgures, several
unnecessary crossings of interconnections exist. These
crossings are circled on . the dlagrams. In Figure 2e1b, the
line separates 2 groups of components which are not connected
to each others These groups should have been sSeparated to make

the diagram clearere.
+ A preliminary effort in this area was described 1In the paper
by Rocket [ ROCK61] but this effort seems to have been ignored.
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An example of the dlagrams produced by the Fujitsu
system is shown in Figure 242+ This diagram was produced with
manual placement and automatic routinge The routing is
acceptable except for the reversed connectionse An example of
this 1s the interconnection between the top twe components in
the second cclumne This connection would be improved by
routing the connection between the compeonents. In fact, if the
indicaeted components were moved, there would not be any
reversed connections on the diagrames The illustrated circuit
is regular in structure and combinational, thus it does not
give any indication of the ability of their system to handle

routing on a complicated diagrame

2.1+2 Bell Ielephone Laboratorlies.

The three papers mentioned from the Bell Telephone
Laboratories are entirely concerned with the generation of
schematic diagramse The first paper [KALI64] is concerned with
the methods for generating optimum layouts for electrical
diagramse Although this system was an excellent attempt at
automatic placement and routing, it contains several

drawvbacks.

The problem of feedback connections was mentioned only
in describing the type of inputs allowed and it 1is not clear
how these would be handlede. Furthermore, their technique of
detecting crossings using a geometric solution of lines is not
acceptable for large diagrams. Another problem with this

system ls that it was limlited to 'L' shaped interconnection
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runs. 1t was however, a good attempt at solving the component
placement probleme. This was an early attempt at performing
what has become known as initial-placement and placement

refinement operationsge.

Production systems for generation of loglc diagrams were
described in [DEHA66] and [ALAI67]s The first paper describes
a system which accepts input which is coded from a logic
aketche The information coded consists of element type inputs
and outputs, orientation and coordinate informations Thus the
element positions are fixed leaving only routing to be done
automaticallye. The routing algorithm works on a basis similar
to maze threading using a grid which defines allowable paths

for the interconnectionst.

The other paper [ALAI67] describes their GRAD (Graphics
Aided Drafting) program which allows interactior through the
us; ot a light-pen and a CRTs The user uses the light-pen to
place or rearrange the elements on the CRT. The automatic

routing is a Lee—type algorithm.

The first system has the handicap ©f reguiring the

speci fication of coordinate information manually on cards
There is a class of algorithms using maze~threading techniques
and are based on the work of Moore [ MOOR59 ] and Lee [LEE 61 ]
with simplifications by Majoranl [MAJO64] among others. This
class of algorithms, which shall be referred to here—-after as
Lee-—type algorithms, is  characterized by the use of a matrix
or grid to determine allowable paths for interconnectionse.
With this class, first applied to printed circuit beoard
routing problems, the resolutien regquired for routing
de termines the matrix size which is usually maintained in
memorye. This type of algorithm will always find a path, if one
exists, but the routing may meander all over the diagram on a
complicated circuit Lf it is not restrained.
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while the second system requires it either manually on cards
or manually through interactions. The ideal approach 1is
avtomated placement with minor manual modifications only if
necessarys For both systems the routing method could require
excessive amounts of memory for large diagrams or require much
time if the data were compactly packede. With & Lee-type
algorithm it is difficult to prevent unnecessary crossings of

1the interconnections.

An example of the diagrams produced by the GRAD system
is given in Figure 2.3+ The placement for this dlagram was
speci fied manually and routing was performed automatically. Tt
contains groups of components which may be moved to the top or
hottom of the diagram without affecting the other components
since the only connections they have in common are the
connections indicated by an asteriskte. The routing is
reasonably good but has some Jjogs which are not necessarye
Again this circuit ia regular in structure and does not have

any feedback connections.

1.3 Geperal Electric Companye.

In the Automatic Logic Implementation (ALI) system of

_the General Electric Company, [BALD68 ], logic sheets are coded

*

in IPEL (Intermediate Programming Engineering Language), from
which the system produces manufacturing and documentation

output,.

—— v " A —

For some reason these connections have no sources
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To achieve a reasonable positloning of elements from the
manual input, the system is prepared to perform a five step
process composed of the following steps: a) initial placement
b) expand, c) squeezey d) stompy, and e) align. The initial
placement is coded on cards and defines the topology of the
elementses The remaining steps are aimed at improving the
geometry of the elementst. The alignment process aligns input
and output slgnal names wherever possible to eliminate bends
in the pathse. The routing of connections is performed using a

Lee—type algorithme

This system goes through many gyrations to achieve good
placement just to correct bad aspects of the manually produced

logic sketch and may actually fail In this attempts.

An example of the diagrams produced by this system is
contained in Figure 2.4. The components were placed maﬁualty
from a logic diagram as were the positions of the input and
output signal names. The routing was performed automatically
and generates connections which are difficult to followe Their
router also generates unnecessary crossings, some of which are

circled in the diagrame

2+.1+4 Sperrv=Rande

For the logic flow diagrams of the Sperry Rand
Corporation [SAND72], data is taken directly from original

logic sketchese The information input is a) logic and circuit

ot It is not always possible to correct a logic diagram. Upon
encountering this case the program admits defeat.
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symbol data, b) interconnection data, and c¢) signal flow data
(iece information concerning the disposition of signals which
enter or lLeave the diagram)s It is requlred to specify the
lccation and data for each symbol on the final diagram.

Routing is performed using a modified Lee type algorlthm.

An example of their diagrams is contained in Figure 2.5.
It was generated using manual placement with automatic
routing. The routing generates indirect connections.
Unnecessary crossings are circled on the dlagrame The dlagram
Is cluttered by the fact that there are many output names for

each output signale.

2¢1.5 Sapnders.

The Logic Design Sysatem (LDS) of Sanders Assoclates
[LINN71] is a set of FORTRAN programs that converts boolean
equations and component descriptions into logic diagrams and
other manufacturing informatione Data is suppllied to indicate
dimensions ot the logic design, the logical elements to be
used, the dorrelation between logical names and particular
devices, and the input and ocutput signals. The system has the
capability to handle gates, flipflopsy and moduless The Logic
Diagram program uses MIL-STD-306A symbology and creates Cy,D,E,
and F size drawings using 5/8y 3/4 or full scale R06A symbols.
All modules are lald out one egquation at a time until a page
is filledy then another page |is stgrted. The system looks
after relating input and output connectors with the pages

where they originate or to where they are «£Loinge
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The 1logic diagrams generated by this system suffer
greatly since they perform thelir layout one eguation at a
timee. This means that heavily connected circuitry could be
spread over several pages necessitating freguent page turning
to trace a clircuits. Such a serial assignment, without
considering connectivity, cannot begin to optimize placement.‘
Neither thelir placement technique nor their routing scheme

were described in the paper.

An example of their dlagrams is contained in Figure 2.6
Beth the placement and routing are bads Connected components
are not placed close together and the routing scheme generates

unhecessary crossings as ilndicated on the diagram.

A Survey of Iechnigues for LD Generation and Related Problems.

Partitioning, placement, and routing are usually
perfprmed for both logic diagram generation and PC board
designes The objectives, however, are different in each case.
PC boards are usually multi-layered and have many design
objectives. It is impossible to directly incorporate all the
circulit goals, and thus minimumizing the wirelength is a
commonly used approximatione A logic diagram contains only a
single layer and the objectives are concerned with making the

logic diagrams easy to use and understande.
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2.1 Partitioning.

A discussion of partitioning technigques for PC boards is
wiven In [ KODR72]. PC board partitioning technigques start out
with one or more 'seed? components and then add components to
the seed{s) according to connectivity. The upper bound on the
number of components that may be added is usually a function
of space and the number of external connections alloweds. The
space ls determined by the number of positions available and
the number of external connections is Iimited by the number of

pins on the PC board.

Connectivity is not an adequate criterion by itself for
LD generation, nor are the same bounds acceptable. For logic
diagrams, the required size of the components and the logic
diagram slize determine the number of positions available but
it is pnot desirable that all spaces be tilleds The number of
spaces that should be cccupied is a function of the
interconnections of +the components that are to be placed on
the sheet and thus varies from sheet to sheet. Thus the
placement is the deciding factor in determining how many

components and which components may be placed on a sheet.

2.2 Placements

Placement is an important topic in PC board design and
as a result much has been written on it [HANA72]. Of primary

interest are the following two placement technigues:
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1) constructive-initial placement
2) iterative placement-improvement

The first placement method 1is constructive in that at
each stage a component Is selected and then placed in a
position from which it is not moveds The second placement
method starts out with a placement configuration and then
iteratively perturbs it in an attempt to lower scome cost
function (usually Interconnection length)e A common approach
is to use a constructive—initial placement followed by an

iterative methods.

In constructive-initial placement methods, a component
is positioned ag a function of ite previously placed
neighbours. As a result an individual component may not occupy
an optimum position when all of its neighbours have been
placeds Placement refinement methods attempt to improve the

‘ placement by perturbing it and testing it the cost function
has been reduced. A series of force directed perturbation
techniquest are described in [HANA72), {[GRAC73a ], [GRACT3b],
[GRACT3¢] and a comparision of force directed technigques is
given in [WILS74]. The difficulty with both these PC board
methods for logic diagrams is that their objective is to
minimize interconnection lenzthy which by itself is not a good
objective for logic dliagramse.

+ By calculating a force vector for the components, an
indication is obtained of the preferred motion of each
components These vectors indicate the direction in which trial

interchanges should be made or in some cases indicate exactly
which two components should be interchanged.
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2,2.3 Bouting Schemes.

Maze~type routing schemes are sequential in nature,
routing one connection at a time  wusing a fixed size grids The
prid defines the allowable routing paths at each stage of the
algorithms The number of elements in the grid is determined by
¢he overall dimensions of the routing surface and the required
resoluticne Since a fixed grid defines the routing paths, a
connection routed in the wrong order on a logic diagram may
cause unnecessary crossovers or cause the routing to meander
in order to avoid crossingse. Because of the sequential nature

otf the routing it is difficult to minimize crossovers.

For logic diagrams, these algorithms uasually have
modifications to prevent wanderings One method is to limit the
sumber of bends in an interconnection route [DEHA66]. This
untfortunately may cause some connections to be unrcocutable.
Such a condition necessitates either rearrangement of the
components on the diagramy, removal of sSome logic components,
or relaxetion ot the restrictions to allow the routing to be
completeds Alternate methods to achieve complete routing are
to use a finer grid (more routing paths, more storage) or to
nmOvVe some components apart gacrificing space elsewhere

[uHLIG68 ],

Because of the maze threading techniquesy, a larger grid
will cause these algorlithms to be slower. Thus modifications
to speed them up involve windowing technigues and depth-first

searchess
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Although these algorithms are being used successfully
for logic diagram routing there are newer algorithms which
offer better spead, reduced memory requirements, and because
ol their nature prohibit wanderings An algorithm by Hightower
[HIGH69 ] overcomes the first two objections. It is fast and
requires less memory since it uses a linked list instead of a
grid to store the routing obstructions. Unfortunately, it is
still sequential in nature and thus encounters the same

problem as the Lee—type algourithms.

The reuting algorithm ¢of Hashimoto and Stevens [ HAsSH71]
is called the channel routing techpnigue and represents arn
attempt to combine the advantages of the line search technique
of Hightower [HIGH69] or Mikami {MIKA68] and the stepping
aperture of Lass [LASSéS}. Thelr objective was to increase the
speed of wiring and to increase the flexibility to achieve

high routing success with a minimum of wire length.

Their method requires that the components be arranged on
the board in straight rows and columns separated by horizontal
and vertical spacest. Many wires can be run in parallel within
a space so0 a space is divided into channelse. Each channel can

contain many non~overlapping wire segments.

This channel routing technique is much faster than the
maze-running algorithms and the space requirements are low.

Furthermore, the connections are routed in paths which are
+ A space 1s an area on the board which extends from one edge to
the other.



Survey of Related Work ~2+21-

more directy since the paths are governed by the end points of

the wire, thus preventing meandering.

The major drawback to this scheme for logic diagram
routing is that by its nature it causes many crossings and
makes no attempt to reduce theme Furthermore, this routing
scheme introduces a class of conflict situations which are not

adequately handled in their algorithm.

The paper by Mah and Steinberg [MAH 72] describes “a
method which, from the outset, tries to reduce crossings as
much as possibles Their scheme which they called topological
class routings also requires the components to be arranged on

the board In straight rows and columns separated by spaces.

The main attraction of this algorithm’s approach is the
attempt to minimize crossings from the start. However this
minimization involves only one side of the board at a time
aﬁd,Aas with the algorithm of Hashimoto and Stevens, when all
praths are drawn on the same sSide as in logic diagramsy too
many crossovers remaine Further, the above scheme would work
well for PC board routing assuming that the connections were
thicels It does not make clear how they deal with unroutable

wires (l.es those that cause intersections).

Their routing classes do not account for diagonal
connections which were not in adjacent rowse It is these
connections which cause most of the problems due to the many

different cases and end point conditionse One way these could



2.3

Survey of Kelated Work ~2e22~

be handled would also be after the fact by a Lee-type

algorithme.

Summarye

in the systems discussed, the partitioning techniques
were either manual or automatice The automatic methods of
[ R01H65] and [LINN71] operate on a «circuit at the logic
equation level instead of the more basic level of component
connectivitye The placement information is also specified
manually or generated automatically. The criteria used in the
automatic placement systems are not specified except that the
components are also chosen at the equation levelse The
specified routing schemes are all automatic and are based on
maze~threading techniques in which connections are routed
sequentiallys As a result it is difficult for these routers to
avoid unnecessary crossings = since previocusly routed

connecticns may not have been placed optimallys

Stapdard PC board techniques for partitioning, placement
and routing are not adequate for LD layout The partitioning
methods are based on connectivity which by itself is not an

adequate objective. The placement methods try to minimize

interconnection length instead of trying to achieve a flow of

the logics The routing techniques are not oriented towards
reducing crossings on Just one surface and/or do not provide
direct paths for the interconnectionse The problem of signal

name placement does not appear in PC board design.
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3«0 lpitroductiopne.

This chopter glves methods of representing lognic
circuits for the purpose of generating logic diagrams and
gslves the configuration of the logic diagram itselfs Tt zivesn
a set of ugraph representatlons which are used to store the
infoermation about a c¢ircuit such that large sections of
circultry may be manipulated easilys There are several staues
of representationse The end result is an intersheet connection
list and graphs whilich represent the components which are to he
placed on each sheete This unique classification scheme allows
the relevant circuit information +to be maintained for and
threoughout the circuit layout operationsoes It allows easy
ueneration of the intersheet connections and the labelling of
then with the to/from information for simple siunals as well
as for those signels which go to/from the external environment
and between different sheets at the same times« The tables
glving the actual classifications and the transformations

Letween the representations are contained in Appendix A.

The last section gives the configuration of the lopic
diagram that is be used so that the objec tives of chapter 1

may be realized.



