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ABSTRACT

Thiz paper describes & new interactive
routing system for VLSI layout design based an
artificial dntelligence technigues. In the
VLEI routing problem, most of the time is
spent on the interactive design operations to
finish those connections  that  auntomatic
routing could not perform. An expert designer
has to delete, modify or draw routing patterns
on the display terminals by exploiting his owm
specific  knowledge and  experience. This
interactive process iz done inm a trial and
error manner, and usuvally takes a lot of
design time.

The system proposed here, adopts a
knowledge-based method and relieves a designer
from the burden of complicated desian
operations. This system  accepts the
designer's knowledge as a set of rules
represented in Proleog language. The Prolog
interpreter interprets the rules and makes
inference on the knowledge. This knowledge-
based routing systesm has been develsped to
solve a large scale real problem. It has been
applied to design custoem VLSIs with several
thousand gates and has shown guite promiging
results.

1, Introduction

Recent advances in microelectronics
technology have required high density layout
design techniques for VLSI with complicated
design rules. This makes it necessary to
establish a highly effective layout design
system with auotomatic and interactive
function.

A routing problem im VLSI layout design
is to determine a connecting path meeting all
physical and electrical constralnts for each
given net. From a computational point of
view, a routing problem is censidered to be a
hard combinatorial problem. It is far too
difficult to complete the whole design by only
uging automatic programs with deterministic
algorithme. The total design process consists
of avtomatic and manval design. in most
practical cases, a large portion of the design

time is spent on manwval design, such as
drawing, error checking and correction after
automatic design.

In these years, highly interactive CAD
aystems have been developed to cope with this
problem (Kinner 1980, Mori et al. 1983, Goto
et al. 1983} and the layout design time has
been reduced in & great deal. However, its
successful operation is fully dependent on the
designer's ability. The designer carries out
the design by exploiting his own specific
knowledge on the layout. The expert designer
must examine the wiring patterns carefully on
the graphic display to modify or create wiring
patterns for complete net connection. This ie
time consuming and error prone.

In the design process, an essantial
difference between human beings and computer
is an intuitive ability for reaching an
appropriate goal. The ability is considered to
be based on a mechaniem for applying a “rule
of thumb". Becently, several new CAD systems,
based on artificial intelligence techniques,
have been reported (Steel and Sussman 1980,
MeDermott 1981, Brown and Stefik 1982).
However, it seems that there remain some
difficulties to solve the large scale real
problems. The system proposed here is focpsed
on applying the designer's specific knowledge
inte the design process for practical routing
design problems. The designer's knowledge
specifies a certain operation in acoordance
with a specific situation, which is
represented in a form of the desian objects,
their properties, and logical relations among
them. In this system, the knowledge is
exprassed in a set of rules and written in
Prolog language (Clocksin and Mellish 1%31 )
and stored in the knowledge database. The
Prolog interpreter interprets the ruoles and
makes inference on the knowledge to perform
layout design task.

In order to make a computer an expert
designer's assistant, this paper presents a
new interactive routing system which treats
with the designer's specific knowledge for a
practical design problem.
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2. AL Approach to VLSI Routing

A VLEI routing problem is to find a

connecting path meeting all physical and
electrical constrains for each given signal
net. The connecting path is made by metal
wires of two different layers and wvia holes

for interlayer connections. A signal net is a
commection  reguirement to be electrically
eguivalent for a set of pins. To simplify
layout design, grid lines are introduced in
the chip vertically and horizontally. Wiring
patterns connecting pins can be routed only on
these grid lines. Fig. 1l(a) shows connection
requirement for the nets A, B, €, and one of
the solutions is shewn in Fig. 1lib).

From the computational complexity point
of view, the routing problem is considered to
be a hard combinatorial problem, in the sense
that the computation time reguired to obtain
the real optimum solution increases in
exponential order, when the problem size,
icey, number of signal nets, increases,
Hence, the routing algorithms have been based
o heuristic ratiomales, Although  those
heuristic algorithms have been improved year
by year, they have not succeeded yet to give a
complete design in practical application.

The final routing goal is to achieve
complete net connectivity in as short a design
time as possible. To cope with this problem,
interactive editing systems have been
practically used in the wiring layeut design
(Kinner 1980, Mori et al. 1983, Goto et al,
1983). When 100% routing is not achieved by
automatic programs, the incomplete routing
result is transmitted to the graphic display
station for further completion. The designer
has to create or modify wiring patterns on CRT
in order to achieve 100% routing. This iz time

consuming and error prone.

In the above interactive design process,
the designer effectively exploits This
knowledge acgulred through his experience aor
intuition and solves the problem; Therefors,
if a part of the interactive desion cperations
is replaced by automatic computer programs,
the design time is expected te be greatly
reduced.

