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This paper describes a new interactive routing system for
VL3I laycut design based on AT techniques. It adopts a
knowledge-based method and relieves a designer from the

burden of complicated design operations. This system
incerporates the designer’'s knowledoe as a set of rules
represented in the Proleg language: To develop  the

knowledge-based routing system which can solve a large scale
real problem, we have adopted a hybrid approach of combining
the Prolog and FORTRAN languages: The system has bean
applied to design custom VLSIS containing several thousand
gates and has shown guite promising results:s

INTRODUCTIONS

The number of L8JXs to be designed and the size of the LETs are growing rapidly
owing to recent advances in microelectronices technalogys An 8-bit microprocessor
design reguired 20 man-years, a lé-bit microprocessor design did 50 man-years, and
for a 32=bit microprocessor design, more than 100 man-years is necessary: On the
other hand, the number of L3I designers cannot increase so rapidly, especially
expert designers, due to the extended training period which is neceasary- L5I
Pesign  Expert Systems are expected to be able to accomplish inpnovation 1in this
area; There are many research activities on artificial intelligence aprlications
in LS5I CADw The system presented here iz an expert system for solving a routing
problem in VLEI layout designr:

A routing problem in VLSI layout design is determining an appropriate connecting
oath. The path must meet all physical constraints for each given nete From a
computational point of wview, a routing problem is considered to be a hard
combinatorial problems Further, it obviously is & large-scale problem. The
problem involves treating thousands of terminals of signal netsy Routing is the
most time consuming phase in the entire LSI design process: It is far teoo
difficult to complete the whole design by only using automatic programs with
deterministic algorithms: The total design process consists of both automatic and
manual design, In most practical cases, a large pertion of the design time is
spent on manual design, such as drawing, error checking and ecorrection after
automatic design.

In recent years, highly interactive CAD systems have been developed to cope with
thiz problem {1,2,3] and the layout design time has been reduced a great deal:
However, its successful cperation ls fully dependent on the designer's ability:
The designer carries out the design by employing his own specifie knowledge of the
layous. The expert designer must examine the wiring patterns carefully on the
graphic display to modify or create wiring patterns for complete net connections
This is a time consuming and error prone procedures

In the design process, an essential difference between human beings and the
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computer ls an intultive ability for reaching an appropriate goal. The ability is
considered to be based on a mechanism for apolying "rule of thumb"® reasaning .
Recently, several new CAD systems, based on artificial intelligence tachniques,
have been reported {4,5,6,7,8]. However, it seems that there remain some
difficulties in solving the large-scale real problems. The system proposed here is
focused on applying the designer's specific knowledge to the design process for
practical routing design problems. The designer's knowledge specifies a certain
cperation according to a specific situwation, which is represented in the form of
the design objects, their properties, and logical relations among them. In this
system, the knowledge is expressed in a set of rules and written in the Prolog
language [2] and stored in the knowledge database., The Prolog interpreter
interprets the rules and makes infersnces based on the knowledge ta perform layout
design task.

In arder to make a computer an expert designer's assistant, this paper presents a
new interactive routing system which applies the designer's specific knowledge to
a practical design problem.

Al APPROACH TO VL3I ROUTING

A WVLSI routing problem is to find a connecting path meeting all physiecal and
electrizal constrains for esach given signal net. The connecting path is made by
metal wires of two different layers and via holes for interlayer connections. &
signal net is a connection reguirement to ba electrically eguivalent for a set of
pins. To simplify layout design, grid lines are introduced in the chip vertically
and horizentally. Wiring patterns connecting pins can be routed enly on these grid
lines, Fig. 1l(a) shows the connection reguirement for the nets A, B, C, and one
of the solutions is shown in Fig. 1(b).
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Fig+l Routing problem

From the point of wview of computational ecomplexity, the routing problem is
considered to be a hard combinatorial problem, in the sense that the computation
time required to obtain the real optimum solution increases in exponential order,
when the problem size, ive:, number of signal nets, increases~ Ceonsegquently, the
routing algorithms have been based on heuristic rationales: Although those
heuristic algerithms have been improved year by year, they have not succeeded in
producing a complete design in practical application=

The final routing goal is to achieve complete net connectivity in as shert a
design time as possible. To cope with this problem, interactive editing systems
have been practically used in the wiring layout design (1,2,3)~ When 100% routing
is not achieved by automatic programs, the incomplete routing result is
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transmitred to the graphic display statien for further completionts The designer
has tao create or modifv wiring patterns on a CRT in order to achieve 100% routing~
This iz a time consuming and error prone procedures