Representation of the Logic Circuit —3e2~

and the Logic Diagram Connfiguration

Jalotl

Jele8

Graphs A graph G consists of an edege set EG and a
vertex set VG. LEach edge in EG is incident to a palr

of vertices 1In VG, called its gndse

Directed Graph (Diuiraphl)e A graph In which for each

edue @ one of its ends is designated the pesjitive end

p@#y the other the pegative end nd. Such an edge is
L2E

called a direcled ed

Bipartite Grapb (Blaraph)e A bigraph G is a graph
whese vertex set VG can bhe partitioned into twoe
subsets V1 and V2 such that every edge of G joins a

vertex in V1 with a vertex in V2.

PBipartite Directed Graph (Bi-Digraphl)s A bi-digraph B
is a bipartite graph in which all edges of B are

directed edgese

Y¥alences For X in VG, the valence of X in G, is the

number oif edges Iin G iancident to X.

Invalengee For X in VG, the invalence of X in G, is

the number of edges in C with negative end in X

Qutvalencees For X in VG, the outvalence of X in G, is

the number of edges in G with positive end in X

Source. A source is a vertex of invalence zero and

outvalence > O
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36169 Sinke A sink 1Is a vertex of outvalence zero and

invalence > 0.

The Logic Circuit and Its Eopvironment.

A logic circuit consists of components (ege NAND; NOR,
flipflops, etcs ) and signal netst which interconnect the
compunents. For any wpiece of loglc equipment that is defined
there exists an environment surrounding it with which the
equipment must inter facee. To indicate this interface to the
environment a special type of component is defined which is
called a termipel component. There are both 1lnput and output
terminal componentss. A terminal is a component for most
intents and purposes with an input terminal defining a source
signal net ¢f the same name (can have many outputs, no inputs)
and an output terminal is a sink for gne signal net (can not
have any outputs)e In fact an output terminal '0' does define
a signal net whose input is the input to the terminal '0O' but
the output is never useds An output terminal may have only one
signal node as its immediate input and a signal node may only

be input to one output terminal nodee.

An example of a simple circuit is shown in Figure J.1.
In this figure the input and o¢utput terminals are A, By, C, D,

Ey Fy G and I,y Jy Ky L respectively.

————————— — o —————— -

A signal net is a set of connections which have the same
source signale.
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Figure 3.1 Logle Circuit 1

3.3 Bepresentative Graphs.

One way to represent a loglc circuit for performing data
manipulations is in the form of a graphs To represent the
structure of the logic circuits a bipartite directed graph is
useds, This type of graph was used by Kodres [KODR72]. By
definition such a graph contains two types of nodes. For logic
circujits the first node type represents the components of the
logic circuit (AND, OR, flipflops, terminals, etcs) and is
called a gcompopent nodeyr while the second type of node

represents the signal nets and is called a sigpnal net node.

For the logic circuit of Figure 3.1, the corresponding

directed bipartite graph is shown in Figure J.2. This graph

will be called the pepresentative graph of the logic circuit.
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Figure 3.2 Representative Graph for Logic Circuit 1

b . o e

The small nodes with lower case tags represent the
signal nets and the larger nodes with upper case tags are the
component nodes. In addition to the tags, the component nodes
also have an ldentifier to further classify the component node
as to its type (+ -~ ORy * - ANDy T - terminal)s The arrows on
the edges of the graph indicate the direction of the edge from
the source to sinke For gate type components, all input leads
to the gates are identical, whereas for components such as
flip-flops the Iinput and output pins are unigque and must be
uniquely specified. The components with identifjers FF#1t and

FF#2 represent flip-flopse.
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J.4 Reduced Graphs.

The represeniative graph is rather complicated since it
is an exact representation of the entire logic circuite For
many operations on the circuits, much less information |is
actually needed and a simple bipartite directed graph is
sufficient. Before extracting such &a simple bipartite graph
from the representative graph there is one preliminary
slmplification that can be madees The terminal components are
not regular components as thelr only purpose is to signal a
connection to the external world and they do net take up the
space of a regular component on the logic diagrame. As such
they may be discarded when generating what will be called the
reduced graphe The signal nets from input terminal nodes must
be maintalned and they will be called exterpal input sigpal
netse The output sixnal nets of output terminal nodes serve no
purpose and in fact are disconnected when the output terminatls
are deleted, Thus they may bhe discardede. Instead, those signal
nets which are sources to the output terminals become

important and are of two types:

i. those which are a source for an output terminal only,

and

2. those which are a source for an output terminal apd a
source for one or more components other than output

terminals.

The former become what will be called external output

sixnal pets while the latter will be <called dyal external
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sisnal nets since the node representing the signal net is both
an external output and an external input node due to the new

status we have imposed upon it.

This situation is best explained by considering the
representative graph of Filgure 3.2 and 1ts corresponding
reducéd graph of Figure J«3. In Figure 3.3 the signal nets a,
by ¢y dy ey Ly & are external Input signal nets and the signal
nets 1S% 2, IS# 3 are external output signal netse Being an
external output of one gate and an external input to another

gates makes '"ff#2.0' a dual external signal nete.

In addition to the external types of slgnal nets there

will, of course, still be some internal signal nets left,

isti #Af:?\ R o L8®2
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Figure 3.3 Reduced Graph of Figure 3.2




Representation of the Logic Circuit =3 e 8=
and the Logic Diagram Configuration

2.5 Partitiopinu the Reduced Granhe

If the amount of logic to be processed Is considerable,
then in all probability one or more logic diagrem sheets will
be required to represent the entire circuite In this case the
reduced graph must be partitioned into manageable 'sheet size!
groupss Figures 3.4a and 3.4b show two arbitrary partitions of
a grapht for different size sheetse Each partition contains
the caomponents that fit on one logic sheets. Figure 3.4a shows
a partitionling which would require 4 sheets while the
partitioning ofvflgure 3.4b requires 2 larger sheets. For
these graphs the external input signal net nodes are the
signal nodes on the left of the figure while the external
cutput and dual external signal net nodes are the signal nodes

on the righte

3.6 Partition Node Graphs.

To obtain the intersheet connections,y the reduced graph
is transformed into a partition node Zraphe This graph i s
generated by collapsing all the component nodes of & partition
into a single node (& partition node) and discarding thcse
signal nets which are entlrely 1internal to the partitions The
remaining signal nets which are not entirely internal indicate
the interpartition connections or the connections to the
external environmente. The partition node graph for the
partitions of Figures 3.4a and 3.4b are shown in Figure J.5a
and 3.5b respectivelys These graphs are bipartite directed

+ This graph is a modified version of the one on page 191 of
[ KODR72]
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b) Partitioning Into

Flgure 3.4 Two Possible

2 Sheets

Partitions of a Graph

D

—-

graphs and maintain the
The gsignal nodes on the

external signal nodese.

original signal net numbering scheme.

left and right sides of the figure are
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b) Partition Node Graph for Figure 3J.4b

Figure 3.5 Partition Node Graphs of Flgures 3.4a and 3.4b
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All signel nodes of these graphs are important since

they represent the intersheet and external connections. The
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interngal signal nodes of the partition node graph are actually
nodes which will be used to indicate connections to other
sheetsse They are called Jpntersheet signal nedesse On  the
partition node gpraph it is simple enough to find such nodes
since all internal signal nodes are in this categorye The
other intersheet signel nodes are those which also connect to
the environment as well as to different sSheets. These
intersheet signal nodes may be collected into an jiptersheet
conpection list which gives the sheet (or partitions) on which

each intersheet signal node appears.

For the partition node graphs of Figures Je5a and 3.5b
the intersheet connection list would appear as given in

Ficures J«.6a and 3e6bs

Sheet Node Grapbs and Sheel Sraphse

To represent the 1logic that goes on a single louic
diagram sheet the individual nodes of the partition node graph
may be separated to form the sheet noede graphse The signatl
nodes on the sheet node graph are either external signal nodes
or intersheet signal nodes or combinations thereof. The
information to distingulsh between them may be derived from
the partition node wgraphe Figure 3.7 contains the sheet node

graph of Figure 3J«.5b.

in the sheet node graphs each node represents a
partition and each partition containg many logic componentse.

From this sequence it is possible to assemble together all the
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Signal Absolute Sheet List
Index Node Type ( sheetyrelation)
1 B 1 2,E1 3yE1
2 18 6 1,1 2,1 2,41 3,0
J 19 6 1,1 3,1 3,1 3,1 4,0
4 21 6 1,0 Is1 3,1
5 23 6 1,0 2,1 2,1
6 31 6 2,1 3,0
7 az 3 24:EX 29EO JyEI
b 40 3 2,FE1 3,EQC
a) Intersheet Connection List for Figure 3.5a
Signal Absclute Sheet List
Index Node Type (sheetyrelation)
1 8 1 1,ET 2,EI
2 18 6 1,0 1,1 2,1
3 1a 6 1,1 1,1 1,1 1,1 2,0
4 23 6 1,0 241 241
a 31 6 1,0 2,1
& 3z 3 1,ETI 2,EI 2,EO
7 40 3 1,EC0 2:E1

1) Intersheet

Connection List for Figure 3.5b

where? I - means the signal node is an intersheet input
to the sheet
O -~ means the signal node is an intersheet output
from the sheet
El - means the signal node is an external input
to the sheet
EO - means the signal node is an external output

from the sheet

Figure 3.6
of Figure J.5

Intersheet Connection Lists

for the Partitionings

component nodes which

This will give a new get of

which contain the louic

each sheete This

internal signal nodes to the graphs

On the partition node graph

23 is an internal signal node

of Flgure 3.5a,

comprise a sheet of
graphs called the
components and

operation will add only

the logic diagrame
sheet uraphs
interconnections for

component nodes and

signal node

of the graph and iIs an internal
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Flgure Js7 Sheet Node Graphs for Partitioning of Figure 3.5b

output of Pl and an internal input to P2. Thus it becomes an
dntersheet ouiput of sheet 1 and an intersheet ipput to sheet
2+ Signal node 21 is both an intersheet input and output of

sheet 1 and thus is called a dyal intersheet signal node.

In the same figure there are signal nodes which provide
signals to and receive signals from the external environment
and also are intersheet signal nodes. Signal node 8 is an
example of an external input signal node which is input to two
different sheetsy, 2 and 3« Signal node 40 is an output to the

environment and also input to another sheet and signal node 32
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is an output to the environment from sheet 2 and is an input
to sheets 2 and 3. These latter nodes are classified as

external latersheet nodes.

The Logic Dlagrame

The drawing area of the diagrem is divided as shown imn
Figure 3+.8ae The components of a logic diagram are arranged on
a gride The inputs to a logle diagram sheet are on the left,
the  outputs on the righte Similarily, the components are
restricted to have an orientation such that their inputs and
outputs are on the left and right respectively. Figure 3.5b
shows the relationship of the drawing area to the logic
diagram sheet and shows the regular placement of the circuit

and revisiou information.

Iin Flgure 3e8 the component positions are indicated by
boxes within which the MIL-spec symbols may be drawns These
boxes or zones detine the maximum Space needed by the
particular symbol thnat is to be placed inside ite The set of
basic symbols is defined and placed in a librarys.s The library
contains the geometric information, input and output pin
specifications, alphanumeric symbols and tag field positions.
The alphanumeric symbol fields are for static ldentification
information while the tag fielda are for insertion of varlable
identification informations By adhering to the prescribed
format a user c¢an define his own symbols and add them to the
librarye. Figure 3¢9 describes the format of the library

entries and Figure 3.10 shows a MIL-spec symbol and a library
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origin of drawlng area
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b) Drawing Area and the Logic Diagram

Figure 3,8 Layout of the Logic Diagram

description of that asymbol, A similar definition scheme has

been used in the Sperry Rand system [ SAND72 J.

for different slze dlagrams, the drawing area differs in
size as does the number of component positions (size of the

grid). The size in which the components are to be drawn le.ee.
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TYPL name
PARM ID #S #1 #L #C HIP #OP
ZONE xsize yslze
PINS 1 namel 1 ¥yl

2 name2 1 y2

J named O y3

L - L] L ]

L ] L d [ ] L ]
SYM xs ys8 size 'characters'
TAG Xt yt slze
LINE x1 y1 x2 y2
Cl1RC xc¢ yc radius s—angle e-angle
ENDS

where name name of circuit
xslze,ysize — size of rectangular zone

ID - 0 if input pins identical
1 if input pins unigue
#5 - # of symbol entries
#T = # of tagz entries
#¥L - # of line entries
#C = # of circle entries
#IP - # of input pins
#OP — # of output pins

namelsyessgnameld — names of pins
I - pin is input
0O - pin is output
Ylyy2,¥3 - ¥ coordinates of pins
XSs¥Syeyxt,yt = location of symbol or tag field
size — size of symbol or tag characters
x1,y2yx2,¥2 = coordinates of line end points
xcyye — coordinates of centre of circle
radius - radius of circle
s—angle - start angle of circle
e—angle - end angle of circle

Figure 3.9 Symbol Library Entry Prototype

172, 374, or full sizey, will also affect the number of

component positions.

Between each horizontal and vertical component row and
column is space for component interconnection lines. These are
called the horizontal and vertical spaces (Hashimoto and

Stevens terminology for PC boards [HASHT71]).
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a) Gecmetric Drawing of Symbol

TYPE NAND2

PARM 0 0 3 5 5 2 |
ZONE 200 200
PINS t11 i ~15

212 1 15

3o 2 0

TAG1 =25 15 15

TAG2 =-40 -30 15

TAG3 50 10 10

LINE -20 -40 -63 -40
LINE -20 40 -63 40
LINE =69 -15 -1 =15
LINE -69 15 =1 15
LINE 50 0 1 o
CIRC ~130 0 80 330 230
CIRC =~-20 -40 80 30 90
CIRC =20 40 80 270 330
CIRC =-61 -15 8 0 0
CIRC -61 15 8 0 O
ENDS

H) Library Description (units in 1/100th of an inch)

Figure 3.10 Sample Symbol and JIts Library Description

e aem.

A b S LS B

The positions of the compenent rows and columns and
norizontal and vertical spaces are not fixed but vary
according to the number, type, and scale of components. ¥Within

the MIL-8pecs the relative size of components vary according
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t0 their functione The height of any one horizontal component
row or the width of any one component column will reflect the
size of the largest component in that row or column. Since the
drawing area is fixed for a given drawing size, ANY exXcess
space may be absorbed by the horizontal or vertical spaces. If
tor a given circuit, the maximum number of rows or columns is
not used then thls space is also distributed equally amonyg the
appropriate! spaces. The input and output slgnal nodes, called
beoupdapry glgggl neodes indicate the connections to an external
environment or to/from other logic sheets. Their horizontal
pesitions are fixed hut.their vertical positions may vary to

correspond with the components to which they are connected.
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4.0 Introductione

This chapter is concerned with the placement of
components and signal names, and with the assignment of
interconnections to pins on the component symbols. Component
placement is performed by a constructive—initial placement
step for which a new algorithm is given and by a placement
refinement step fér which new objective functions are
presenteds. Automatic placement of boundary slgnal nodes has
net been discussed before in the literatures Methods of
placing boundary signal nodes, in congjunction with a new

method of pln assignment, are given.