Recently, artifiecial intelligence
technigues have been developed, and CAD
engineers wish to use them for their own
parpose. In this routing problem, the
following key problems have to be made clear.

{1) ¥nowledge acguisition : What operaticns
will the designer do to solwve a prablem
in a spesific situation 7

{2) Fnowledge representation : How  to
represent the designer's operation in
knowledge-based form by programming language 7

{3) Enowledge wtilization : How to utilize

or exploit the knowledge database to
golve a specific problem ?
He have analyzed the designer's

operations for many cases and formalized them
ag a set of rules,

A5 a language to represent and utilize
the knowledge, we adopt Prolog language.
However , Prolog  language regquires  too
extravagant memory and runs too slow to be
used practically in VLSI routing problem.
Therefore, we have developed a new Frolag
interpreter which has a function te link with
FORTRAN programs;
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3y System Conflguration

Figure 2 shows a system
configuration. The system includes two kinds
of databases, knowledge database and CAD
database. The knowledge database stores a
certain amount of deslgn knowledge about
specific routing sitwations : properties of
design objects, relaticns among the objects,
and rules for guiding problem solwving. The CAD
database, whiech is a conventional dJdatabase,
contains physical information about the design
ohijectives.

At present, the inference
Prolog  interpreter. Prolog lancuage  has
inference mechanism in itself. The designer's
knowledge is written directly in  Prolog
language. In this language, rules can be
considered as a set of knowledge and they are
represented as a sequence of predieates. In
ogrder to have a linkage to the existing CAD
system, our Proaleg  interpreter allows
predicates that correspond to procedures in
the CAD system. The procedure 1is itself
written in FORTRAN statements and wmanipulate
physical data on the CAD database.

system is

Rules in Frolog programs have a
hierarchical structure, and rules at the top
level of the hierarchy can be considered as

commands to the system: As the designer inputs
a rule name, the interpreter interprets the

program and produce a certain  procedure
Sequence . Thi sequence reprasents the
designer's operation on the display, and its

execution can simolate the way of design
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method, These mechanisms enable the designer
to solwve a practical routing problem within a
reasonable amount of computer time and MEMDEY -

The system hardware configuration is
shown in Fig. 3 and its picture in Fig. 4. The
gystem operates on NEC/MS minicomputer, which
has up to 1l6M byte memory capacity and 200M
byte disk storage capacity, coupled with 21-
inch beam-directed refresh graphiec display.
The display terminal includes a  graphics
tablet and a function control keyhoard with
2048 by 2048 point address space.

Fig.4 WIREX system
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4. Frolog Interpreter

Prolog is one of languages suitable for
representing knowledge and developing rule-
based systems: Prolog is characterized by the
following three points ; the first point is to
have a basic inference mechanism in itself.
The second point is to be able to manipulate
structured data objects, such as lists and
trees, by applying pattern matching. The
third point is to access program and data in
the same way and allow them to be mixed
together.

In general, the mechanism of a rule-based
system is considered to be a simple repetition
of selecting and executing rules: The rule-
based system must operate pattern matching
process whenever such a repetition would
occur; Therefore, the more rules the rule-
based system has in the knowledge database,
the slower it becomes in inference< In Prolog
programming, data are expressed by clavses
with empty body (unit clauses)s The rule-
based system has to store programs and many
rules in the knowledge dJatabase to solve
problems with a large amount of datas This
makes the inference speed slower.

To cope with this problem, procedural
knowledge should be written in more adeguate
language such as FORTRAM. A lot of knowledge
in the design process is procedural knowledge,
such as, how to manipulate physical data and
which design primitives should be executed. We
have developed Brolog interpreter which has
the additional function to link with PFORTRAM
language. Design data in the CAD database of
an existing CAD system can be accessed by
FORTRAN  routines. This is an efficient
method te take adwvantage of accumalated
programs in an existing CAD system. Predicates
corresponding to FORTRAN routines can be
defined in the Prolog programs. Those routines
are procedures in the CAD system, and they can
access data in the CAD database. These
predicates are called  external functional
predicates . This additional function enables
the gystem to realize high speed processing
with less computer memory.

An external functiocnal predicate
corresponds to a FORTRAN subroutine, which
recovers data in the CAD database if the
unification is failed in the following
predicate: This recover funection is introdoced
to keep the design result consistent with the
CAD database, when the backtrack occurs in the
Proelog clause.

5r Enowledge-Based Routing

The designer's coperations are deme on the
basis of his knowledge acguired through his
experience. In eorder to represent the
designer's knowledge as a set of rules, we
must analyze the dJdesigner's operation: We

(a) (b)

() {(d)

Fig.5 Designer's operation

will show it by a simple example.

