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ABSTRACT
“—2> The SPRINT system, designed and implemented on the IBM 370 system at
the Stanford Linear Accelerator Center (SLAC), is a highly interactive
system for the layout of printed circuit boards.
At the choice of the designer, a layout can be generated manually,

automatically or usually by a combination of man-machine interaction and
automatic design algorithms.
X
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design, design automation.
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l. Introduction

The objective of the SPRINT system is to allow interactive computer-
assisted design of printed circuit boards. The SPRINT system allows for
the manual placement of critical components and for automatic placement
of other components. The interconnection routing module allows for
manual routing of critical conmnections and for automatic routing of
non-critical connections. The current system is limited to two signal

layers, but a future expansion to multi-layer boards has been planned.

The input to the system is in the form of an input language called
the Structural Design Language (SDL). In the future the SDL description
will also be used as the input to a logic simulator, to a fault test

generation/simulation system and to an automatic logic diagram

generation capability.

The current system is implemented in MORTRAN and FORTRAN IV on the
IBM 370 system at SLAC and makes use of a Tektronix 4013 terminal. The
SDL compiler is implemented in SPITBOL, a SNOBOL dialect. Currently,
the output of the system is in the form of a Calcomp plot, from which
the artwork must be generated manually. Facilities for direct

generation of final artwork are being developed.

i
)
:
§
¥
£
|
E

The SPRINT system is a part of an integrated design automation
system, which is currently being developed at SLAC. This system will
allow a designer to specify his circuit as a logic diagram using an
interactive graphics terminal, to verify his design using a logic
simulator, to design a wire-wrap or printed circuit board, to layout an
integrated circuit chip, and to generate test patterns. The basis of
this system is SDL [1,2], a hierarchical language for describing

structural properties of digital systems at various levels of detail.




Currently, the SDL system, the SPRINT system for PC design and an
interface to the TESTAID [3,5] logic simulator have been completed. The
other parts of the system are in varying levels of completion, and are

discussed in section 7.

2. System Overview

The current system consists of the following major programs:

1) SDLCOMP: The SDL compiler translates the circuit description
provided by the user into an internal format. It makes use of a logical
library. This logical library contains information for each component

type used.

2) SDLPCGEN: This program takes the sequential output file
generated by the compiler, and combines it with information retrieved
from the physical library and the board description file. The output is
a sequential file containing all the information necessary to initialize
the design file.

3) LOADFILE: This program initializes the direct-access design
file using the output'generated by SDLPCGEN.

4) PLACER: This is an interactive subsystem that allows the user

to place components on the board.

5) MWIRE: interactive subsystem for routing critical and multiple-
width wires manually.

6) HIWIRE: batch router for automatic routing of non-critical

connections.




7) VIAELIM: batch program for elimination of unnecessary via holes

from the design.

8) PCPLOT: a program for generating plots and artwork for a
completed design.

The overall structure of the system is illustrated in Figure 1.

3. Input to the System

Currently, a design must be encoded from a logic diagram into a
machine-readable form. The language used for this description is SDL
(Structural Design Language). The description of a circuit in SDL can
also be used for logic simulation, fault test generation, circuit

analysis and IC layout.

The SDL language allows format-free entry of a circuit. It performs
checking of the input where possible. Common errors such as two signals
connected to the same pin will be detected quite easily. It has a
powerful hardware macro description capability, which encourages the use

of a structured design methodology.

Figure 2 shows the encoding in a subset of SDL for a simple example.
The description starts with an identification section where user name,

circuit name, level and purpose of the description are specified.

This is followed by a declaration of all types to be used in this
circuit and by a declaration of an external connector called CONN20A.
The signal nets are then specified by a number of component-name, pin-

name pairs. In order to enchance the error detecting capability,
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the user may enter the signals in their dual form after the CROSSCHECK
statement. Here, for every component, a 1list of net-name pin-name pairs

is given.

The example only illustrates some of the more prin’tive constructs
in SDL. It is, for example, possible to declare and use macros to
specify busses (rather than simple signals), to specify inputs and
outputs for components, tc specify equivalence between certain parts of

a component (e.g. 4 equivalent NAND gates in a 7400 package).

These more advanced primitives are described in detail in [1,2].

The system makes use of two libraries:

1) a logical library which contains information about the logical
characteristics of each component, e.g. number of pins, pin names, and

which pins are inputs, outputs, power and ground.

2) a physical library which contains physical characteristics for

every component, e.g. size, pin locations, and obstructions.