Placement.

The placement operation conslsts of two stepSy a
constructive—initial placement step followed by a placement
refinement steps The constructive-initial placement step uses
standardy, single-seed partitioning technigues to select
components on the basis of connectivity and the initial
placement operation trles to place each component on the
current sheet. If a component is unplaceable on the current
sheet the placement operation re jects it and requests another
components. The placement refinement step perturbs this initial
placement in an attempt to reduce the objective functions. For

each of these placement steps the objective functions vary
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from these used in PC board deslgn as described in the

following sectionse

1.1 Initial Plocement.

%hen a new component is to be positioned, there is
usually a set of empty grid positions into which it could he
placeds The choice of the empty grid position is made
according to some cost criterione In PC board layout this ccst

is usually the interconnection wire lengths

For logic diagrams, reduction of interconnection wire
length is not & meaningful objective by itselfs A placement is
required such that the logic flows from left to right and
reversed connections are minimized. Through the use of graph
theory techniques, it is possible to eliminate all reversed
cennections except for a minimum number of feedback
connectionss. To do this would require the use of a minimum
feedback set algorithme Such algorithms, however, are known to
be very cosgstly in terms of machine time. Furthermore, a
minimum feedback algorithm requires the whole circuit (graph)
for a diagram to be known at the time the algorithm is
appliede. ThisA is not possible when using a combined

partitioning and constructive placement approache.

A simple constructive method of placement to achieve the
new logic diagram placement objectives is to position a

component to the right of the compeonents which are its
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ancestorstand to the left of the components which are its
descendantste Thus for any component with only ancestors or
descendants, the rightmost ancestor or the leftmost descendant
becomes what will pe called & preferred peighbgoure Tdeally,
the component is placed adjacent fo its preferred neighbours.
I{f this is not possible, then the component must be placed in
a different rows In the case when a component has both
ancestors and descendants, it is not always possible 1to
eliminate reversed edges. In this case the component is be
placed with respect to both its ancestors and descendants such
that the number of reversed connections that it causes |is
minimale. Thus if the components are chosen in a sSultable
manner; reversed edges will be reduced and the flow of the

logic will be maintained.

The diagram of Figure 4.1 illustrates the placement of
components according to theilr ancestors and descendantse The
numbers within the components represent the order in which
they were selected and placeds The placement of components 1,
2 and 3 is straightforward. In each case the component is
placed to the right of 1ts ancestor.

Component 4 has twe ancestors when it 1is placed thus a
decision is made to place it to the right of the rightmost
ancestor. Similarly, <component 5 bhas two descendants but no
ancestors yet, thus it is placed to the left of its leftmost
descendarnte Since the grid position in the same row to the
left of component 2 is occupied, component 5 must be placed in

+ An ancestor of a component '*'C?' is any componeént which is
the source of a net that is input to 'Ct.
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Flgure 4.1 Horlzontal Ordering of Components

another rows Component 6 has only one descendant thus it is
placed tc the left of that descendants The wuse of such an
ances tor-descendant technique gives an ordering to the
components in the horizontal directions In this simple example
it was‘possible to place the components without any reversed

edugese.

When & component ig to be placed in an adjacent rcw, tne
chance of introducing crossovers may be reduced by using a
hiasing scheme to influence the choice of rows. I1f the input
pins of cOmponents 2 and 4 of Figure 4.1 are identical, then
component 5 céuld be pltaced above or below the preferred rowe
If the input pins are not identical then the location of the
pin may be used to blas tﬁe placement of component 4+ The
blasing of the componéents in such a manner glves a vertical

ordering to the componentse.
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The vertical placement is influenced to a greater
degree, however, it the candidate component has other
neighbours which are already placed on the sheet in different
rowse Component 8 in Filgure 4.2 illustrates this case. 1t is
to be placed to the left of its preferred neighboury, component

2, but it is biased above the preferred row by the location of

|od==t== 1
| 1| =====] 2 [-mmmmmmmf 4
| l===-- -1 L

—— - -~ -

Figure 4.2 Vertical Biasing of Placement by Neighbours

component 7e

It a candidate component has meny neighbours which are
already placed, then determination of this bias becomes more
difficultes The bias Is obtained by using a centre of gravity

or force placement techniqgues IHANA?Z}.

Vhen positioning a candidate component, it is oftan
found that the desired grid position is already filled. In

this case it is necessary to begin a search for an empty grid
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position in that neighbourhoode If this search is unsuccesstul

there are two alternatives:

1) calculate a new desired grid position on the basis ol

the second best neighboury; and/or
2) choose another candidate componentes

if it is impossible to find a grid position in which to
place the chosen component then that component is abandoned
and another component is chosens. The components which are
abandoned will subsequently be placed on other sheets. Figures
4.3a and 4.3b glve a flowchart for the initlal nlacement of
componentse The swlitches SWX and SWY start the search in the
appropriaste guadrant depending upon whether the preferred
neighbour is an ancestor or descendant and whether the
candidate component 1s biased above or below the preferred row

respectivelye.

4.1.2 Placement Refipement.

The new objective functions which are appropriate for

placement refinement on logic diagrams are:
1. number of adjacent components,
2 length and number of reversed edges, and

Je interconnection lengthe.
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Figure 4.3a Flowchart for Initial-Placement of Components

4.7
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The adjacency and reversed objectives are a measure of the
flow of the logics. The interconnection length 1ls a measure of
the "closeness" of the components. The number of adjacent
components should be maximized and the number of reversed
edges should be minimized. The interconnection length is
minlmize&'aftat the other two objectives are considered. The
refinement ﬁrocess is broken into two steps, the vertical and

horizontel refinements, which are performed separately.

In the vertical refinement step, components are moved
(1nterchanged) in the wvertical direction only. Since reversed
edges may not be reduced by a vertical movement of components,
the objective functions for vertical refinement are only
adjacency and interconnection length. As with force placement
techniques, the vertical forces exerted on each component by
its nelghboﬁrs are calculated and placed 1in a 1liste.e The
component C with the highest force is chosen first for
refinement. The sign of the force gives the direction of the
refinements. Component C |is trial interchanged with its
adjacent component in the direction of the force and the
changes in adjacency and interconnection length are computed.
1f the number of adjacencies is increased or if the number of
adjacencies remains the same and the Interconnection length is
reduced, the trial interchange is confirmed. 1f component C
has not reached its target location, then C is trial
interchanged with 1its new adjacent component in the sSame
directione This process continues until the component reaches

the target positione The vertical forces are now recomputed
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and the component with the largest force is chosen agains. If
at any stage a component is not interchanged the next
component on the 1list is tried.s The vertical retfinement ends
when no trial Interchange results in a movee A simple example
is given in Figure 4.4a. The forces on the components of
Figure 4.4a are listed in the table of Figure 4+4b along with
the length and the number of adjacent components. Assume that
the components have been placed as shown; the numbers give the

order of placements

The Y force on each component is determired by
performing a vector sum of the lengths of 1ts connections to
its ancestors and descendants only. For instance component J
has three descendants 2, 4 and 5 which contribute +1, 0, and
~1 respectively to the force sume. The lengths are calculated
by summing the magnitude of the forcese. The adjacency value
for a component is determined by the number of components
which are ancestors or descendants and are In adjacent columns
and the same row or are in the same row and non—-adjacent
columns where the intermediate columns in the same row are
empty. The maximum adjacency per component is 2. The list of
Figure 4.4c results from sorting the <components on the

magnitude of thelir forces.

Since component 5 haes the largest force it is selected
for refinement first. The direction of the trial-interchange
is in the positive y direction as determined by the sign of
the force (+4)s When component 5 and 4 are trial-interchanged

and tested, the length of the connections is decreased by 4
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a) Lavout After

Comp= Force Length Adjac
onent (YY) (Y) ents
1 0 0 1
2 -1 1 2
3 4] 2 1
4 -1 1 2
5 +4 4 0
6 -2 2 1
7 -1 1 1
8 +1 1 0

TOTAL 12 8

b) Forces and Number of
Ad jacent Components

Figure 4.4 Before Vertical
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!

Initial Placement

- Comp— Force Length Adjac-
onent (Y) (Y) ents

S +4 4 0

6 -2 2 1

2 -1 1 2

4 -1 1 2

7 -1 1 1

B8 +1 1 0

1 0 ) 1

3 0 2 1

c) Serted Forces and Number
of Adjacent Compornents

Refinement of Components

and the number of adjacent

interchange s kept. The

this change and a new list

new list an unsuccessful

component 4 in the positi

components is also tried i

componenta increases by 1. Thus the

diagram 4.5 illustrates

of Figure

is calculated and sorteds For this

trial-interchange is tried on

ve y—directione. Each of the other

n turn but ne further interchanges
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a) Layout After One Interchange

Comp~ Force Length Adjac— Comp~ Force Length Adjac—
onent (Y) (Y) ents onent (Y) (Y) ents
1 0 0 1 4 +2 2 1
2 -1 1 2 2 -1 i 2
3 Q 2 1 5 +1 1 2
4 +2 2 1 6 -1 1 1
5 +i 1 2 7 -1 1 1
6 -1 i 1 1 0 0 1
7 -1 1 1 3 4] 2 i
B8 ) 0 1 B ) 0 1

TOTAL 8 10
b) Forces and Number of c) Sorted Forces and Number
Adjacent Components of Adjacent Components

Figure 4.5 After One Interchange In Vertical Refinement

are made. Thus the placement of Filgure 4.5a is the final

placement in this step.

The next step to be performed is the horizontal
refinement. Because of the initlal-placement method described
above the logic circulit will have a flow from teft to rights

Thus an interchange of component palrs in this x-direction
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will seldom result in any improvement of the objective
functionse. An improvement in this direction could result
however by moving components inteo empty adjacent grid
positionse This situation is depicited in Figure 4.6 Again
the numbhers in the boxes give the order of the placemente. No

interchange of components in the x~direction will reduce the

Figure 4.6 Horizontal Eefinement of Components

number of reversed edgese

However component 6 has been placed to the right of 4
since it was its only neighbour at the time of placement.
After component 7 1s placedy, an unnecessary reversed ed3ze
existse It may be removed by moving component 6 two columns to
the rights In this case the objective function for movement is
the length of the reversed edges. A trial-movement of
component 6 to the first empty space to the right reduces the
l1ength of reversed edges and a second trial-movement reduces
the reversed length even further and removes the reversed

edge.
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4.2 Placement of HBoundary Signal Nodes and Pin Assizoment

The positioning of the boundary signal nodes may be

accomplished in two different mannerse

1) Arrange the boundary signal nodes such that the
inputs on one sheet are aligned physically to match

corresponding outputs on the other sheets.

2} Arrange the boundary signal nodes accordling to the
position ot their source and sink component(s) on

each ltogic diagram.

The firét technigque is an attempt to improve intersheet
references but does =0 at the expense of the current logic
diagrame. Often boundary signal nodes will be placed far from
their source or sSink resulting in increased intersectionse.
Furthermore, If a source is lnput to more than one other logic
sheet and the inputs are net at the same level on the other
logic dilagrams, then to maintain the allgrnment the output
signal node must bhe duplicatede. This also increases
Iintersections as may be seen from the output in the paper by
Sanderson [ SAND72]}. The majority of these intersections occur
in the first and last vertical spaces and somewhat negate the

improvement in intersheet referencee.

The second method will result in better individual loglc
diagrams. There will be less congestion in the first and last
vertical spaces since the boundary signal nodes will be near

to their sources and sinks and there will be only one boundary
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coutput signal node per source on the logic diagram. Since the
boundary signal nodes will indicate the other logic sheets to
which they connect, the intersheet referencing 1is not greatly

hindered. For these reasons the second method was chosen.

The placement of the boundary signal nodes affects the
assignment of connections to pins of a componentt, and the
routing of the connections. Conversely the pin assignment and
routing may also affect the placement of the boundary signal
nodese Thus boundary signal node placement, pin assignment,

anq routing are performed in the following manner.
1) Preliminary boundary signal node placement
2) Pin assignment
3) Intermediate houndary signal node placement
4) Routing (chapter 6)
S) Final boundary signal node placement

The placement of boundary lnput signal nodes is more
difficult than placement of boundary output signal nodes.
Beoundary input signal nodes may have one or more sinks
(destinations) whereas boundary output signal nodes may have
only one sourcefs Siunal nodes which are dual boundary signal

nodes are handled as boundary output signal nodes.

+ If a component has input pins which are logically
equivalent then crossovers may be reduced if the
connections may be assigned to these pins iIn any order.

{ By convention, wired ORs must be indicated by a wired OR
component {(MIL-STD~-806B).
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— 4.2.1 Boundary lonput Siznal Nodeg.

For preliminary placement, the various cases of a
boundary input signal node with single and multiple sinks are

listed belowe.

Conditlion Preliminary Assigoment
a) input to one sink
1) sink in 1st column - assign opposite centre of
component
2) sink not in 1st column ~ assign in centre of

space above or below
component row

b) input to more than one sink
1) one sink in 1st column, - assign opposlte component
others are not in 1st column, bias above
or below centre according
to other components

2) one or more components in - asslugn opposlte highest
1st column component in 1st colunmn,
bias as above

3) no components in 1st column - agsign centre of space
above or below component
nearest 18t column

In the above cases, the boundary input signal nodes were
assigned their preliminary positions on the basis of a
‘preferred sink's. I* a boundary input signal node is input to
only one component then that component becomes the preferred
sinke For the cases where there is more than one such
component the preferred sink must be chosens A simple
technigque for determining the preferred sink involves a sort
of the sinks of each boundary input signal node. If the grid
positions of the sinks are sorted in ascending order on the

celumn number and in descending order on the row number, the

preferred sink will be at the top of the list for each slignal
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node. This technique is 1llustrated in Figure 4+7. Figure 4.7a
shows a section of a logic circuit in which the connections to
be made are indicated by number pairse Components B and F have
non-unique pins to which the <connections 3;4,5 and 1,3,8
respectively must be assigned. The pins of component H are
unique. The sources of all connections are boundary input
signal nodes except for connection 8 which is an internal
connectioho Figure 4.7b gives tables containinz the column
number DA and the row number DB of the sinks (destinations)
for all boundary input signal nodes. The left table contains
the sink positions for each signal node in a random order. The
right table shows the sink positions after the sSorte For those
connections with more than one sSink the right table also
contains the offset of all sinks from the first one and

indicates the biase.