Flgure 5 zshows cne of the interactive
cperations, Net A cannot be connected, since
it is blocked by a wiring pattern of net B,
The designer will easily selve this problem,
i.e., connect both net A and net B on the CRT
display by the following operations.

{STEFl} Find a net B, which blocks the
connection of net A

{STEFPZ} Delets the wiring pattern of net B.
{STEP}) Connect net A.
[STEP4) Connect net B.

These operationg, shown in Fig., §, are
considered to be the designer's knowledge to
solve this specific preoblem.  This knowledge
is described in Prolog statements, called
"RULE3D", as follows.

RULE3Q (*NET_A} :=
BLOCKING (*NET_A,*NET B},
$DELETE (*NET_B),
SCONNECT {(*NET_A) ,
SCONNECT (*NET_B) <

Variables are represented by letters
headed by '*', and the external functional
predicates are headed by "$'cs The predicate
“BLOCKING™ is also represented in details as
follows~y

BLOCKING (*NET_A,*NET B) -
GETFIN (*NET_A, *LAY, *XS, *¥5},
EQ(*LAY, 1),
DIRECTION (*¥S, *DIR),
SGRIDSEARCH (*DIR, *LAY, *)XS, *¥5, *NET EB).



The GETPIN predicate takes out a
coordinate (*XS,*¥S) and a layer number *LAY
of *NET A. The B predicate checks whether the
layer number is 1 or noty *DIR is a direction,
which have four values {up, down, left and
right), and the value is set after executing
DIRECTION predicate by wunification and
SGRIDSERRCH predicate denotes a procedure
which finds a blocking net *NET B by searching
*LAY layer area toward *DIR direction around
(*¥S,*¥5) coordinatey If one of the blocking
nets is found, the next predicate $DELETE i=
tried: oOtherwise, another blocking net is
tried to find by executing ELOCKING rule
clansay

As the designer gives the following goal
caluse to the systam,

:= RULE30 (NET_A).

each predicate of the rule clause RULE30 is
executed step by step sequentially, and 1is
backtracked if it fails: It does exactly
simulate the designer's operations to achieve
complete net connectivity, shown in Figs 5+

Several examples are tried to evaluate
the rules and inference mechanism. Figure 6
shows a routing result on the display, where
twos nets are left unconnected, as shown by
chain lines: Figure 7 shows the result, where
one  pet has succeeded in connecting by
executing a goal clamse to Figrs 6 routing
situatieon: For 2100 gates gate-array LSI with
about 2000 nets, this system could make the
complete net connecticn automatically within
half an houwr by applying several rules, whose
paths could not be found by automatic routers.
For the same problem, it took more than one
hour for an expert designer to complete the
design on the conventicnal interactive design
system.

By accumulating more rulesz based on the
designer's knowledge, more complex and
difficult routing problem will ke solved in a
short times

We have prepared about 30 rules to the
problem: These rules are mainly classifiad
into the following categories-

(1) Blocking area : A signal net is blocked
near the pin or f£far from the pin in the
routing areasz

{2} Location of signal net pins & signal
net pin whose net is blocked by other nets is
located on the edge of a chip or inside a
chipe

{3} Mumber of blocking nets : A signal net
is blocked by only one net or more than that.

387

(4} Layer of blocking nets : A signal net is
blocked by the first layer wiring pattern or
the second layer wiring pattern.
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{3) Improvement of the pattern shape
Wiring patterps are modified to have better
shape by eliminating useless patterns: Sae
Fig+ &<

{a) removing
detour pattern

T

(b} eliminationg
via holes

Ly 4L

==

e

{g) altering wire routes

i

Fig.8 Modifying wiring segments

Each ruole iz constructed by  the
combination of the above cases and stored in
the knowledge database- And  also, the
designer can add new rules to the knowledge
database and use them at the design stage,
when he finds a good strategy te solve the
situations

& Conclusion

This paper presents & new interactive
routing system based on artificial
intelligence technigque: The expert designer
can store his own specific knowladge in  the
System and use them in the design process. The
proposed  knowledge-based system  achieved
acceptable response time for the interactive

operations and & reasonable result: By
accumulating more rules, the system will
become more intelligent and be able to solve
more difficult problems:

Thers are several problems which we are
now attacking to have more intelligent system.
They are

(1) automatic or seémi-avtomatic knowledge
acguisition system,

(2] meta-rule systaem,

(3} meta-inference mechanism.

An  essential difference between human
beings and a computer program is considered to
be an intuitive ability for reaching an
appropriate goal. In order to achieve fast and
high guality design, a CAD system should have
a4 mechanism with the designer's knowledge:
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