
THE VLSI DESIGN AUTOMATION
ASSISTANT: A SYNTHESIS EXPERT

________ Thaddeus J. Kowalski

Thaddeus J. Kowalski
is a member of tech­
nical staff in the
Computer-Aided Infor­
mation Systems
Research Department
at AT&T Bell Laborato­
ries in Murray Hill,
New Jersey. He is cur­
rently examining how
expert JlLSI designers
choose a hardware
architecture and
whether a knowledge­
based expert system,
KBES, can mimic their
style. His interests
also include artificial
intelligence, operating
systems, program­
ming and text­
processing environ­
ments, and real-time
systems. Mr. Kowalski,
who joined the com­
pany in 1978. has a
B.S.E. from the Uni­
versity of Michigan
and both an M.S.E.E.
and a Ph.D. in electri­
cal engineering from
Carnegie-Mellon
University.

AT&T TECHNICAL JOURNAL

This paper describes an approach to very-large-scale­
integration (VLSI) design synthesis that uses
knowledge-based expert systems to proceed from an
algorithmic description ofa VLSI system to a list of
technology-dependent registers, operators, data paths,
and control signals. It outlines how the Design Automa­
tion Assistant (DM) uses large amounts ofexpert
knowledge to design an architecture with little back­
tracking. This paper takes a retrospective look at that
codified knowledge base, examining what has been
learned about VLSI design. Finally, the paper gives an
overview ofour current work in using bottom-up design
information in the synthesis ofintegrated circuits.
Perspective

Recent advances inintegrated-circuit fabrication technology
have allowed larger and more complex designs to form complete
systems! onsingle VLSI chips. (Panel 1 defines the acronyms used in
this paper.) These chips use 1-J.Lm to 5-J.Lm features to achieve com­
plexities equivalent to 100,000 to 250,000 transistors. This level of
design complexity has created a combinatorial explosion ofdetails that
are a major limitation inrealizing cost-effective, low-volume, special­
purpose VLSI systems. To overcome this limitation, design tools and
methodologies thatare capable ofautomating more ofthe digital synthe­
sis process must be built.

AtAT&T Bell Laboratories, we have been developing just such
synthesis tools.' These tools help the designer develop the algorithmic
description ofthe system and interactively add the details required to
produce a finished design. Our approach aids the designer by producing
data paths and control sequences that implement the algorithmic sys­
temdescription within supplied constraints. Thus, the designer can
consider many alternatives before selecting a final design. This struc­
tured approach can decrease the time it takes to design a chip,
automatically provide multilevel documentation for the finished design,
and create reliable and testable designs.
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experts closely examine and validate the results. Often,
errorsare found through the examples, and new rules are
added to the system to correct the error situations.

Why is this iterative process necessary? Often
experts areunaware ofexactly how they go about designing
achip orcannot articulate theprocedure. Furthermore, the
knowledge base isnotanexact codification oftheexpert's
knowledge. Instead, it represents what theknowledge engi­
neerunderstood.

After we gathered current book knowledge about
synthesis ofthe architectural design space,8-10 we inter­
viewed four designers ofvaried experience. One was a
novice, two were moderately experienced, and one was an
expert. At the start ofeach interview which lasted about
anhour, we determined the designer's background, includ­
ing years ofexperience, logic families used, and designs
created. Most ofthe time was spentdiscussing the design
process, with some discussion of. the DAA system. Our
interview method was designed to give the interviewees as
much freedom as possible to generate ideas; we empha­
sized such questions as "What do you do next?" and
"Could you elaborate?"

The designers discussed the global picture, parti­
tioning, selection, and allocation tasks. They began with a
high-level overview ofthe hardware, which listed inputs
and outputs to the outside world, the functions the hard­
ware should provide, general constraints, and design
feasibility with consideration ofthe target technology.
They generally partitioned the global picture into smaller
blocks and emphasized minimizing connections among

Conception
Generally, KBESs are developed inseveral stages.