If a signal node has only one silnky, it is placed
opposite the centre of that sink or in the centre of the space
above or below the component rowe Signal nodes with more than
one sink are placed opposite the centre ofy, or in the space
above or below the sink in the leftmost column and are biased
from their central position by the remaining sinks. This
biasing of the signal nodes influences the pin assignment and
thus helps to reduce Intersections. Figure 4.8a shows the
result of the preliminary assignmente. In this case the choipe
was made to place boundary signal nodes 2 and 6 in the space

above their destination row and to place boundary signal node
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- sources for connections 1,243444546,749 are boundary
Input signal nodes, connection 8 is an internal
connection

a) Hefore Preliminary Assignment

Signal Sink Signatl Sink
Node # col row Node # col row DELTA
1 F 3 2 1 H 2 1
1 H 2 1 1 F 3 2
2 i 3 1 2 1 3 1
R F 3 2 3 B 1 3 0
3 D 1 2 3 D 1 2 -1 bias below
3 B 1 3 J F 3 2 ~1 centre
4 A a 4 4 B 1 3 0
4 B 1 3 4 A 3 4 +1 bias above
5 8 1 3 5 B 1 a
6 H 2 1 6 H 2 1
7 G 1 1 7 G 1 1
9 E 2 2 9 E 2 2

H) Destination Information (before and after sorting)

Figure 4.7 Boundary Input Signal Node Placement Example
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b) After Pin Assignment

Figure 4.8 Preliminary Placement of Boundary Input

Nodes
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g in the space below its destination rowe

For the current example, pin assignment is only
necessary for the component B which bhas inputs 3,4,5 and
component F with idinputs 1,3,8. The pin assignemnt is
straightforward and Is shown in Figure 4.8bes (Pin assignment

is discussed in detail in section 4¢2¢3.)

The intermediate placement for boundary input signal
nodes which are input to components in the first column is
stralghtforwards They are placed directly opposite the pine
This in fact becoues their final placements The remaining
boundary input signal nodes at present are still assigned
positions In the centre of the horizontal sSpacese If a
herizontal space contains more than one boundary input signal
node then, the. signal nodes must be given a vertical
separatien so routing may be performede. This may be
accomplished using another sorting scheme considering each
horizontal space separately. In this case the three columns,
DBy DA, and DY are used. The left table of Figure 449a shows
the boundary input signal nodes which are in the centre of a
horizontal spaces
When a boundary signal node is input to more than one
cowpbnent only the component which determined the preliminary
position is useds Since boundary signal nodes may be placed in
the centre of horizontal spaces above or below the component
row, the sorting operation becomes more complicated. it is
necessary for sort to be made in ascending order on DB, in

ascending order on DA if the destination row is below the
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Connection LB DA DY Connection DB DA DY
1 1 2 yt 6 i 2 yb
2 1 3 y2 1 1 2 y1
6 i 2 yb6 2 1 3 y2
g 2 =2 y9 9 2 =2 ¥9

a) Destination Information (before and after sorting)
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b) After Intermediate Placement

Figure 4.9 Intermediate Placement ot Boundary Input Signal

Nodes

horizental space
row is above the
on DYe This sort

boundary signal

and in descending order if the destination

horizontal space, and then in ascending order

may

node

be

simplified if the destination DA of a

is negated if the destination row is
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above the horizontal spaces Then the sort on DB, DA, and DY
reduces to an ascending, ascending and ascending sort
respectively. The right table of Filgure 4.9 shows the result
after this sorte This ordering of the boundary signal nodes
@ives their relative poslitlions on the diagrame Figure 4.9b
shows the intermediate placement for the boundary input signal
nodess Also glven In the dlagram is a possible routing ot the

connectionse.

There is no way to predict where the routing will place
the horizontal connections +to those boundary input signal
nodes which were assligned positions in a horizontal space
since there are Iinternal connections which also use the same

spaces Thus placement of these signal nodes is not finale.

The final assignment is done after the routing is
performed, 1t operates on the boundary input signal nodes
which are not input to a component in the first columns. The
operation involves shifting the signal nodes until they are
aligned with the horizontal part of the connection. The final

placement is shown is Flgure 4.10.

4.2.2 Joundary Quiput Signal Nodes.

For preliminary placement, the boundary output aignal
nodes are simpler to handle since they have only one source

( source pins are unique). There are only two cases.
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Figure 4.10 Final Placement of Boundary Input Signal Nodes

1) Source is in last column - assign the signal node
opposlte the source pine This position 18 the final

position of the signal node.

2) Seource is not in last column - assign a preliminary
position in the centre of the space above or below

the source rovws

The intermediate assignment is similar to that of the
assignment for boundary input signal nodes. In this case the
socurce positions Sb, SA, and SY are collected. Using the

intermediate placement technigue introduced in section 4e2ely
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the source position SA is negated if the source row is above
the horizontal spacees Then the columns are sorted In
ascendlng, descending and ascending order respectivelye. This
will give their order on the diagram such that routing may be

donees

Those boundary signal nodes whose  sources are in the
last column are already in their final postions. The remaining
signal mnodes must be shifted to align them up with the
horizontal part of the connections as was done for the

boundary input signal nodes.

2.3 Pin Asslignment.

The asslienment of connections to pins is necessary only
for those components in which there is more than one input pin
which is identical in functione A proper assignment of the
connections to these pins will reduce crossings on the logic
diagrame Achieving a proper assignment reqguires information
concerning the source positions  of the individual connections
and the spaces in which they will be routed. Since the routing
scheme of chapter 6 assigns connections to spaces on the basis
of their sources and sinks, this information may be used in
determining the pin assignmente. The technigue to be described
classifies the sources of the connections to an individual

component and then performs a multi-way sort.
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For each component reguiring pin assignment, the sources

of the connections input to it may be classified into one of
the rexgions shown in Figure 4.11s The tables of Figure 4.12
sive the method of classifying the connection sources into tihe
regions. Once all the sources for a component have been
assigned to reglons, the sources are sorted in ascending order
on their region number and then & mutti-way sort is performed
in accordance with the table of Figure 4,13+ This multi-sort
is performed on the source rowy source column and then on the
Y position of the source pine When sorting is comptete the
connections corresponding to the sources are assigned in
reverse order, iee. top connection on the list is assigned to
the highest numbered pine Pins are numbered from bottom to
tope Figure 4+.14 and 4.15 give an example of this pin
assignmentes Figure S5 where Ba shows the example before pin
assignment where the component labeled A has 7 identical
inputs to which the sources AAy, AB, ACy AD, AE, AF and AG are
to be connecteds The table of Figure 4+14b give the source
information after it has been collected in random order and
Figure 4.14c gives this informatlon after it has been 3orfed
into regionse Figure 4.15a gives the source information after
sorting within the reglons and Figure 4+15b gives the final

assignment wlith a possible routinge
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Figure 4.11 Regions for Classification of Connection Sources
for Pin Assignment




Placement and Pin Asslgnment T w4427~
for Loglic Diagrams

DELB DELB
<0 =0 >0 <o = >0
<o 2 10 9 <0 2 1 2
DELA = 2 19 9 DELA = 2 1 9
>0 3 6 8 >0 3 5 8
DISYP > O D1SPY <= O

where DELA

DA - DB (destination column - socurce column

DELB = DB - SB (destination row - sSource row)
DISPY = the Y dlsplacement between the pin and the
centre of the component (Y of centre — Y of pin)
-—=| fm—- i | i |
|+ el I |+
| P — ="
pisPYy < 0 DISPY = 0 DISPY > O

Figure 4.12 Classification of Connection Sources into Regions

Region SB SA sSY

1 N A D

2 A A D

3 D D D

4 N N D

5 N A D

6 N D D

7 N N D

8 D A D

9 A A D

10 N D D

where SA - source column N - no sort

SB - source row A - ascending sort
SY - absolute Y position D - descending sort

of source pin

Figure 4.13 Table to Control Serting Within Regions for Pin
Assignment
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b) Before Sorting

where y1 > yb6

Figure 4«14 Pin Assignment Exampl

ssignment
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c) After Sorting
into Regions

e and Table Sorts.
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Region SB SA SY Pin
AB i 2 4 y2 7
AG 2 3 5 y7 6
AA 2 3 4 y1 5
AF 2 3 4 w6 4
AE 4 - - ¥5 3
AD 8 1 1 y4 2
AC 10 2 4 y3 1
a) After Multi-Sort
| | | | | | | AAj—— | AG|-~
| ] | | | | | afFl- | | I
- ——— - —-— ] === |
————————— - | |
| cmererem e e |
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] = e
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| | | bl --ie { AaB|-- | |
i | | I 1 ——=i5 | | | | |
| | | | | --——=14 A| | | | |
| | | I 13 | | | | |
| i | | -———12 | acli-—- | |
| 1 S | I |

b) Final Pin Assignment

Flgure 4.15 Multi~Sort and Final Pin Assignment
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S.1

This chapter deals with the routing of the connections
hetween components which have already been placed. It gives a
new technigue for representing the connections as well as
algorithms which allow the reduction of crossovers between the

connectionse.

Defipitions

S.1«1 Pathe A sequence of vertices and edges (alternately)
Vl, el' V2, e2,.--.., vk, ek, vkti where ei ig

incident with vi and vitl and vi =/= vj, el =/= ejs

N
.
[
.
V]

Dirgcted Pathe A path in which fer every edge ei the
positive end is incident to vl and the negative end

is incident to vi+il.

5143 Cycles A path in which vk+l = vl

Sa1e4 DRirected Cvecles A directed path in which vk+tl = vi.

Sele5 Acyclic Graphe A directed graph which contains no

directed cyclese.

5:.1.6 Cgovere. A vertex and an edge are said to cover each
other Aif they are incidente. A set of edges which
covers all the vertices of a graph G is called an

edge cover. [HARA6S]
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Sels7 Minimum Edge Coyvers An edge cover of a graph G is
called minimum if it contains the smallest number of

edges in any edge cover of G. [ HARA69]

S.10.% Minimum Feedback Edie Sete A minimum set of edges in
a directed graph which when deleted will make the

graph acyclic.

S.1.9 Minimum Feedback Yertex Set. A mimimum set of
vertices in a directed graph which when deleted will

make the graph acyclice

52 Pathg

5421 Classitication of Paths

Since direct connections are desiredy the paths for
routing connections on logic dlagrams have been restricted to
those shown in Figure Sele
These paths reflect the orientation of components on a logic

diagram, isee. inputs on the left and outputs on the righte

The horizontal path class contains paths between
caomponents in the same rowe The vertical path class contains
Aihe paths for interconnections between adjacent columns where
the path source is in column i and the path sink is in column
i+1. The diagonal path class contains paths for

interconneciions which are not in the same row and not in the

same columne
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H5e2¢2 Assipnment of Conpneciions to Paths.

The initial stage of this technigque is to assign each
connectionA to a path tynpee. Depending upon the relatjive
pesitions ot the end points of a connection, this connection
is assigned one of the nath types AsBeCoDyEyGyIgdoKyloe
Appendix B gives the conditions for assigning a connection to

a path typee

There 18 one c}ass of casies In which the path types
AgBsCyDyE3GylyJyKyL are not sufficient to allow t he
connections to be drawn without errors.s For instance 1If a space
contains both an F and G type path and the ends of these paths
have the same vertical positions, then the connections may not
be routed correctly, lees they overlap. However, by changing
one of these paths into a F or H type path respectively, the
routing can be performeds It is for the correction of such

cuses that the path types I and H are necessaryes
53 Seppenise

5s3¢1 Seguments of Pathse

In the algorithm of Hashimoto and Stevens, each wire was
broken up into horizontal and vertical segments which were
collected according to the différent horizontal and vertical
spaces which they occupieds. For subsequent processing each

wire segment was represented py a straight lines Uafortunately

i
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this representation loses much information which may be used

to predict crossings and the conflictse

Considering the path classes, as described in the
previous sections, each path may be broken down into segments
which fit into one of the segment classes shown in Figure 5.2,
These segments maintain the important information concerning
the ends of the segments which indicate the direction in which

the path travels arnd whether the ends are free to moves.

3.2 Intersection of Seunenis.

In any assignment of segments to channels, there are two
types of segment intersections that can coccure The first type
includes those intersections between segments that will occurs
regardless of the channel asstgnment. These intersections will
Le cvalled pnon~reducable (NR) intersectionse The second type of
intersections are those which will occcurs only if a proper
assignment of segments is not made. These are called reducable
(R) dintersectionse. An optimal assignment of Segments to
channels would be such that the number of R-type intersections

is minimale

¥hether two seuments intersect may be determined by
using the intersection tables pgiven in Appendix Ce. There are
different tables for the vertical and horizontal segmentse. The
relative positions of the end points of the two segments
determines which table to uses These tables assume that the

segments are sorted according to their maximum end points. The
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a) Horizontal Segments

A B C D
......l - l__ J—
{ | | |
| | | f
| | | !
| i | |
- __.I R |——
E F G H 1 J
- -- -1 |-~ - |-
| | I i | !
| | 1 | | |
| | I | i |
I | I { | I
f-- |-- - - - --
1) - ~ end is fixed to a component pin
i which may not move
2) - - end occurs in a horizontal space

| and may move

3) both end types 1) and 2) may not have the same
vertical position (would imply a component in
the middle of a horizontal space)

H) Vertical Seuments

Figure 5.2 Segment Classes

codes in the tables describe the relationships between
segments. Using these relations it is possible to assign an

order to the segments such that Ilntersections are reducede.
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5.3.3 Assizpment of Seumenis 1o Channelss. Example Sal-

Consider Filgure 543 which shews connections between
components which are to be routeds Againg the connections to
tre made are indicated by number pairse The connections 1-1,
3-3, 4-4, and =9 are connections between components while the
connections 2=-2, 5-5, 6~6,y 7-7, 8~8, 10-10, and 11-11 are
assumed to connect the components, as showny, to componeﬁts on
other parts of the dlagrawm which are not showne Figure 5.4
shows the vertical segments ordered according to their maximum
end vointse The intersection tables ere used to s#enerate the
ordering relations shown in Figure 55+ The code which caused
the relationship is shown beside each ones The notation
*XL: 81 -2 s2' implies that an intersection of segments sl and
=2 will occur and s! should be assigned a channel to the left
of 2. For those relations with a X code the order i3s3 not

specifieds

The information contained in these relations is best
represented in the form of & directed graphs The corresponding
eraph of Filgure 55, called the segment oprderipi uraph is a
directed acyclic graph as shown in Figure 5.6,

Fach segment is represented by a vertex of the graph and two
vertices of the graph are Joined by an edge if an ordering
relation exists between the two segmentse If a relation
sl =2 s2 exists then the edge between vertices 1 and 2 will
have its pousitive end in vertex 1 and its negative end in
vertex 2. By redrawing the segment ordering graph as a partiatl

ordering, Figure 3.7, the information becomes more meaningful
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Figure 5.3 FExample 5Se1

and zives better insight into the procedure which will be

described shortlye.

The remain;ng information describes the compatibility of
seuyunentsa This information is contained in the segment
QQMHQILQLli&l wreph which also has a vertex representing each
sepments As shown in  Figure 5.8, it is an undirected graph
with an edge between any two vertices if the corresponding,
segments are pot compatible in the same channele This data may
he obtained from the simple check of end points necessary to

determine into which Case the segments will falle As indicated
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Fiugure 5.4 Ordered Segments from Figure 5.2
XL: s1 =2 s2 R : s3 <~ s6 R 1 s5 <- g6
X @ s1 £ s3 L : 83 =-> 17 L 2 s3 => g7
P i sl <~ s4 L * 83 -> s8R
L : s6 => g7
L T 82 ~> 13 R : a4 <~ s5
X 2 s2 & s4 R 2 54 <=~ s6 L 2 87 => g8
R 52 <~ s5 L : 54 => a7 X : s76 s9
k1 82 <~ gé L 2 54 -2 84 R 2 587 <- s10
I ¢ s2 -2 s7 X 2 84 & =D
R : 54 <~ 510 X 2 88 & sU
X : s3 & =4 L 2 s4 =-> s11 R : 88 <- sl10
B s3 <~ s5
R : 88 <~ st
L 2 s9 =2 stl1

Flgure 55

Ordering Relations for Segments of Figure 5.4

~Se =
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Figure 5.6 Segment Ordering Graph for kRelations of Figure
5.5

Figure 5,7 Segment Ordering Graph Drawn as a Partial
Ordering

in Appendix C, for vertical segments only those which segments

which fall inte Case V1 are compatible.