In +the abowe interactive design process, the designer effectively employs
knowledge acguired through experience or intuition and sclves the problem:
Therefore, if a part of the interactive design operations is replaced by automatic
eomputer programs, the design time is expected to be extremely reduced:

Until now, artificial intelligence technigues have been actively developed and CAD
engineers hope to use them for their own purposes In this routing problem, the
following key problems have to be clarifieds

{1} Knowledge acguisition : What operatiens will the designer perform to solve a
problem in a specific situation 7

[2) Enowledge representation : How should the designer's operation be represented
in a knowledge-based form by & programming language 7

(3) Frowledge utilization : How should the knowledge database be utilized or
exploited to sclve a specific problem 7

We have analyzed the designer's cperations for many cases and formalized them as a
zet  of ruless We adocpted Proleg as it is a language suitakle for knowledge
representation and wutilization: However, there are two problems in current
Prolog= Proclog requires a huge amount of memory spaces The other problem is that
Prolog runs to slow on the conventional computer to be practically used in  the
field =such as LSI CAD. Sg, we cannot build a practical CAD system using only
Proleg language on a conventional computers Therefore, we have developed a new
Proleg interpreters This Prcleog interpreter has a function which enables linkage
with FORTRAM programs- This additional funetion ecan compensate for  the
cenventional Prolog weak points and makes it possible to  take advantage of
existing FORTRAN programs: Most of the existing CAD systems are writtenm in
FORTEAN langquage-: FORTRAN programse run fast and use memory space effectively:

SYSTEM CONFIGURATION

The Figure 2 shows a system configuration. The system includes two kinds of
databases, knowledge datakase and CAD database. The knowledge database stores a
certain amount of design knowledge about specific routing situations : properties
of design obdects, relations among the objects, and rules for guiding problem
solving. The CAD database, which is a conventional database, contains layout

design data, i.e., physical information about the design objectives. These two
databases are accessed by the inference system and the CAD system respectively.

At present, +the inference system is the Prolog intaerpreter. The Prolog language
has an intrinsic inference mechanism, and the designer's knowledge is expressed
directly in Proleg language. In this language, the rules can be considered as a
set of knowledge and they are represented as a seguence of predicates. In order to
have a linkage teo the existing CAD system, our Prolog interpreter allows
predicates that correspond to procedures in the CAD system. The procedure itself
is written in FORTRAN statements and manipulates physical data in the CAD
database.

Rules in Prolog 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 pname, the interpreter interprets the program and produces a certain
procedural seguence. This segquence represents the designer's operations on the
display, and its execution can simulate the design process. These mechanisms
enable the designer to solve a practical routing problem within a reasonable
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amount of computer time and memory.
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Fig.2 System configuration Fig.3 Hardware configuration

The svstem hardware configuratien is shown in Fig. I and its picture in Fig. 4.
The system operates on a MEC /M5 minicomputer, which has up te 1M byte of memory
capacity and a 200M bhyte disk storage capacity, coupled with a 2l-inch, beam-
directed refresh, graphic display. The display terminal inclodes a graphics tablet
and a function control keyboard with 2048 by 2048 point address space.

Fig.4 WIEEX system

PROLOG INTERPRETER

Prolog is one of the languages suitable for representing knowledge and developing
rule-based systems. Prolog is characterized by the following three points ; the
first point iz ts have a intrinsic inference mechanism. The second point is to be
able to manipulate structured data obijects, such as lists and trees, by applyving
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 ruless The rule-based system must operate
pattern matching processes whenever such a repetition would occur: Therefore, as
the rules contained by the rule-based system in the knowledge datakase increase,
the infersnce spesd decreasesr In Prolog programming, data are expressed by
clauses with empty body {unit clauses): The rule-basad system has to store
programs and many rules in the knowledge database to solve problems which have a
large amount of datar This makes the inference speed slower:

To cope with this problem, procedural knowledge should be written in & more
adeguate language such as FORTRAN- Much of the knewledge in the design process is
procedural knowledge, such as how to manipulate physical data and which design
primitives should be executed. We have developed a Prolog interpreter which has
the additiconal function of linking with the FORTEAN languages Design data in the
CAD database of an existing CAD system can be accessed by FORTRAN routiness This
is an efficient method for taking advantage of accumulated 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 extarnal functional
pradicates - They are preceded by '§" marks: This additional functicn enables the
system to realize high speed processing with less computer memory::

When an external fuctional predicate is called in the unification process, the

Prolog interpreter calls a PORTRAN subroutine. After execution, the FProlog
interpreter recelves the result (Figws 31+
PROGRAM NAME
o ERS SUBROUTINE
-« %pR0CL, " " - SUBROUT INE

SUBRCUTINE PROC]

RETURN
brolog RESULT o

FORTRAN

Fig:5 External functional predicate

An  external functional predicate corresponds to a FORTRAN  subroutine, which
recovers data in the CAD database if the wnification has failed in the following
predicate.; This recover function 1is introduced to keep the design resuls
consistent with the CAD database, when the backtrack occcurs in the Prolog clause.