First, one codes "book knowledge" ofthe problem as a set
ofsituation-action rules, and usesinterviews with experts
to fill inknowledge gaps and refine current knowledge.
Then, many example problems are given to the KBES, and

From a series ofacquisition interviews- and anini­
tial prototype system," we designed a system that
generates a technology-dependent listofhardware compo­
nents-such as operators, registers, data paths, and
control signals-from an algorithmic description and a list
ofdesign constraints. This system, called the Design Auto­
mation Assistant or DAA,5 hasbeen usedto design anIBM
System/370 computer. An IBM System/370 designer' eval­
uated the design favorably. We are currently pursuing the
use ofbottom-up design information to improve estimates
ofphysical placement and wiring. 7

This paper focuses onthe synthesis, or allocation,
ofthe implementation-design space as it advances from an
algorithmic description ofa VLSI system to a listof
technology-dependent registers, operators, data paths,
and control signals.

This synthesis taskhas inspired a variety of
approaches that range from the most simplistic backtrack­
ing methods through the most complicated constraint
propagation methods.v" Owing to the complexity ofdesign
synthesis, simplistic backtracking schemes consume large
amounts ofCPU (central-processing unit) time, and the
constraint propagation method is too cumbersome for
large designs. Because ofthe combinatorial explosion of
details and implicit dynamic constraints involved inchoos­
ing animplementation, thesealgorithmic solutions are not
suitable. An alternate approach to design synthesis uses a
large amount ofdesign knowledge to eliminate backtrack­
ing. Whenever possible, the focus is onspecific design
details and constraints. Artificial intelligence researchers
have called systems developed under this heuristic
approach knowledge-based expertsystems (KBESs).13
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blocks, selecting blocks thatoperate as parallel or serial
units, and grouping blocks bysimilarity offunction. Parti­
tions were chosen for allocation ina decreasing order of
difficulty or degree ofconstraint. The designers reasoned
that, if the most difficult part could be designed, the rest of
the design was feasible.

Once selected for allocation, a partition was car­
ried outeitherinparallel or inseries. Aparallel design
made thinking of the control logic much simpler, while a
serial design minimized the design area. The constraints of
the parallel design were examined for size violations to
determine the parts to be serialized byadding data paths,
registers, and control logic to the initial parallel design.
The constraints ofthe serial design were examined for
speed violations to determine the parts to be reimple­
mented inparallel. If the designers saw thatpart ofthe
new design was similar to partofa previous design, they
used what they knew had worked inthe past.

Within each partition, designers allocated clock
phases, operators, registers, data paths, and control logic.
The orderwas interesting because once registers and data
paths were allocated, they were notchanged. The control
logic was changed because it was the hardest thing to think
about and depended ona constant structure for the data
path elements.

The designers described the iteration process as a
step-by-step refinement. To meeta violated constraint,
they looked for a technology change before making a .
design change. This could be as simple as finding a new
chip in the TTL (transistor-transistor logic) data book, or
as complicated as shrinking a design rule. Next, they would
sacrifice functionality to meeta constraint. As one
designer summed it up, "An engineer's training teaches
him when constraints can be swept under the rug."

Therelative importance ofconstraints depends on
the application. The designers mentioned the constraints
ofspeed, area, power, schedule, cost, drive capabilities,
and bitwidth. Other design changes consisted ofglobal
improvements notrecognized until the design neared com-

pletion. This suggests that the general choice ofpartitions
and initial design-style selections approached optimum and
thatdesigners do notseemto use much backtracking in
their designs.

Birth of the OAA System
Even though many details were missing, we had

gathered enough book knowledge to puttogether a proto­
type version ofthe DAA system using Carnegie-Mellon
University's OPS514 KBES writing system.-While the DAA
system was still farfrom perfect, it stimulated further ses­
sions with expert designers to elicit more information.

Now let us examine the flow ofcontrol inthe pro­
totype system and how the KBES approach formulates the
problem.

TheDAA starts with a data flow representation
thatit extracts from the algorithmic description. It is a
good representation because it is easily manipulated by
computer programs. 15 Also, the representation helps elimi­
natedifferences in the behavior descriptions from
differences inwriting styles.

The DAA produces a technology-dependent hard­
ware network description composed ofmodules, ports,
links, and symbolic microcode. Themodules can be regis­
ters; operators; memories; and buses or multiplexers with
input, output, and bidirectional ports. Links connect the
ports, which are controlled by the symbolic microcode.

TheDAA uses a set offour temporally ordered
subtasks to complete the synthesis task.
1. Thebase-variable storage elements-constants,

architectural registers, and memories with their input,
output, and address registers-are allocated to hard­
ware modules and ports.

2. Adata-flow BEGIN/END block is picked, and the syn­
thesis operation assigns minimum delay information to
develop a parallel design.