The segments may be assigned to channels by looking at

the Iinvalencles of each vertex of the segment ordering graphe
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9 7

Figure 5.8 Segment CompatabSQity Graph for Seygnents ot
Figure 5.4 '

These are listed in the leftmost column of the table in Figure
5,9, Since the directed graph is acyclic there will be one or

more vertices with an invalence of zero.

vertex invalency c#l c#2 c#3 cttd cH#S5 c#6 c#T7 c#B
1 1 0 ¥
2 ] 2 1 0 #
3 3 2 1 0 #
4 3 1 0 #
5 1 0 #
6 4] #
7 6 4 3 2 1 0 #
& 4 3 2 1 0 #
o 1 0 #
10 0 #
11 2 1 0 #

Figure 5.9 1Invalency Table and Its Processing

Select the first such one in the table and assign it to

channel one. This is indicated in the table by a *#' in the
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channel column of that vertex rowe. Search for the next vertex
of invalence zero that is compatible with the previous segment
{ from compatibility graph) and assign 1t to channel one also.
Yhen no more segments may be assigned to this channel, remove
the vertices (segments) in this channel from the graph. This
1s effected by decrementing by 1 the 1nvn}ence of all vertices
which have these vertices {segments) as sources. Repeat this
procedure for the next channel. When the invalence of a vertex
ls decremented in the table, the result is given in the column
of the channel being assigneds The result of the channel
assignment is shown in Figure 5.10. The horizontal segments of
the diasgram are ordered as they would be after a similar
processing of the horizontal segments. The assignment used 8
channels and 7 crossingss. 1t may be noted that these crossings
were predicted by the total number of X, XL, and XR codes in

Figure 55

5.3.4 Correction of Conflict Situations Using Segments.

The technique just described is effective providing that
the segment ordering graph is acyclics Unfortunately, this is
not always the cases The cycles which appear in these graphs
correspond to a conflict situation and make it impossible to
choose an ordering of the segmentse Thus each cycle must be

found and removed by fixing the causes of the conflicts.

These conflicts occur when path types E and G have
common end polnts and thus overlap on any order of channel

assignment. The conflicts may be resolved by replacing one or

'
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Figure 5,10 Final Routing fer Example 5.1

more of the E and G path types with the path types F and H
respectively. In terms of sSegments, this amounts to
Tgplitting' segments E and H (paths E and G) into segments F,C

and I,J (paths F and H) respectively.

Consider the example of Figure S5.11. The two segments in
Figure S.11 have a code of E which implies they intersect4but
further implies that they in thomselves constitute an conflict
situation. For this code both the relations sl -> s2 and
sl <~ 32 are used as indicated in Figure S.11b. The segment
ordering graph for these segments, shown in Figure Se.llecy

contains the cycle 1=-2=1+ In this case the arbitrary decision
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was made to split segment 2 into two segments as shown in
Figure 5e.11des The asplit seswment erdering @zaph of Figure S.lfe
reflects the the splitting of segment {vertex) 2, but 1} may
pot be obtained from another processing of the new set of
segments with the intersection tables. The relationship
between segnents 2a and 2b must be remembered
(isee 528 <~ s2b) since, in more complicated examples, new

cycles will appear if the intersection tables are used.

The split segment ordering graph is obtained from the
old segment ordering groaph by splitting the desired vertex Yyt
into two new vertices 'va' and 'vb's. The relationship between
*va' and tvbh? ia determlned by the type of sezment 'v?' &as

given in the table below.

segment type relation split split
va vb _ source sink

seument E G F va <~ vb vb va
type H J 1 va =2 vb va vb

All edges which had vertex 'v' as a source or sink are
altered to have the gpllt source vertex as source and the

split sipnk vertex as sink respectively.

The split segment ordering graph must now be acyclice.
Filgure 5.11f shows the segments assigned to channels using the
method described in the previous sectione. Note that when a
segment is split a horizontal segment is generated which must
be added to the other segments in the appropriate horizontal

spece for subseguent processinge
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! I E : 81 => g2
| | sl <« 82
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H E
a) Conflicting Segments h) Relations for These Segments
1 2a
i~ -1
-
) 2b
I S
| G |
| }
_.t 1_
H F

c) Segment Ordering Graph d) Segments after Splitting
(cycle 1-2-1)

ZQ. 1 2

2b PR

e) Split Segment Ordering f) Seuments Assigned to
Graph (no cycles) Channels

Figure S.11 Simple Example of Splitting Segments

53.5 Assisunment of Seuments 1o Channels. Example 5:2.

The connections indicated in Figure 5.12 would generate
many conflict situations if not handled properlys. The segments
that are initially assigned to the connections are given in
Figure $5.13 and the segment ordering relations are shown in

Figure 5414 The segument ordering graph for these relations,
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Figure 5.13 Ordered Segments of Example 5.2
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of Figure

given. in Figure 5.15,1i8 not acyclic and the cycles which cause

this are listed in Figure 5.16.
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Cycle Yertices
1 1, 2, 8, 1
2 1, 24 7, 8, 1
3 1, 2, 5, 3, 1
4 1, 2, 75 8, 94 64 1
5 1, 2, 8, 9, 6, 1
& 3, 4, 5, 3
7 6y, Ty 8, 9, 6

Figure 5.16 Cycles of the Sepgment Ordering Craph of Figure
S5.15

It the cycles of the segment ordering graph are
independentt; then one vertex from each cycle must be chosen
for splittinge If any c¢ycles are not independent, then it is
desired to choose a minimum set of vertices which, when split,
will make the @graph acycilc- In the graph of Figure 5¢15,
there is more than one such gset. For instancey the setg {3,858}

and {5,8}] are both minimum.

Choosing the set {3,8} and splitting these vertices as
outlined in the previous section will result in the split

segment graph as shown in Figure 5.+17.

When a segment is actually splity, it may be necessary to
decide in which horizontal segment this split should occure.
For example, segment 3 may be split in either the top or
bottom horizontal gpaces The choice of horizontal space will
effect the number of channels apnd the number of crossings in
the tinal routinge. If segment 3 is split in tﬁe top horizontal
space then the final routing which appears in Figure S5.18 uses
9 channels and has 24 crossingse. By splitting segment 3 in the

- v — o —— .

+ Two cycles will be said to be Independent if they do not have
anv wartices in common ‘
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Figure 5.17 Split Segment OUrdering Graph of Figure
(acyclic)
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Figure 5.18 Final Routing for Example 5.2
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bpottom space the final routing would use 8 channels and have

26 crossingse

it the vertex set {5,8) had been used for splitting then

the final routing would take 10 channels with 22 crossings.

3.6 Algorithms for Assicament of Sexments 1o Channelse.

The previous sections have outlined the difficulties in
assigning segments to channels. The techniques described will

now be formalized and algorithms will be givene.

Let S = {sl; 82y S83yseey sn} represent the ordered
segments of a space which are to be assigned to channelse.
Define a binary relation '~>! such that si -> sj implies that
sj should be asgigned a channel to the right of si. Let
GC1 = (VY 4, El1) be a gZraph, called the segment ordering graph,
with vertex set and edge set

El = {(s81y4 4 s1,4) | 88 -2 sj for all isj » i =/= j}o»

Define a symmetric relation *'%! such that si % 34
implies that sl and sj are channelwise incompatible. Let
G2 = (V2 4, E2) be a graphy called the channel lncomﬁatibillty
graph, with vertex set V2 = [s2,1, 82,2, 52,3y40+9 324n} and
edge set

F2 = {(22,i , 32,J) | 82,1 % 52, for all isj 4 1 =/= j}.

If the segment ordering graph is acyclic then the
segments may be assigned to channels immediatelye. The

following algorithm will test if a graph is acyclice
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Algorithm to Test Jf a Graph is Acycllice

Step 1: - let W {invalence of S1,1 , i=1,n}

Step 22 - let Y = { 1 | wi==1}, and 2 = [ i } wi=0}
if Z is empty and {Y] # ny, go to step 5
if 2 is empty and Y] = ny, go to step 6

Step 3: ~ let D be a set of vertices

D= {n | for every (pyn) € Et, p € 2}
Step 43 | -1 y 1if wi = 0O
wi = | wi - 1, for each wi # 0 and i € D
| wi + otherwise

g0 to step 2,
Step 5: Stop,y, graph 1Is not acyclic

Step 6: Stop, graph is acyclic

1f the segment ordering graph is not acyclic, the
problem of finding the minimum number of nodes to split to
make it 8acyclic is known as the minimum feedback vertex set
probleme. Karp {[KARP72] has shown that this problem is
equivalent to a class of problems for which there is no known

good algorithme

In earlier sectionsy the acyclic problem was discussed
and solved by finding the c¢ycles of the graph and then
choosing a minimum set of vertices which cover the cycles of
the graphe. Recent algorithms to find the cycles of a grabh

have been given by [TIER70]}, [WEIN72], and [TARJ73].

A slmple scheme to find a covering set of vertices is to
generate a list of the vertices and the cycles in which they

are containede Select the vertex with the maximum number of
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cycles and delete this vertex and the cycles from the list.
Select the vertex which now has the maximum number of cycles
and repeat the operations until all cycles have been removed
from the liste. If the number of vertlces and cycles is small
then variocus combinations may be tried and the best result

selected.

Once it has been decided which vertlces are to be split
to make the graph acyclicy the split segment ordering graph
must be generateds. The following algorithm describes how to

split the vertices and generate the graphe

Algopithm 1o Split Yerticese.

Step 13 - let D be the set of vertices to be split
D = {dlq d2yecesny dm}

~ let F be the set of split vertices
F = {dla, dib, dZa, d2b,.....,dmn, dmb}

-~ then the vertex set of the split ordering graph is
SVG = VG - D + F

Step 2: - let G = {gl, 2900000y gm}

| 0 , if di is of segment type E
where gl = |

I 1 4, if di is of segment type F

- let QO be a set of edges with positive end in D
Q = {(pyn) | (pyn) € Ely p € Dy n € D}

- let R be a new set of edges
R = {Plg ngoonoo,rk}

| (pydja)d 5 1£ {pydj) € Qy gj = 0
where ri = |

1 (pdeb) ] if (p,dJ) € Qf QJ = 1

- let T be the set of edges with negative end in D
T = {(pyn) | {psyn) € E1ly p € Dy, n € D}

- let U be a new set of edges
U = {ulsu2yeenssyull
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| (djbyn) 4, if (djyn) € Ty aj = 0
where ui = |

| (djayn) 4, if (djyn) € Ty gJ

1]
-

- let W be a new set of edges ,boining the split vertices
w = {wl,w2,.....,wn}

l (th,d.jB) [ if g,,j = 10
where wi = |
{ (djaydjb) 4 1if gj

]
-

- then the edge set of the split ordering graph is
SEl = E1 -~ Q + R - T + U + ¥

Step 3: stop

The algorithm for assigning segments to channels
follows. It is based on the algorithm which test if a graph is

acyclices

Alsorithm for Assignlng Segments to Channelse

Step 12 - set m 0y — let W = {invalence of slyi , i=1,n}

Step 23 - let Z ={ &+ | wi = 0 }
if Z Ls empty go to Step 5

Step 3 - set m = m + 1
- saet Cm = ¢ )
- set Cm =Cm * { Zi | (cmjyzi) € E2, j = {Cm|, i=1,1|2]}

(by definition (cml,zi) & E2)

Step 4: = let D = { n | for every (pyn) € El1, p € Z}

Step 53 | -m y 4f wi =0
wi = | wi -1, for each i.€ D
| wi ¢y otherwise

go to Step 2

Step 6! the sets Ciy 1=1,m contain the numbers of the
assigned to channel 1.

Step 7: Stope
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5.4 Neise.

In all routing examples given previously, each
connection was a net which had only one source and one sSinke
It is possible in a circuit that a net will have one source
and many s8inkss The segments as defined, along with the
intersection tables, do route these nets correctly, but each
connection of the net *s considered by itself and handled
separately. Each connection is assigned to spaces in such a
way as to minimize its length. Note that this approach rarely
results in a minimum net iength. The length of the nets may be
reduced within the constraints of the path types by changing
the horilzontal spaces to which the diagonal paths o¢f the net

have been assignede.

After the segments of the connections are agssigned to
spacesy the segments themselves are also considered
separatelye. In Figure 5.1% the connections of a net have all
been rcouted separately. Figure 5.19b éhows one result possible
when the segments are collapsed. In this case all segments
which run in the same sSpace are assigned to the same channele.
Figure 5+19¢ shows a different method of <collapsing the
segments which, al though not as neaty, may allow more
flexibility. Its segments are tied to the same cﬁannels onty
if they overlap, but not if thelr ends coincide. In all

subseguent examples the first method will be used.

The segments which have been used up to this section

will now be referred to as gimple segmentss When simple
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segmertis ere collapsed, they form what will be called compound

ssgmenise

Sedal Collapuingeg of Slaple Sewuments ipnto Compound Sementss

fTtiere are two possible ways to collapse the segmentse.

i) collapse the simple seuments and then assiuzsn them Lo

ctannels or

bt
~—

assiygn the simple sepuments to channels and ther
ccllapse them

Fer the secvond method, segments which overlap would usually
have to be collapsed Into the larger segment. Seuments, whose
ends coincidey could not necessaril? hbe assipgpned to the samne
ctannels Thus it all overlapping segments were collapsedsy the
~routing of the net would resemble that of Figure S5e1Yce In
many instances, collapsing segments will introduce Lew
conflicts. Thus more checks must be performede. Figure 520
gives an example in which segments 3 and 4 have been coellapsed
but segment 5 may not he collapsed because of connection 2Ze
The checking necessary to detect these cases almost duplicates
the checking reguired in the initial assignment ot seguents to

channelso.

1f the {irst approach is used, then the collapsing of
the sesments tenerate compound sezments which are noet
accounted for directly in the sezment type or in the
intersection tabless. This difficulty may Dbe overcome by

considering a compound segment as a collec tion of seuments
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Figure 5.20 Collapsing of Segments Assigned to Channels

cccupying the same channel and its assignment to a channel

would be determined by the relations of its simple segments.

S5s4.2 Assizpment of Simple and Compound Sezgments to Chanpnels.