FNOWLEDGE-BASED ROUTING

The designer’'s operations are carried out based on knowledge acguired through
experience. In order to represent the designer's knowledge as a ser of rules, the
designer's operations must be analyzed,

After automatic routers have run, usually there are several uncompleted
connections. When the designer trys to complete the net connectivity after using
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automatic programs, he then understands the design situation. The designer

devises a strategy to complete a net connection: Then he selects the appropriate
commands .

The net connections are completed, pin-pair by pin-pair. The order _is very
important because unconnected pin-pairs influence each ather. To determine which
pin-pair should be tried first regquires the know-how of the designer. He may
select the pin-pair which is the farthest apart. He may connect net A hefgre net
B in the situation shown in Fig. 6, because if net B is connected first, wires of
net B may black the connection of A: The system can have this knowledge in its
knowlaedge=database ;

c“‘\

Fig.6 Pin-palr order
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Uncennected connections are divided into two classes,

First class: BElocking wires exist cleosely around a terminal of the pin pair (Fig.
7).

{a) () (=3} {d)

Fig:7? Blocking around a pin
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Second colass: There are capacity bottle necks (Fig. 8). We cannot connect a
start point 5 and a target point T, because there is a very congested area along
the route connecting the two terminals.

Figure 7 =shows a simple example of the first class: An unconnected net is
indicated by a dash-dotted line. Wire segments are indicated by solid lines. The
unconnected net is blocked by other net wiring patterns on the neighboring grid
line. In this situaticn, the designer can easily complete the net connection on
the CRT display by the following operations.

[STEPl) Find net B, which blocks the connection of net A.
(STEF2] Alter the route of net & to allow the connection of AL
{STEPZ) Connect net A,

These operations can be simulated by the following steps.

(STEPL) Find net B, which blocks the connectien of net Al
[STEP2) Delets the net B wires,

[STEP2) Cannect net Al

{STEP4] <Connect net B.

These steps are considered to be the designer’'s knowledge to solve this specific
problem.: This knowledge is described as rules in Frologw The following rule is
one of them,

BULEZO{*NET A} :=
BLOCKING (*NET A, *NET B),
SDELETE {(*NET_B), a
SCONNECT (*NET A,
SCONNECT (*NET B)-

Yariables are represented by characters preceded by asterisks, and the external
functicnal predicates are preceded by "5 marks: The predicate "BLOCKING™ is also
represented in detail as follows.

SLOCKING (*NET_A, *NET_B) :-
GETPIN(*NET_A;*LAT.‘KS.'?EJ.
EQ(*LAY, 1),

DIRECTION [*YS, *DIR],
SGRIDSEARCH {*DIR, *LAY, XS, "YS, *NET_B):

The GETPIN predicate obtains coordinates (®XE,*YS) and a layer number *LAY of
*"NET M. Ths EQ predicate checks whether the layer number is 1 or nct. “DIR iz a
diraction, which has four values (up, down, left and right), and the wvalue iz set
after executing a DIRECTION predicate by unification: And SGRIDSEARCH predicate
denotes  a procedure which finds a blocking net *NET E by searching the *LAY layer
area toward the *DIR direction around the (*X5,*YS) coordinates., If one of the
blecking nets 1s found, the next predicate SDELETE is tried. Otherwise, ancther

blocking net is searched for by executing the BLOCKING rule clause.

When the goal clause 'RULEJIQ' 1s given to the system, each predicate of the rule
clause RULEIQ is executed seguentially step by step. The predicate SDELETE
corresponds te the DELETE routine in the CAD system, and the predicate 3CONNECT to
CONMECT routine. If the connection of nat B cannot be completed, the predicate
fails and backtracking occurs: Then, the alternative of net B is tried. Wote
that when the connection of net B is tried, data in the CAD databaze is already
modified. When backtracking occurs, the data in the CAD database iz recovered by
the interpreter, This data-recovery mechanism is one of the features of our
intergreter. The rule can simulate the designer's coperations exactly to achieve
complete net connectivity, as shown in Fig. 7.
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There are rules corresponding to different situations in the first eclass. The
syztem also has rules to determine which rule should be applied, and proposes the
most suitable rule to solve each specific situation.