3. All data-flow-operator outputs thatare notbound to
base-variable storage elements are mapped to register
modules.
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Figure 1. The DAA
subtasks.
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4. Each data-flow operator-with itsinputs and outputs­
ismapped tomodules, ports, and links. In doing so, the
DAA avoids multiple assignments ofhardware links; it
supplies multiplexers when necessary.

Steps3 and 4 place the algorithmic description ina uniform
notation for the expertanalysis phase that follows.

The expertanalysis subtask first removes regis­
ters from those data-flow outputs where the data-flow
operator's sources are stable. The DAA combines opera­
tors, according to costand partitioning information across
the allocated design, to createALUs (arithmetic-logic
units). It also examines the possibility ofsharing nonarchi­
tectural registers. When possible, the DAA performs
increment, decrement, andshift operations inexisting reg­
isters. When appropriate, it places registers, memories,
and ALUs onbuses. Throughout this subtask, constraint
violations require tradeoffs between the number ofmod­
ules and the partitioning ofcontrol steps. The process is
repeated for the nextdata-flow BEGIN/END block.

FirstSteps
The prototype DAA system had about 70 rules and

could design an MOS Technology Incorporated MCS6502
microcomputer inabout three hours ofCPU time ona Dig­
ital Equipment Corporation VAX T

" 11/750 minicomputer.
We asked many expertdesigners at Intel Corporation and
AT&T Bell Laboratories to critique the design by explaining
what was wrong, why it was wrong, and how to fix it. At
each knowledge acquisition interview; we gave the
designer a drawing of the design with a sheet ofclear plas­
ticand pieces ofcardboard over it. As the designer's
critiqueproceeded, a piece ofcardboard had to be lifted,
the correction had to be written onplastic, and a new layer

ofplastic placed over the design. This provided a complete
record ofwhere the designer was focusing attention and
what was corrected. Thedesigners found this procedure
compatible with theirnormal spatial mode ofoperation.

After each critique, wemodified the DAA's rules,
added new rules, and redesigned the MCS6502 microcom­
puter. As a result, the development DAA system grew to
more than 300 rules and designed a much better MCS6502
microcomputer inabout five hours ofVAX 11/750 CPU
time. In retrospect, clearly much ofwhat we learned was
common-sense design knowledge, the same things human
designers learn through apprenticeship.

The DAA hasundergone many improvements and
produced many designs ofthe MCS6502 microcomputer.
Although the final design wasacceptable to ourexperts, it
was notperfect. Furtherchanges ledto improvements,
such as multiple buses ofdifferent widths. However, these
changes did notaffect the MCS6502 microcomputer,
because it did notrequire multiple buses.

This brings upaninteresting point about expert
systems: They are never totally finished. Like human
designers, the DAA becomes a better designer as its rule
memory expands. Until all possible world knowledge about
designing microprocessors hasbeencodified inthe DAA's
rules, therewill always be room forimprovement inits
designs.

TheIBM System/370 Experiment
After the DAA successfully designed a MCS6502

microcomputer, wehad to determine ifthe system had also
acquired knowledge about processor design ingeneral. So
we designed anexperiment to see if the DAA could design
a processor thatwas substantially different and more com-



Table I. Rules by Function

Section Rules Firings

Service functions 88 4901
Global allocation 78 104
Data-flow allocation 55 1468
Structural allocation 47 1610
Global improvements 46 460

TotalDAA 314 8543

plex than the MCS6502 microcomputer.
From the ISPS (instruction set processor specifi­

cation) descriptions maintained at Carnegie-Mellon
University, we chose one for the complete IBM System!
370 processor. This description included memory manage­
ment operations; channel controller I/O (input/output)
instructions; and all instructions for the 370 processor,
except the extended-precision floating point, characters
under mask, editand mark, and packed-decimal
instructions.

The unmodified System!370 description, missing
only a small percentage ofthe total 370, is more than ten
times larger than that ofthe MCS6502 microcomputer, and
had notbeenusedto build the DAA. This choice offered
important benefits:
• Asingle-chip design ofthe 370 had beenmade at IBM.
• Information was publicly available.
• Claud Davis, the design-team manager and a key

designer at IBM, was willing to critique the design.
During his more than 25years at IBM, Davis has
worked ondesigns and managed teams ofdesigners for
the higher performance 701, 702, 7074 MA 360/50,
FAA, and 360/67 processors, and the 1J-370 microproces­
sor. His vast experience with thesedevices made his
critique veryvaluable.