Once +the segments have been collapsed into co@pound
Segments, these segments are assigned to channels in the usual
waye The compound segment maintains all the properties ot the
segments which compose 1te Consider Figure 5421 The
connections to be made in Figure 5+21a contain three nets,
N1 = §1,2,3}, end N2 = {44546} and N3 = {7}« Figure 5.21b
shows the segments of the second vertical space in terms of 2
compound segments and 1 simple segment. Figure S.21c gives the

segment ordering graph for these sSegments The compound
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segments, corresponding to nets 1 and 2, are designated Cl and
C2. It is neot necessary to calculate the relationships within
a compound segments Thus compound segments may be consldered

as simple segments. Figure 5.21d shows the finael assignment.

in Figure 3.21d, segment 7 crosses the compound segment
2 oncee If the segments were not collapsed then segment 7
would cause two Crossingse It would intersect simple segments
5§ and De Because of the difference between simple segment
crossings and net crossings, the assignment process may not
give the minimum number of net crossingse. For example if
segment 7 would have been assigned to the right of the

compount segment N2, then 1t would cross net N2 twicee.

43 Nets and Nen-acyclic Sggment Ordering Craphs-.

Vhen a segment ordering graph is constructed for a
compound segment, a cycle may occur which is not caused by a
conflict situatione An example of this is given in Figure
5622
The c¢ycle in the segment ordering graph Is caused by the
collapsing of the simple segmentse This situation may be
detected as the segment ordering graph is being constructed
and may be resolved by deleting one of the offending edges of
this graphe Confusion between this case and the conflict
situation does not occur since the latter are caused by XL and
XR relatlons and the former by Just L and R relations.
Depending on which of the relations is deleted, either of the

diagrams in Figure 5.22e is possibles It shows the segments
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Flgure 5.22 Cycles Caused by Collapsing Simple Segments

. s

after they have heen aasigned to vertical channels, In this
case both alternatives have one intersection and it 18 not

possible to decide which alternative 18 best,

The conflict situations discussed earlier still exist
but have not gotten much worse. In earlier sections, several
examples of these situations, were given. These situations may
involve two or more simple segments and for each segment,

potential conflict existed for each of its end points, i.e.
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its source and its sink. Resolution of these conflicts by
assiuning an LR order to the segments resul ted in a cycle in

the scgment ordering graphe

The conflict situations that exist now are a3till caused
by simple segments but the complication is that the simple
segments may be a member of a compound segments Thus in the

segment ordering graph a cycle may contaln

1) all simple segments

2) simple and compound segments

3) all compound segments.

The first case has been discussed alreadys In the second
case, the simplest solution is to split a simple segment. In
the third case the compound statement must be split in some
manners. Two possible ways of splitting a compound segment are
shown in Figure 5.23. In the example it was decided that
compound seument (1,2,3) was to be split. Figure 5.23a shows
the split of the two slmple segments 2y and 3. Figure 5.23b
shows a simpler split of only segment 2 which results in an

equally acceptable drawing.
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Recommendations for Future Research

640 Iptroduction

This chapter discusses some of the results obtalned by
using the techniques and algorithms of the previous chapters.
These results are reviewed in light of the obJjectives set in
Chapter 1. Also incltuded. in this chapter are some suggestions

for further researchs

6.1 Samnles of Auilomatically Produced Logic Riagramse

The techniques of the previous chapters have been
implemented inte a system, called ALDGS, which takes a
pseudo-hoolean input description of a logic circuit and
generates logic diagram{s) of the circuite ALDGS was written
in FORTRAN and comprises about 5000 statementse The system
consists of 4 prégrams which are ruh sequentialliy to produce
the diagrams. These programs perforﬁ the operations of 1)
parsing, 2) partitioning and .plncement, 3) placement

refinementy and 4) routinge

In order to generate a logic diagram for a logic circuit
it is gufficient to supply the c¢ircult description, the
desired logic diagram size and the component sizes The aystem
then parses the circuit description to generate the graph
representation, partition and place the circuit components on
the logic diagram sheet, and perform the routinge Each type of

component accepted by the system has an entry In a library
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which contains a physical as well as a geometric description

of the compeonent with symbol and tag locations as described in

chapter 3.

To demonstrate the capahllltles of the sSystem, several
logic diagrams have been generated and are contained in
Figures 6.1 to 648 The Figures 641 to 6e6 contain ALDGS
generated logic diagrams for the «clircuits of Figures 2s1 to
2eb6e The input descriptions for these circults are given in

Appendix D

In Figures 6.1a and 6e1b, ALDGS detected several
sections of logic which are ancestor—-descendant disjointte It
separated the logic of these sections and placed the sections

on the same logic diagrame

¥%hen processing the circult of Filigure 2.2, ALDGS
required two logic dimgram sheets as shown in Filgures 6<«2a and
6e2be It cured the reversed connection problem that existed in
the original diagram by placing the of fending components to

the right of their ancestorss.

The.circuit of Flgure 2,3 also contains some disjoint
sections of loglc which were placed at the top of the diagrame
In the original diagram, this circult contained several nets
without sourcess For Figure 6.3,‘ external sources were

supplied for these netse

+ If two sections of logic are ancestor—descendant
disjointy, this wmeans that there are no components which
lie in one of the sections and have an ancestor or
descendant in the other sectione
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Both Flgures 6.4a and 6.4b are the same clircult as
Flgure 2.4 In Flgure 6.4a, the layout was performed entirely
automatically by ALDGSe This circuit is a difficult one for
ALDGS to lay out as the symmetry is hard to detects In this
case the manual placement is better than the automatic
placements Flgure 6.4b uses the same manual placement for the
components as In the origlnal diagram with the routing
performed automatically by ALDGS. = The rout;ng on the new
dlagroam is eassier to follow than on the qriginal diagram since
the new paths make more direct connectionse In one comparision
the new diagram does suffer in that ALDGS (by intent) does not
allow signal names to be placed 1In the middle of the diagrame
All signal names must appear at the edges and thls causes some

long connections on this diagrams

When Figure 6.5 is compared to Figure 245, it may be
deen that ALDGS separated out the sectlons of loglic and placed
them above each others The automatic placement malntains the
functional characteristics of the circuit and +the routing is
much cleaner than on the originale ALDGS does not allow (by
philogsophy) multiple output slgnal names for a nete Thus the
last vertical space is much cleaner with fewer connectionses
(It does allow multiple destinationsy, however, and these would
be tisted below the éignal name with the gignal names

separated appropriately to make roome )

The diagram of Flgure 6.6 corresponda to the circuit of
Flgure 2.6 and generates a much better layouts It separates

the sections of Logic and pltaces connected components cloae
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Recommendations for Future Research

togethere The original diagram has some sigrals which both

enter and leave the diagrame ALDGS does not allow this but

would convey this information at the source of the signal.

The diagrams of Figures 6.7 and 68 are of the circuit
represented by the graph shown in Figure 3e4. In Figure 6.7,
the circuit is drawn on one large sheet and Figures bH.Ha,
6.8by, and 6+8c show the circuit when it is drawn on three

smaller sheets.

62 Performance of ALDGS = Complexity of Algorithms.

Statistics concerning each logic diagram example have:
been collected in Table 6H.ls It gives the time required to
generate each logic diagrams Times are included for
partitioning and initial placement (PEP column), for placement
refinemént {Ref column), for pin assignment and boundary
signal name placement (PSA column)y for routing (R column),
and for pgeneration of the 1lines to draw the diagrams (GL
column ). These programs were vun on a IBM 360/75 under the 1BM
FORTRAN-H compiler. Each program runs in less than 180K bytes,

for these examples.

0t all the above operations, only the partitioning and
placement operation works with the entire «circulit. The other
Operatioﬁs work with one diagram at a time,y, and thus their
memory reqguirements and speed are bounded by those ot the
largest size of diagram. This means that their memory

requlrements are still limited to 180k bytes and the maximum
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Hecommendations for Future Research

# of # of sheets PEP Ref PEA R GL Total
Fisure Elements sheet size, Time Time Time Time Time Time
Nets end Comps Size (sec) (sec) (sec) (sec) (sec) (sec)
Connse
Gela  22,3R,46 1=D4y /8" 2.4 1.2 6.4 N.4 TR 18.2
oiTn 22004038 1-D,1/24 3.0 1a2 4.5 0.3 8.0  18.4
Ter2 10,7319 2-Ds3/8% 626 940 11s8 0.8 21.0  43.3
oD 30147078 1-D,1/2% 448 148 6.4 1e1 15.6 2947
Tovin 37,58,90  1-Ds3/8% 445 244 17.2 0.0 2044  45.7
Tein 37185,00  1-Dy3/8%  manual | 17.2 0.9 2044 %S
s 38,68,04  1-Dy3/8% 448 244 1744 1.0 2440 4946
ot 12027042 1m0y 1/2% 2.4 122 2.2 0.4 10.2  16e4
T6a7 2747067 1-Dy1/2% 3.0 148 448 0.5 17.4  27.6
ToeN 2R 47,71 3-By1/27 346 244 6e6 0.7 10.8 3341

wheres PEP Time ~ includes partitioning, and initial placement

Ref Time ~ placement refinement
PEA Time - includes accessing library to get pin
information, pin asgignment, boundary
sliagnal node assignment
R Time - route connections and assign segments
t0 channels
Time - includes accessing the library to get
geometric information and generating all
the lines on disk

a
o

Tathile 621 Generation Times for the Logic Diagrams

exection time for these operations combined is approximately 1

minute per diagrame

The partitioning and placement operation requires 200
bytes per component and thus for a 1000 component circuit
would need 200k bytes storage for the circuit itgself and 65k

bytes for the preogram for a total of 265k bytese The upeed of
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the partitioning operation, by itself, varies according to its
sophisications The speed of the partitioning algorithm used in
this thesls iz, at worsty of order n¥*3 where n is the number
of componentsSe The placement operation itself is linear with
respect to the numhbher of components that the partitioning

operation gives ite

6e3 Conclusions.

Thlis thesis has presented a thorough investigation of
the peneration cf loglc diugfams and provides new techniques
which have been combined to form an automated logic diagram
generation systeme The levels of representation and
classifications of the 1og1c circuit are original as are the
technigquaes for assignment of boundary signal nodes and pinse
The me thaod of initial=-placement is new while the
placement=refinement concept, originally conceived for PC
layout has heen xiven new objective criteria which allow it to
be used for logic diagram generations The routing scheme with

its classi flcation and ordering of segments is also originale

The AIDGS system meets the opJectives established for it
in chapter 1« It is able to handle large sections of logic
circultry and different slzes of diagramse. it partitions the
logic circuit according to connectivity and thus heavily
cennected logic will be grouped together, The placement
techniques result in the logic having a flow from left to
right, and feedback edges are minimizeds The routing scheme is

always able to route the connections since the
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-6e 20~

interconnections are not routed through the use of a fixed

routing zrida The routing scheme eliminates most of the

unnecessary crossings which seem to plague other

csystemse T4t

can handle all types of components and can supply the reguired

circuit information on the diagrams

Cb.gective 1 is the most important test of the systemes Tt

concerns generaticn of legible diagrams at reasonable coste

The anutomatically produced logic disgrams, when compared with

1the source diagrams, are as legible if not more S0 Thus 1if

thoe source diagrams were usable then so must

be the new

diavramss. The tlme reqgulred to produce the diagrams was given

in Table €fela The cost to generate the data

to draw alt

diagrams shown was less than %21 at commerical ratess AS may

he seen from Tabte 6.1, a large percentause of this

cost was in

computer time to generate the Lines of the diausram as opposed

to the layout timese If simnle blocks were used instead of the

Mil-gspecification symbols, the line generation time would he

cut tremendously and it is felt that the layout
could also he improved by careful tuning of the

plottinge time for all diagrams was less than 19

time itself

systeme The

minutess In

view of the time required for a draftsman to produce a similar

quality diagram, these costs are reasonables

6ed Fecommendations feor Luture Researche

1) The techniagues describhed in this thesis
towards the placement of components on

routing spaces bhetween each row and colunnae

are oriented

a

prid with

Ry removing
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thie restrictiony, and allowing placement of components
anywhere on the sheet, it may be possible to generate
even hetter placementss Of coursey Lf this were done,
the routing scheme woulcd have to be revised but a

similar approach should be possibles

2) Topological techniques for circuit layout use planarity
techniques to obtain their layoutts, They combine
placement and routing togethere. Wwith modifications, the
topological circuit layout methods could also be used
to generate LD layoutse Since they comhine partitioning
and wnplacement, they offer potential for generating

hetter LD layoutse

65 Lphangementse.

£eSel Partitioninzs Placement and Eefingment

1) In the current placement scheme, all components are
placed In the centre of their grid positions This often
results in a Jog Iin the interconnection hetween two
adjacent components since the input of a component is
not in lLine with the output of its ancestors In certain
cases ¢€1ither the ancestor or descendant component may
e shifted, =till within the zone which does not move,
to eliminate the Jjog {esge logic diagrem 1, components
08 and 13)e

—————— i ——— ————— "

+ Vancleemput,¥.M =— An ITmproved Theoretiec Model for the
Circuit Layout Froblem, 11th Design Automation Workshop
1874, ppeR2-90
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N
-

In some logic dliagrams a component row becomes occupied
by row disjoeint sections of ltogice ITf in these cases
the maximum number of component rows 1s not used, then
these row-disjoint components could be separated onto

adjacent rowses

62562 Boutinge

1) In some cases the routing spaces become congested due
to the number of connections using that spaces This
congestion could be reduced if the width of the routing
spaces was allowed to vary according to the maximum
numbher of channels in uses Thus, in logic diagram 6 -
sheet 2, the third horizontal routing space would he
allecated a larger width at the expense of the other

sparsely used horlzontal spacese

2) As implemented, a path type was chosen for each
connection of a net on the basls of the pousitions of
the connections source and sinkse If the path types
would have been assigned considering the nets as a
whole, then some parallel runs could be reduceds This
can be accomplished hy using an algorithm to find gn
almost—optimal Steiner tree [HAKI71Jle No change in the

segments would be requireds.

a) In certain cases, when assigning sezments to channels,
it is vossible to reduce crossings furthers, This

slituation arises when there are many X relations
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- - 1 1’ 2,‘41 5,6
--12 | -==11 | - - |
{==13 1 | I | |
! - I - | !
! | ! 2 3 a } 3
e ——————t e e e t - - - -4 -
| | | | | | -
1924=- ! - ! 1 i | 5 6 ! |
4,5,6|===4---|5 | (- i- I = f==1 |- 1~ f
I Af=-- [ I=- ! | I~
- | -— | !
! | |
——————— - -
a) Seuments Assigned to b) Simple Segments c) Collapsed
Centres of Spaces from 2nd Space Segments
-———12 1 -——=l1 |
i =-=13 1 1 [
i - I --
| ——emee——d-
--------- —p=tmmmmmo- 4

- I -

I 3l-—4- P

d) Seument Ordering Graph e) Assignment According to Segment
Ordering Graph (4 crossings)

———e]2 | -1 |
et

| [P — |

e

— | -
112,4y576""’+"+"-‘5 |
1 af-- 1 1

f) Better Assignment {2 crossings)

Figure 6.9 Further Reduction of Crosslings With Compound
Segments
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hbetween two compound segmentsSe The example in Figure
G+9 is an extreme case demonstrating this situatione.