In addition to the system’s logical and physical libraries, which
describe most 7400-series IC°s and common discrete components, the user
may specify private libraries. Their descriptions add to or supercede

those in the system libraries to handle special user requirements.

Finally, it is necessary to physically describe the printed circuit
board to be used. An example of such a free-format description is given

in Figure 3.
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4. The Placement Subsystem

In order to allow maximal flexibility in placing components, this

subsysten is highly interactive. Depending on the nature of the design
and the inclinations of the designer, placement may be done completely
manually or completely automatically. Usually the placement process
consists of a combination of both manual placement and algorithmic
placement improvement. The SPRINT system reflects this philosophy in

the following four major steps:

1) Placement of critical components. This step is manual and
allows the designer to carefully place components for which he considers
placement to be critical. The so-called "critical" components will not
be moved by the automatic placement optimization algorithms although the
designer can do so at all times. The remaining components will be

classified as "automatic" or '"discrete' components. In the context of

this system, discrete components are resistors and capacitors for which
automatic placement is difficult. An example of this is decoupling
capacitors between power and ground in TTL logic or termination

resistors in ECL.

2) 1Initial placement of the "automatic'" components. In this phase

the designer has the choice between two different placement methods:

manual initial placement: useful if the designer has a good

feeling for how the placement should look.

random initial placement: random placement of components in
available locations. This can be useful for evaluating several
runs of the placement improvement algorithms for different

starting points.
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Implementation of one or more constructive placement algorithms,

e.g. [4], for producing suboptimal initial placement is planned.

3) Placement improvement: Currently, only pairwise interchange is
available for optimizing placement, with the possibility of later adding
force-directed placement and other techniques. The designer does have
the option of selecting either ECL (minimum chains starting at an output
or external pin) or TTL (minimum enclosing rectangle) rules for
wirelength calculations made to evaluate interchanges. Actual pin

coordinates are used for all calculations.

4) Placement of '""discrete" components: In this last phase, the

designer manually places all remaining components.

Movement back and forth between these placement phases is quite
easy, giving the designer a great deal of freedom in how he approaches
the design. One interesting approach that has been experimented with
is that of hierarchical placement. Sets of similar-size components are
sequentially chosen as the current automatic components; the board is
divided into appropriate-sized cells, and the set is automatically
placed and optimized. In this way a near-optimal placement of most
components can be obtained fairly easily even though they may be of a

wide range of sizes.




5. The Conductor Routing Subsystem

5.1 Introduction

This subsystem consists of three major parts:

1) MWIRE: an interactive system for connecting critical wires.

2) HIWIRE: a batch program for automatic routing of the
interconnections with vertical segments on one layer and horizontal

segments on the other side.

3) VIAELIM: a batch program for the elimination of unnecessary

vias from the routed design.

5.2 Manual prewiring of critical connections (MWIRE)

The MWIRE program allows a user to route critical connections
manually, using an interactive graphics terminal. It can also be used
for routing multi-width wires (e.g. for power and ground connections).
Only valid connections can be made; i.e. the system checks a number of
design rules. The system will detect intersections of signals and
incomplete routing of signals. Since automatic routers become rather
inefficient when varying-width connections are allowed, it was decided
to route this type of signal manually. The manual router allows for

both vertical and horizontal line segments on the same board layer.




5.3 Batch Routing Program (HIWIRE)

HIWIRE is an automatic batch router using a modified version of
Hightower°s algorithm (7,8] to route two-sided printed circuit boards.

The algorithm provides a relatively high connection-completion rate

using a relatively small amount of computer time. It is, however, only
a heuristic and will not necessarily find the optimal path betwen two
pins or even find a path at all when one might exist. A fair amount of
optimization is done, though, to maximize the chance of finding a good

path.

EIWIRE uses the design file for input and output. PLACER must have

been run on the design file to provide pin locations for the networks,
and MWIRE may have been run to route multi-width busses or critical
wires and to insert wiring obstructions. After routing is completed (as
far as possible), the design file is updated by inserting information
about the segments and vias. This information can then be used by
VIAELIM to minimize the number of vias or be plotted. In addition to
the design file output, HIWIRE can produce lists of all connections it
has made for each net, the pins it has been unable to connect, and the

paths it tried.

As stated above, HIWIRE can only handle boards with two signals
planes at the present time. Routing is done with all horizontal
segments on one plane and all vertical segments on the other, though
VIAELIM will try to bring as much of each path to one layer of the board
as possible. The board size, number of pins, number of nets, etc.,
which can be handled is fairly arbitrary; most parameters are macros
which can be easily changed at compile time. Another factor in applic-
ability is the quality of the routing obtained for a given circuit.