For the second class, the case of a capacity bottle-neck, the system has rules to
determine good rough routes for uncannected nets: This is done by evaluating the
congestion along the rough route candidates as shown in Fig.o 9. The least
congested route is proposed. When the operator rejects it according to his gleobal
strategy, the second least-congested route is proposed. When the operator accepts
it, the capacity bottle neck in that route must be resolved. Thare ara several
rules for solving a capacity bottle-neck problem.

Lo 0 -0 .0

Fig.9 Routing strateqgy

We have rules to determine which wire should be modified to connect pins § and T.
Which rule should be applied is highly dependent on an individual situation. In
cne situation, a rule to select a short blocking wire segment is suitable, because
the amount of modification is minimal. In another situation , a rule which
selects a long one should be applied, because the possibility of connection
completion is high.

There are also rules for pattern shape improvement. Wiring patterns are modified
to have bettar shape by eliminating useless patterns like those shown in Fig: 10.
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(a] altering wire routes (b) removing (c) eliminating
detour pattern via holes

Fig.l1l0 Modifying wiring segments

In the knowledge-based routing system, rules or design strategies can wvary
adaptively according to design circumstances. For example, different structure or
different size LSIs reguire different sets of rules or sStrategies: In this
respect, Khowledge-based systems have an advantage over conventicnal CAD systems.

Several examples are tried to evaluate the rules and inference mechanism. Figure
1l shows a routing result on the display, where tws nets are left unconnected, as
ghewn by dash-deotted lines. The system proposes a suitable rule to complete the
connection of the net indicated by an arrow. wWhan the designer accepts 1it, the



rule is applied to the net: Figure 12 shows the result, where one net is
succeaded in connecting by executing the rule used in Fig. 11 routing situation.
This L3I is a 2100-gate gate-array LSI. 1t has 2140 signal pins, which reguired
1448 econections. 12 connections coculd not be completed by tha automatic routar.
With +this system, the net connection was completed within half an hour by a
nonexpers. No further complicated graphic operation is necessary to design khis,
The operator just pushes the yes-no buttons to indicate whether or not the
strategy or rule provided by the system is acceptable. We eliminated trivial and
tedious operations from the operator's weork load. For the same problem, on the
conventicnal interactive CAD system, it tock more than one hour for an expert
designer to complete the designs By accumulating more rules based on  the
designer's knowledge, more complex and difficult routing problems will he =olved
in a short time,
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1. blocking wire
2. connecting path of an unconnected net
3. connecting path of the deletsd net

Fig:ll Unconnected net Fig_ 12 Execution result

Fegarding the number of rules, we now have the situation shown in the table 1.
There are 44 rules to solve a blocking problem near signal pins. There are 42
rules o solve a blocking problem inveolving a channel bottle neck. There are L5

Table 1 Number of rules

Rules to resolve blocking around pin --- 44
Rules to resolve catacity bottle-neck =-=-- 42

Fules to modify existing pattern === 135
Rules to select sultable rule === &L
Rules to control the system —-——— 103
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rules to obtain improwved pattern shapes. There are 61 ruies to determine which
rule iz the post suitable in each situation: There are 103 rules for contral, and
mest of them are rales for user interface such as graphic control rules.

These rules are stored in the knowledge database. The designer can also add new
rules to the knowledge database and use them at the design stage, when he finds a
good strategy to solve the particular situation.

COMCLUSION

This paper presents a new interactive routing system based on artificial
intelligence technigues; We propcsed, in a sense, a hybrid approach of combining

the Prolog and FORTRAN languages. By doing this, we were akle to construct a
knowledge=based routing system which effectively takes advantage of an existing
CAD system. The expert designer can store his own specific knowledge in the

system and wuse it in the design precess. The propesed knowledge-based system
achieved an acceptable response time for the interactive operations and a
reascnable result. By accumulating more rules, the system will become more
intelligent and be able to solwve more difficult problems.

An essential difference between human beings and a computer program is  considered
to be an intulitive ability for reaching an appropriate geal, In order to achieve
fast and high-guality design, a CAD system should have a mechanism which
incorperates the designer's knowledge. For VL3I design problems, many unsolved
problems must be attacked which cannet be solved by using conventional techniques.
We believe that the technigues presented hers can be applied to numerous LSI  CaD
applications.
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