The segment ordering graph indicates that the compound
sepyment 1,2,4,5,6 should be placed to the left of
gegment 3. This assignment, shown in Figure 6e 9
generates 4 intersections,. If the segments were
assigned In the reverse order only 2 intersections are
caused as shown in Figure 6.9fs Such cases may prove

difficult to detecte.

A simpler version of the above situation is easlily
solveds This is the case when simple segment 2 does not
existe Then there are no ordering reiations between the
compound segments and the number of intersections
between them could be used to determine which was

assigned firste
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~ Classifications and Mappings of the Signal Nodes of
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Cleassification of the Sigpal Nodes of the Reoresentative

Graphe

In order to be able to perform operations on the
representative graph, it is possaible to classify the signal

nodes as shown below.

Type Classification Maode
i terminal input AR
2 terminal output AsR
J internal input R
4 internal output R
5 internal A

In the table, the signal nodes are given a type number
from I to 5 and a corresponding descriptions Also included is
a mode for each type which is either A-for absolute or R-for
relativef The mode of a signal node may 'be different depending
upon how it is viewed,Ai.eo relative to a given component or
absolutely with respect te the given circuite This distinction

is necessary for the transformations.

Ae2 Clasgification of Signal Nodes of the Beduced Grophe

The following table summarizes the types of signal nodes

of the reduced graphe.

Type Classification Mode
1 external input AsR
2. external output AyR

3 dual external A
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4 internal input R
5 internal output R
6 internal A

A.3 Mappins of Sisnal Nedes into Reduced Grapb Classges.

The classification of the signal nodes for the reduced

graph may be achieved In a two step process as outlined below.

a) The following table will give the absolute signal
node classification for signal nodes on the reduced
graphe The type 2 signal nodes are terminal output

signal nodes which are deletede.

A B C

I | { |

1 A S N I SR R D

Absolute Signal | | i i
Node Status on | | i |
Representative 2 - 0 -1 - i
Graph | | | |
| | | |

51 2 | 3 | & |

| | ! |

where the column cocdes are:

A - if signal node is input to output
terminal component only,

B - if signal node is input to output
terminal component node and input
to a non—~terminal component node,

C - if siygnal node is input and output
to/of non-terminal component nodes
only.

) Once each signal node has been classified absolutely

for the reduced graph this table may be used to get
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the relative classifications for the signal nodese.

1

2
Absolute Signal
Node Status on
Reduced Graph 3

6

if signal node

A B

I |
1§ -
! | I
! I 1
-1 2 1
| | I
| I |
o 2 |
| I |
l I !
b4 1 5 |
| | |

is? A - type 3 on
(internal

B - type 4 on
({internal

Ae.4. Classification oX Signal

Type

Qoo Ut h -

Description

external input
external output
dual external
internal input
internal output
internal
intersheet input
intersheet output
dual intersheet

representative graph
input)
representative graph
output)e.

Nodes of the Sheet Granbs.

Mode .

external input to many sheets A
external intersheet input’ Ay R
external intersheet output As+R

dual external intersheet
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A.5 Manpipg of Sizgnal Nodes into Sheet Graph Clasaes.

The following table gives the method of classifying the
signal nodes of the sheet graphe An entry of -1 in the table

indicates that the condition should not occure

A B C
| | | |
11 t | 10} 11 |
| i ! |
| | | |
21 2 1 -1] -1 ]
| | i |
Signal Node | | | |
Status on 3l 3 | -1 12}
Reduced Graph | | ] |
| | | |
41 4 | 7 1 -1 |
| | | |
| | | |
s 5 | 8 | -t |
| | j |
| | | |
6| 6 | 9 |1 -1 |
I I | i

if signal node 183 A - not in intersheet connection list

B - in intersheet connection list but
not dual external on reduced graph

C - in intersheet connection list and

is dual external on reduced graphs



Appendix A ~AesS5~

A.6 Supmary of Shest Cranbh Signal Node Iypes

Type 1. Exterxnal lopul.

Signal nodes 1,2 and 3 are of abscolute type 1 and are
type 1 relative to component nodes A and B.

Lo |

2o

3o

Type 2. Exiternal Qxinus"

Signal nodes 1 and 2 are of absolute type 2 and are type
2 relative to component nodes A and B.

AO > o1
E,(i::> o 02
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Type 3. Dual Externale.

Signal nodes 1 and 3 are of absolute type 3. Signal node
1 is type 2 relative to component node A and type 2 relative
to component node B. Signal node 3 ks both type | and 2
relatively to component node C, (Valid for component nodesr
which are blackboxes)e.

AO —f

8 ——2

¢ %;“_*2.03

Type 4. Ioternal lorute
Type 5. Internal Qutput.

These aignal node types define a signal nodes astatus
relative to a given component nodee See type 6 for

clarificatlion.
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Type 6. Interpal Signal Node.

Signal nodes 1,2 and 3 are of absolute type 6.
Relatively signal node 2 is internal output of component node
B and Internal input to C and D. Signal nodes 1 and J3 are

internal ocutputs of component nodes A and D respectively and
internal inputs to component node C.

Type 7. lopterabeet Iloput Nade.
Type S. Iniershget Quiput Node.

Signal nodes 1 and 2 have an absolute type of intersheet

output (type 8) on sheet n and intersheet input (type 7) on
sheet me Relatively their types are the samee On the partition

node graph these signal nodes would be internal.

e Ot 2L

sheet n

Y

OD

sheet m
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Type 9. Rual Intersheet Node.

Signal node 1 has an absolute type of dual iIntersheet
{ type 9) on sheet n and relatively is an intersheet input to
component node B. On the partition node graph it would be an
internal nodes '

AO— O

sheet m

sheet n

Type 10. Extarnal lInout 1o More Ihan 1 Sheet.

Signal node 1 is an external input signal node to both
sheets n and me On the partition node graph it was external
input to two group nodess

_L-:— Fan OA 1o > OB

sheet n sheet m




Appendix A —A e~

Type 11. Externel JIntersheet lnput.
Type 12. Externsl Intersbeetl Qutput.

Signal node i has an absolute type of external
intersheet output (type 12) on sheet n and external intersheet
input (type 11) on sheet me It alsoc has the same types
relative to component nodes A and B respectively. It would
have been a dual external signal node on the partition node
graphe

\Y
Q
|
[
f
1’

AO OB

sheet n sheet m

Type 13. Dual External Intessbeet.

Signal node 1 has an absolute type of dual external
intersheet on sheet ne. Relatively to component nodes A and B
it is an external intersheet output and an external intersheet
input respectivelys With respect to sheet m it ils an external
intersheet lnpute On the partition node graph this gignal node
was a dual external signal node which input to wmore than one
partition node. ’

Jos

(e

Y .
\r.
'._.
[
{

o 2

sheet n ‘ sheet m
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Bel Agsiupnment of Lopnnections 1o Paths

I

LELX column # of destination - coiumn # of source

CELY row ¥ of destination - row # oif source

Horizontalk Paths
A .
| |
{ | DELX > 1, DELY = 3
I |
e, |
B o ——
| |
} | DELX > 1, DELY = 0O
| |
| N
C —
| ]
| | DELX <= N, DELY = &
| |
S e b
v

DELX <= (1, DELY = 0

— —— t——— —
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Yertical Paths
£ L
i
i
|
| DELX = 1, DELY => 0
|
|
!
|
P _—
|
;
i
e not assigned by end points
|
|
|
-
G —
|
|
|
| DELX = 1, DELY <=
!
|
!
-
H

—— not assigned by end points



Appendix R

Ripeonol Paths

- — .

DELX > 1, DELY > G

DELX > 1, DELY < O

PELX <= 0, DELY > 9

DELX <= 0, LELY < «
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B.2 Supmary of Path Assigoment Conditions

The following table summarizes the conditions for path
assignment which were given in section A.1l.

DELY
<0 =0 >0
<1 L Cy,D K
DELX =1 G G E
>1 J AyB 1

path types

The tables below provide the further distinction
necessary for assignment of paths AyB and CyD. When they
are in the same row (DELY = 0).

W

DISPY the Y displacement between the pin and the centre

of the component (Y of pin -~ Y of centre)

SD1SPY = the Y displacement of source pin
DDISPY = the Y displacement of destination pin
— | === ! | ! |
|+ et IR LS [+
b b | -] o ==
DISPY > 0 DISPY = 0 pIsPpYy < O
Ixpe A D
DDISPY
<0 =0 >0
<0 B 8 B
SDISPY =0 3 A A
>0 A A A

path types
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Ixpe Cal
DD1SPY
<0 =0 20
<0 )] D D
SDISPY =0 D C C
>0 C C C

path types

Bed Seuments Compesing Patbg.

The path are divided into
following table summarizes the
pathe

either 1 or 3 segments. The
segments which compose each

segwent number in path

1 2 3
A F B I
B J A G
C T B B
b C A A
E E
g F b G
path type G H
H J C 1
1 F b G
J J C I
K b C A
i C b B

segment type

Segment numbers 1 and 3 are vertical
number 2 is a horizontal segment.

seguments and segment



Anpendix

-~ Sepment Intersection Tables



Appendix C

C.0 Antroductione.

There are two sets of

vertical segments and the other for

The vertical talbles are concerned with

segments from left tuo right.

ordering horizcntal segmentis from bottom

tables, the assumptlion is made that the

ordered according to their maximum

segment that Sn 2 Ene The elements of

contain codes which have the

1. L - segment 1 will not intersect with

segment 1 is assigned a channel to

sepment 2

2. R - segment 1 will npot intersect with

segment 1 is assigned a channel to

seguwent 2

the segnents have the

end points and are not compatible;

assiugned in elither order

P - segments huave Same

directions,

intersection tables,

to tope

segments

same non-—-source,

source and branch

-Cel~-

one for

horizontal segmentsg,
ordering vertical

The horizontal tables are for

In the

are

end points and for each
the vertical tables

interpretations listed belows

segment 2

the left of

sepment 2 it

the right

non—-sink

they can Le

in opposite

they can be assigned in either arder
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Se 0 - segments have same source and overlar;

be assigned in elther order

6e OL - segments have same source and overlap,

is assigned a channel to the left of segment 2

Te Ok - segments have same source and overlap,

is assigned a channel to the right of segment 2

Be E -~ error in drawing will occur irregardless

channel assignment

Qe X - intersection will occur irregardless

assignment, no assignment order is specified

-C¢2"

they can

segment 1

segment 1

ol

of channel

10. XL - intersection will occur lrregardless of channel

assiynment, segment 1 must be assigned to the left of

segment 2 to avoid a contlict

11. XR - intersection will occur irregardless of channel

Lassignment, segment 1 must be assigned

of sepgment 2 to avoid a conflict

12, / = it this condition occurs the segments are

error

to the right

in

The elements ot the horizontal tables constitute a

subset of the above codes except that *B'" and 'T' refer to

Hottom and Top instead of right and lefte.

In the case of the -9 Py and X codes,

assignment is not really important and

the order of

sepgnment

1
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arbitrarily assigned to the left of segment 2. The E code
signifies that the segments will cause a conflict situation
if either left or right assignment is performeds With the
XL and XR codes the order of assignment is imparative since
a conflict may result. They are used when the two segments

have a common value for their fixed end pointse

Cel Yeptical Seumentise

Case ¥1: 81 > S2
El1 > S2 no intersections (segments are compatable)

Case V2: S1 > s2, El = S2

Edge 2

A B C D E F G B I J
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$1 > 82, E1 > E2

Case V3J:

Edge 2
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Case V4

Fdge 2

| X
R S S S S S SO S S S
T e S B Tt S SEv s

I/
| /7 | K

|/
I 7/

[ L
1 x

| xk | XR |
| 7/
{7 /

W

| xx | xR | xi | /
S S St S A SIS SV S R
T et T B B B e S B SEE

R
i 7

/
/
R

I
l
I

/
/

T e S e e e e e

|/



=-Caed™

Appendix C

Case V3: 81 > 82, E1 < E2

Ldge 2

|l R | » | x | x x X | ¥ | X

e T B e e et EE Y S S

L

$2, L1 > E2

st

Case VoI

Edge 2
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E2

SZ' El =

Case V7: S1

Edge 2
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Fdge 2
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Ce2 Morizoptinl Sesmentse

Case H1:z S1 > 82
E1 > 82 no inteérsections (segments are compatable)

v

52
s2 should not occur

Case H2: S1
E1l

[}

Case HJI: S1 > &2, EF > E2

Edge 2
A H C D

} | | { |

A | x | 1 | 1 | X |
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| | | { I

B | B | x | x | B |

Edge 1 | i I B N
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| i | — ]

Case H4: S1 > s$2, Eit = E2
Fdue 2
A i C L

J | i | I

T 2 I SR A 'S B

| | i | N

| i { | ]

B | B | 7 | x| 7/ |

Edge 1 | | .. i f
| | ] | |

c v /7 1 T | / | XT |

] | I.. N |

| i | | I

p | B | 7 1 x| 7/ |

| { i I |




“C-B"

Appendix C

s1 > s2, E1 < E2

Case HS:

Edge 2
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Edge 2
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§1 = 82, E1 = E2

Case HT

Edge 2
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= 82, E1 < E2

s1

Case HS8:2
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- Pseudo~boolean Input Language Descriptions for the

Automaticully Generated Logic Diagrams of Chapter 6



Appendix D -Del~

,Dela Input Description lor Cixguit of Eigure ¢sla-.

NEWSEG-=FIGURE 6.1A
1TERM—A,B,C,D,E,F,G,H,I.J.K,L,M,N,O,P,O
OTERM=FR S,y T4 Uy VW, X
ABOX1-A2,A4,C2,C4,C6,E54G5,J54L5,N5
ABOX2-46,C7

ABOX3-E7,G7,J43

ABOXS-L7
ORB2-A3,A5,G6
ORB3~-L&
NORB-AT7,J4
A2.,11 = A
AJd.1I1 = C2.0
Ads. T2 = A2.0
Ad4.T1 = AJ.O
AS.I1 = C4.0
AD12 = A4.0
A6b.I1 = 1
AB.T12 = AS.O
A7, 1 = Ab6B.C
C2.11 = C
C4.,11 = D
CHhaT1l = E
C7eI1 = C6W0
CTel2 = 1
FS.11 = E
E7«11 = K
E7412 = F
F7.123 = J
GH.11 = H
G6ell = GHaO
G612 = ES.0O
G712 = J
GT.1T3 = 0O
J3e.11 = N
J3. 12 = M
J3. 13 = L
Jdel = J3e0
J5.11 = J4,.0
LS.11 = P
L6sT1 = NBLO
L6412 = L5.0
L6+13 = J35.0
L7411 = L6.0O
L7112 = G6.0
L7«13 = K
L7114 = I
L7.1I5 = ©
NS.I1 = Q

R = AT7.0

5 = CT7e0

T = ET7.0



G7.0
J3.0
J4.0
L7.0

® € <
wonouon

Deld Jlonput DRescriptien fer Clreuit of Eigure He.1b.