All that can be said here is that HIWIRE will do the best it can with

the placement it is given. Care must be taken to avoid producing overly

congested areas on the board (e.g. near an external connector) or
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manually routing too many (or too long) “wrong® side wires (which act as
obstructions to HIWIRE). The ease with which a placement can be
modified, combined with the relatively fast execution of HIWIRE provides
a system for adaptively improving the router’s performance on a given
board. Hopefully, all connections can be completed or few enough will

be left that only minor editting by hand will be necessary.

5.4 VIA ELIMINATION PROGRAM (VIAELIM)

VIAELIM is a batch program designed to eliminate unnecessary via
holes from the automatic routing produced by HIWIRE. This is a fairly
important function, since HIWIRE routes all paths with horizontal and
vertical segments on different board layers, resulting in a large number
of vias. If carried through to the final board, these vias would

increase the board’s cost and decrease its reliability.

Another property of VIAELIM is that, in changing the locations of
segments from one side of the board to the other to eliminate vias, it
may clear previously blocked paths and allow further routing to be done
by another pass through HIWIRE. Segments now on the ‘wrong® side will
act as new obstructions to automatic routing, so one should not expect
large numbers of previously unroutable pins to be routed by this
process. Some improvement in the completion ratio, however, could

occure.

VIAELIM is partly based on an algorithm presented by Hashimoto and
Stevens [6]. The modifications to this algorithm are discussed in [8].
Basically, it models the routing as a graph in which the nodes represent
disjoint sets of mutually intersecting segments and the edges represent
vias where segments from different groups connect. Each node is
assigned one of two colors (indicating that segments in the set either
stay where they are or switch sides) attempting to minimize the number

of edges between two nodes of the same color. Edges between nodes of




different colors represent vias that can be eliminated. This procedure
is equivalent to trying to find the maximal bipartite subgraph of the
modelling graph. Routing information is obtained from the design file
and is updated after via elimination is completed.

6. An Example

Figure 4 shows a checkplot, drawn on a matrix-type plotter of the
completed design of a simple circuit. The SDL encoding of this circuit
is given in Figure 2. The time required to encode the circuit diagram
and to correct it after running it through the SDL compiler was about
two hours. To do the interactive placement required less than fifteen
minutes. The CPU time for doing the automatic routing was 1.9 seconds
for 1002 completion. The via elimination program reduced the number of
vias from 103 to 50, a significant improvement. The CPU time for doing
this via reduction was 1.2 seconds (IBM 370/168).

Figure 5 shows the artwork derived from the computer-generated

layout for another sample design.

7. Results and Conclusions

Table 1 shows the summary of some boards that were designed using
the system. Several medium to large boards were designed using the
system. The results for some of these boards were compared to other
existing printed circuit board design cystems and were, for the most

part, better.
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To illustrate, example 2 required only a relatively small amount of
human designer time to arrive at an optimal placement, starting from a
carefully chosen manual initial placement. The amount of CPU time spent
in the routing and via elimination phases for this board is rather small

(about two minutes).

Because of the low cost of using the system, a designer may try
several options without spending an excessive amount of CPU time as a

penalty.

So far, about twenty different boards have been designed success-
fully. The amount of time required to develop this system was remark-
ably small: about six man-months for the SDL system, ten man-months
for the router/via elimination system, and ten man-months for the

interactive placement system.

8. Future Enhancements

Several improvements to the current system are in the design and/or

implementation phase:

1) Although SDL input is quite acceptable to many designers, the
usefulness of the system can be increased substantially by letting the
designer input his design in the form of schematics. Such a system,

using interactive storage tube graphics, is currently being developed.
2) Since the physical implementation of prototype systems is often

done using wire-wrapping techniques, the expansion of the current system

to include automated wire-wrap board design is being considered.

11




3) Another extension is to include multilayer boards in the routing

phase. (The placer is already capable of handling this).