NFWSEG-FIGURE 6.18

Appendix D

ITERM=A 4By CyDyE4sFyG4H41I,J,K
QOTERM=-L My N,OyPyQ,R

ABOX1-A1,A3,B1,B34C34C64yD1,D6H,EL1,G14GH6yH1,HOG,LE,M6

0&32-32,D7,E2'321H7'M7

ABOX2-B5
ORBJ3-B4
Al.E1 = J
A3.11 = C
Bl.I1 = A
B2.11 = Bl.0O
B2.12 = Al.0O
B3.1I1 = B
R4, Il = C3.0
Bd4.12 = B3.0
B4.13 = A3.0
B5.1I1 = H
BS«I1 = B4.0
Cl.I1 = D
C6,11 = G
Di.It = J
Dé6.11 = BS.0O
D771 = D6.O
D711 = CHWO
Elell = E
E2.1I1 = El.0
E2.12 = D1.C
Gl.11 = J
GbelIl = F
Hi.,11 = 1
H2411 = H1.0
H2.12 = G1.0
H6.1T1 = B5.0
H7.1I1 = H6.0
H71I2 = G640
Léa 11 = K
N6.I1 = J
M7eT1l = M6.0
L = D7.0

M = B2.0

N = E2.0

‘002°
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H7.0
H2.0
BR5.0
M7.0

wouhn

xL o

D2 Input Descriptiop for Cirsult of Eigure 622.

NEWSEG-FIGURE 6.2

ITERM=A 3B )C ey Dy EgF g GoHy T g J oy Ky L Mg NyOe Py Qe RSy ToUyVyWX3Y,2Z
ITERM~AAsBByCCyDDyEE2FF GG
OTFRN~HHy IT1 3 JJJy KKy LLy MMy NN,QGO,PP,QQ,RR,S5S
ABCX1-A9,82,B3,8B5yD14D2,B3,E1,E3,ES
ABOX2-~A14A20A3,A5,A6,A7,A84A10,A411,A12,A13,C1,C2,C3,C4,C5,CH,C7,C8
ABCX2~-C9,C10,C11,C12
ABOX3-A4

ABOX4~8B1,B6
ABOXS5-B4,E24+E4,Eb

Al.11=8

AleI2=A

A2.,11=D

A2.12=C

Ad.I1=F

A3.12=F

Ad.,11=1

Ad.12=H

Ade 13=G

AS,I1=8

ASe12=J

A6,11=D

A6.12=K

A7+ [1=F

AT.12=L

ABe.I1=H

AB.1I2=M

AS.I1=N

Al10.,I1=B

AlQ, 12=0

A1il.11=D

Alt.12=P

Al12.11=F

Al2.12=Q

A13.I1=H

Al3.12=R

Bl.I11=A4,0

Bl1.12=A3.0

Bl,13=A2.0

BleI4=A1.0

B2.Ii=Bl.0

B3+.11=B4,0

B4.I11=A9.0

B4.12=A8.0

B4.13=A7.0



34eT14=A6.0
B4s I57A5.0
BEe I1=A13.,0
BH6:12=A12.0
Mo I3=A11.0
HO. T4=A1D.0
Ci.,11=R
Clal12=5
C2e11=D
C2a12=T

C3. I1=F
ClaI2=U

Cds [1=H

C4, L2=Y

CH. 11=R
CS5.12=W
C6.11=D

CoHhe I2=X
C7e11=F
CTleI2=Y
CHe11=H
CHa.12=Z
CQI1=R

CYe [2=AA
Cl0e. I1=D
Ci0,12=BB
CliaXt=F
Cit., 12=CC
CiZ2e [1=H
C12,12=DD
D1.T1=EE
D2e I1=FF
D3. 11 =GG
F1.T1=E2.,0
F211=D140
E2,12=C4,0
F2. I3=C3,.0
1214=C2,0
Fe I5=C1.,0
13 L1=E4.0
F4.T1=D2,0
4, 12=CR. 0
F4,13=C7,0
Ed, 14=C6.0
E4.I5=C5.,0
ESe11=E6.0
E6.11=D3,0
E€Ge12=C12,0
F6e I3=C11.0
E6s 14=C10.0
Fhe IS=CHL0
HE=81.0
I11=82.0
JJ=H3,0

Appendix D
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KK=RB4,0
LL=B3.0
MM=B6.0
NN=HE1.0
OO:EZ.O
PP=EJ,.,0Q
Q0=E4.0
RETES.0
8$85=F6.0

D3 Input Description for Circult of Figure ©.3.

NEWSEG~FIGURE 6.3
ITERM—AyByCyDyE s FyGoHy Iy JyKyLyAA BBy CC4yDD,,EE
OTERM=MyN;OyP;QyRySsTU,V,W,X
ANDQG“A1|A21AS'ﬁ4gAS;A6’A7,A8’59,A10’A11’A12
NANDNS-B!,BZ,BS,B4,B5,B6,R7,H8,BQ'BIO,BII,B12
0R3’C1'C21C3104’05,C6

Als12=A

A2.12=H

AJ.12=C

Ade 12=D

AS5. I12=E

AGes I2=F

AT« 12=CG

AB.I2=H

AD.I2=1

At I2=J

A11.12=K

Al12,12=L

R1.I1=8BB

H1.12=A1.0

Rla. 13=AA

E2e I1=EE

B2.12=A2.0

B2, 13=CC

B3, I1=DD

B3.12=A3.0

B3« [3=EE

B4.11=8BB

94012=A400

Bd4e I3=AA

B5, 11=EE

BS. 12=A5.0

R5e I3=CC

B6.11=HBBA

B6.,12=A6.0

B6e I3=AA

B7.11=DD

B7.12=A7.,0

R7. 13=EF

PR, 11=0B

-De5-



BR.I2=A8B.0
BE. 13=AA
BO. T I1=EF
BOLI2=A8.0
B9.13=CC
Bl10. T1=AA
Ri10.12=A10.,0
B10,., I2=DD
Bil.Il=EE
Bil.I2=A11.0
F11.13=CC
Bi2.71=BB
3120!2=A1200
B12. I3=AA
Cl.11=R6.0
Cl. I2=Bl.0
Cle1]2=A
C2.11=HB6.0
C2.12=B3.0
C2es13=C
Cle11=B6.0
C3.12=8B5.0
C4.11=812.0
C4.12=8B7.0
C4,13=G
C5.11=812.0
C5.12=88,0
C5.13=1
CHa11=012.0
CHe12=811.0
ChHe 13=K
M=Cl.0
N=R2.0
0=C2.0
P=114,0
Q=C3.0
R=B6.0
S=C4.0
T=BR.0
U=C5.0
V=B10.0Q
W=C6.0
X=R12.0C

Appendix D

—Dob‘



Appendix D

De.d4 Input Rescription faor Circuit of Eigure f..4.

NEWSEG-FIGURE 6.4
TTERM=AGB3CyDyEGyFyGyHy Ty JyKyLyM,N
OTFRM~0O,PsQyR
MFLOP-A1,D1,G1,J1
AMP*HZ,BS,B4,BSQB6'C11F1,F2,F3,F4'F5,F6'11,J2
NQNQN2‘53104’C7
NANBNS-CG,CS,06,64,G6,H1
NANDN4‘E‘902'GS'GS
NAND?Z'C2'E2'12'XG
WIREQORS=-D2,H2
Ale14=D

Al.1I7=C

BleIi=J2.0
Blo12=A1.0

B2.11=E

B3.11=F

Bde I1=CG

BSe 11=H

Bb6.11=1

ClaI1=B1.0
C2e11=J2.0
C2.12=Bi.0
Cl.11=82.0
C3.12=A1.0
Cle1I3=J1.0Q
C4,71=R3.0
C4.12=J1.0Q
CH.11=B4.0
CSaI2=D1.Q
C5413=G1,0
C6bs11=BE.C
C6sI12=A1.0Q
C6+13=G1.0Q
CTe11=B6.0
CT7e12=G14Q

Dle.f1=C

P1.13=C2.,0

D1«14=D

Dltlf;:Ci-(}
DP2.11=C7,0
D2.12=CH.0

D2+ 13=C5.0
D2+13=C4.0 i
D2.15=C3,0
EleIl=d2.0
FleaI2=A1.0Q
E1.1I3=D1.9Q

El.14=B

E2:11=J2.0
E2.12=E1.0
Fl,T1=E1.,0

F2.11=J

FJ.11=K

—D.?-



F4,11=L

FS.II=H

Fbh«.I1=N

Gle11=C

G1.13=E2.0
GleId=D

Gl.{5=F1.0
G2.11=F2.0
G2.12=D1.0Q
G2.13=G1.Q
GeI4=J1.0
G3.11=F3.0
G3.12=A1.Q
Gl.13=G1.Q
GRe14=J1:0Q
G4.11=F4.0
G4.12=G1.0Q
G4, 13=J1.0Q
GS«I1=F5.0
GS5.I2=A1.Q
G5413=D1.0Q
G5.14=J1.0Q
GHe I1=F6.0

(GG« 12=D1.0Q

G6.,13=J1.0
Blo{I:GloQ
H1.12=F1.0
H1. ¥3=A
H2:.11=G6.0
H2.12=G5.0
H213=G4.0
H2414=G3,0
H2.1I5=G2.0
I11.11=H1.0
12.11=J2.0
I12+1I2=H1.0
I13.71=D2.,0
I3412=H2.0
Jl.11=C
J1»13=I2.0
Jleld4=D
Jl.EI5=11.0
J2.11=13.0
O=A1.Q
P=D1.Q
Q=G1.Q
=J1.Q

Appendix D
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D.5 Input Description feor Circult @f Figure 6.5

NEWSEG-FIGURE 6.5
ITERM=AyByCy Dy EgFyGoHo Loy Jy K4 Ly MyN,0,P,0
OTFRM-R!S'T?U'vfw'le'Zi-AA'BH'CC’EE,FF,GG' HH, II'JJ'KK'LL,MMQOO
OTERM~PP,QQyRR,,S5,1TT, UV
NORP26‘CS'027'C34'C37,C31

NORPIAG-C1

NQRP2-~-C33

NORP3-C2,C3

NORN2~C29,C36

NORN3-C4
NORNZC’CI8,C191C201C21,C22y€23,C24,CZS,C26;C30,032'035
¥ IREOR2~CJ30 :
AMP-CH,C2R N
JKFLOPL~-C7

JXFLOP2-CH

JEKFLOP3~-CQ
JKFLOP4-C10,C11,C12,C13,C14,C15,C16,C17
JEKFLOPS-C38

CleI2=8B

Cls13=A

C2:1I1=D

C2. I1=C

C2le I3=E

C3.11=G

C3e12=F

C3. I3=E

C4.11=C3.0

Cd,12=C2.,0

C4.13=C1.0

CR.1I2=C4,.0

CHe1=CHa0

CTell=1

C713=CH.0

CRe11=1

CBe II=CHL0

C80I4=C7QQ

CHsI1=1

COe 12=H

COaII=C6.0

C9014=C800

Cl0s11=1

ClO.IS=C9.NQ

Cllaell=]

C11.I3=C10.NQ

C12.11=1

C12.13=C11eNQ

Ci13.11=1

Cl3o[3=C12tNO

Cl4.11=1

C14.13=C13.NQ

Cl8,11=1

C15. 13=C14.N0Q

ClesIl=Y¥



C16.13=C15.NQ
C17«11=1
C17.13=C16sNQ
C18¢12=C90NQ
C1%.12=C10.NQ
C20. 12=C11aNQ
C21.12=C12.NQ
C22+12=C13.NQ
C23.12=C144N0Q
C24.12=C15.NQ
C25. [2=C16.NQ
C26.12=C17sNO
C27612=d
C28.I=K
C29.I11=C28.0
C28, I2=C2T7.C
CI0e12=C27.0
CI31+12=C29.0
C324.12=C28.,0
C33.11=M
C33.12=1L

C34. 12=N

C35. I2=0

C36e 11=0
C36612=1

C37+ I2=C36.0
C3R.11=C37.0
CI8. 13=C39,0
CIB.14=C38.0
C38.I5=FP
C38.11=C34.0
C30.12=C33.0
R=C18.,0
S:Clbce
T=C14.0
U=C19.0
V=C15.Q
¥=C20.0
X=Cl300
Y=C21.0
Z=Che O
AA=C22.,0
BRB=C12.Q
€C=C23.0
EE=(C24.0
GG=C11.Q
11=C26.0
JI=CTQ
KK=C38.0Q
IL=C10.0Q
MM=CH.Q
00=C38«NQ
PP=C31.0
00=C2700
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RR=C28,.,0
S8=C29.0
TT=C32.0
UU=C30,.0

+

Ds6 Xnpuni Rﬁﬁgninixgn Ffor Circunit of Eligure 6s»6.

NEWSEG-Figure 6.6
ITERM-PO1, P02, PO34yPO4,FAR]1 ,ADDL,GRND,SO14,MCLRyCLKL,yPL,T1LySHFT,5V
OTERM~FADL FADD,ADDyCLCKyMLRL4PO1L4PO2L,,PO3L,PO4L,SO1IL
NANDN2—CI,C2,C3,C4,C5,Cé,C?,CB,CQ,ClQ
NANDP3-C11
MFLOP=-C12
Cl,.11=801

C1e I2=SHFT
C2.11=P0O1

C2¢ 12=PL

C3. I1=CLKL

C3. ¥I2=CLKL

C4. I1=MCLR
C4.12=MCLRE
C5.11=P0C1

CS5. I2=P0O1
C6,I11=801

Che [2=501
C7.T1=ADDL

C7+ 12=ADLDL

CRe I11=P0O2

- C8Be I2=P0O2
CH.I11=POJ
CQ.12=P0J
Cl0.I11=P0C4
Ci0.12=P04
Cl1.11=T1L
7C11012=C100
C12.71=C4.0
Ci12.I2=GRND
C12.13=8Y¥
C12.14=FARL
C12.15=C3.C
C12.I16=GRND
Cl12.17=8YV
C12.1B=C11.0
C12.19=8V
FAD1=C12.02
FADD=C12.01
PO3L=CO,.,0
PO4L=C10.0
PO2L=CR.O
ADD=C7,0
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SOIL=C6.0
PCIL=C5.0
MLRL=C4.0
CLCK=C3.0

Appendix D

Inrpni Rescrdption feor Cirgult of Flgures 6.7 and H.8.

NEWSEG-FIGURE 6.7 AND 6.8

I’i‘ERE“Aynf(:,D'E’F,G'H'I’J,K'L'M'N

OTERM~=JT Iy JJ KKy LLyMM

o]

0 = =0

Q = G

P = (K+L) % (M+N)
R = I%+J

8 = P

T = I+J

V = Q%R

¥ = UkR*S§

X = H#%HR*CC

Y = S%xT*y

7 = 8%T
AA = SHTHHXHH
BB = V+w+x
CC = V+y+X

DD = Y+Z+AA+FF
FE = BQ*CC
FF = CC%DD
GG = =HRH
HH = Y+Z+AA
IT = EE
JJ = EE+FF

KK = FF

LL = GG

MM = HH

= (A+B) % (B+C+D) % (E + F)
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