4) Currently a facility is being implemented for automatically

generating logic diagrams for each printed circuit board.

subsystem is based on the work described in [9].
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USER: WMVC;

NAME :EXA“PLE];

PURPOSE: PCBGEN;

LEVEL:COMP;
TYPES:7400,7402,7408,7433,74108,7474,7404,7416,RES,CAP;
EXT:CONN20A:A,B,C,D,E,F,G,H,I,J,K,L,M,N,0,P,Q,R,S,T;
7400:C01;

7474:C02,C03;

7408:C04;

7402:C07;

7416:A10;

7433:B03;

7410:Cl11;

7404 :Bl11;

RES:R1,R2;

CAP:Cl;
INTET=CONN20/A.A,C0A1.1,C01.2;
INTE=CP1.3,C04.10;
LOG2T=CONN20A.B,C02,.10;
DIVCLK=CONN2#A.C,C02.3;
HBT=CONN20A.D,C02.1;
BUSGO=CONN2@A.F,C04.4;
AACK=CONN20A.G,C04.5;
LOG2T=C@03.4,C03.10;
BREQ=CONN20A.H,C03.2,C03.13;
BUSCL=CONN2@A.I,C03.3;
CREJ=CONN20A.J,C04.1;
AVAILIN=CONN20#A.K,Bl1l.3;
CP2Q=CP2.9,C04.9;
CP20B=C02,.6,C02.2,C02.4;
DIVQ1=C@2,5,C02.11;
NINTDIS=C07.13,C02.13;
GRACK=C04.6,C07.11;
REQ=C@63.5,C03.12,B03.2;
BUSGO=C@3,9,B03.3,B803.8,B03.9,B83.11,B083.12;
NX=C@3.8,C11.9,A10.13;
NREQ=C#3.6,Cl11.10;
NAVAILIN=Bl11.4,C03.11,Cl1l,.11;
BREQ=C04.8;
ISIGT=B03,.4,CONN20A.P;
IS1G=A10.12,R2,2,B03.5,B03.6;
ISIG=Cl.1;
REQUSGT=B6#3.1,CONN20A.O;
D8A6=B03.10,CONN2QA.N;

Figure 2(b): SDL Encoding for the Circuit of Fig. 2
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D8A2=BA3.13,CONN20BA.M;

AVAILOUT=Cl1l.8,CONN2QA.L;

PLUSS=R1.1,R2.1;

GND=Cl1.2,R1.2,C02.12;

END;

CROSSCHECK;

CA1:INTET.1l,INTET.2,INTE.3;

CP2:HBT.1,NINTDIS.13,C02QB.2,DIVCLK.3,CA2QB.4,DIVQl.5,C02Q.9,

CA2QB.6,LOG2T.10,GND.12,DIVQl.11;

CONN20A:INTET.A, LOG2T.B,DIVCLK.C,HBT.D,MCLR. E, BUSGO,F,AACK.G,
BREQ.H,BUSCL.I,CREJ,J,AVAILIN.K,AVAILOUT.L,D802.M,
D806.N,REQUSGT.O, ISIGT.P;

C83:BREQ.2,BUSCL.3,L0G2T.4,REQ.5,NREQ.6,NX.8,BUSGO,9,LOG2T,. 10,

NAVAILIN.11,REQ.12,BREQ,13;

CP4:BUSGO.4,CREJ.1,AACK.5,GRACK.6,BREQ.8,C02Q.9,INTE.10;

CP7:GRACK.11,MCLR.12,NINTDIS.13;

Al@:ISIG.12,NX.13;

B@3: REQUSGT.1,REQ.2,BUSGO.3,I1SIGT.4,ISIG.5,1ISIG.6,BUSGO.8,

BUSGO.9,D806.10,BUSGO.11,BUSGO.12,D802,13;

Cl1:AVAILOUT.8,NX.9,NREQ.18,NAVAILIN,11;

B11:NAVAILIN.4,AVAILIN.3;

R1:PLUS5.1,GND.2;

R2:PLUS5.1,ISIG.2;

Cl1:1S1G.1,GND,.2;

END;

Figure 2(b): continued
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NAME : CAMAC1;

PHYSICAL:6.0,11990.0,11990.4390,102898.4390,10896.5344,
11990.5340,11990.7230,0.7230,0.0;

LOGSIZE:10400.6300;

LOGOFFSET:500.500;

NCONNECTORS:1;

NAME : CONN1;

NPINS:42;

OFFSET:0.000,0.100,0.200,0.300,0.400,0.500,
0.600,0.700,0.800,0.900,0.1000,0.1100,
0.1200,0.1300,0.1400,0.1500,0.1600,0.1700,
0.1800,0.1900,0.2000,0.2100,0.2200,0.2300,
0.2400,0.2500,0.2600,0.2700,0.2800,0.2900,
0.3000,0.3100,0.3200,0.3300,0.3400,0.3500,
0.3600,0.3700,0.3800,0.3900,0.4000,0.4100;

ORIENTATION:0;

LOCATION:106900.600;

END;

Figure 3: Board Description
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Figure 5(d):
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