Thus, the experiment was a fair and convenient way to
test the generality ofthe DAA's design knowledge.

Claud Davis compared his and the DAA's System!

370 designs at IBM's laboratory inPoughkeepsie, New
York. Hesummarized his comparison: 16

"The 370 data-flow we reviewed exhibited the quality I
would expect from one ofourbetter designers. The level
ofdetail was what we call second-level design. This
encompasses all 'architected' registers, statuslatches, and
sufficient working registers to implement the functions
defined by the instruction set.

"The review included a test for 'architected' regis­
ters, data-path widths, latches for exceptional conditions,
signs, and latches for temporary information inmulticycle
instructions.

"The assumptions for clocking and controls were
examined and found to be consistent."
Thecomplete transcript" is also available.

The DAA Knowledge
TheDAA is implemented as a production system

using the OPS514 KBES writing system. One merit ofcod­
ing knowledge ina KBES is thatwe can easily quantify and
qualify the knowledge. An important goal ofourresearch
has been to understand how VLSI designers choose. com­
puterimplementations. Theproblem division that they use
consists ofgeneral service functions, global implementa­
tion allocation, data-flow allocation, structural allocation,
and global improvements to the implementation; see
Figure 1. Table I provides a summary ofthese subtasks
and thenumber ofrule firings, or activations, for the com­
plete design ofthe structured control flow processor, 18

SCF3. [The SCF3 is a RISC (reduced instruction set com­
puter) architecture designed and studied at Carnegie­
Mellon University.]

We now discuss these subtasks (which are imple­
mented inthe DAA) by functional sections, and describe
two procedures thatprovide high-level floor-planning
information.

The DAA Subtasks. The first functional section, ser­
vice functions, is a set ofservice rules. These 88rules:
- Control the order ofsubtasks throughout the
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implementation.
- Minimize connectivity between modules.
- Perform simple bookkeeping to maintain and express

the design.
Thus, they both control and are controlled by the other
four functional sections.

The next functional section, global allocation, is a
set ofglobal allocation rules. These 78rules:
- Allocate hardware that the DAA cannot optimize. This

hardware consists ofarchitectural components such as
memories, architectural registers, and controllers.

- Provide default constraints and timing information
where none is supplied.

- Initialize the bookkeeping information used by the ser­
vice rules.

Figure 1 shows that this set ofrules is activated only for
the first partition allocated.

Once the DAA has allocated the architectural
hardware, the next taskis to partition the whole design
into smaller blocks and selecta partition. Within each par­
tition, the DAA creates clock phases, operators, registers,
data paths, and control logic in two subtasks: data-flow
allocation and structural allocation. This allows the DAA to
gather all the information about register usage inthe data­
flow allocation and thencreateregisters and modules in
the structural allocation.

The 55data-flow allocation rules:
- Assign operators to control phases.
- Determine the minimum size needed to represent an

operation.
- Allocate temporary registers and ALU modules. This

creation is nothardware allocation, buta mapping ofthe
data-flow representation into the structural and control
representation to gather timing, connectivity, and func­
tionality information.

- Allocate multiplexers.
After data-flow allocation, the 47structural­

allocation rules:
- Remove registers thatare notrequired to maintain

testability.

- Combine other registers.
- Use fan outfrom existing ALU modules.
- Create ALU modules.
Figure 1 shows that the data-flow and structural allocation
rules are repeated for each ofthe partitions that the
service-function rules created.

As a design nears completion, the DAA starts the
global improvement function. It examines the design for
components thatare no longer needed or could be better
shared. This cleanup includes removing unused ALU mod­
ules and registers, reducing multiplexer trees, combining
ALU modules by fan-out, and allocating buses inhigh
traffic areas. This function's set of46rules, like the global
allocation set ofrules described previously, is activated
only once per design.

Estimators. Asthe DAA evolved from the prototype
system, it became clear that some things could notbe han­
dled well in rules. Primarily, thesewere actions that
required summing, counting, or checking for set member­
ship (i. e., looking to see ifanobject is among a collection
ofobjects).

These calculations, represented in OPS5 rules,
were terribly inefficient and could be much better repre-
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sentedas algorithms ina language like C. Sowe used rules
for the decision making connected with the results ofthese
estimators, butmoved the calculation into a C program.
Through interviews with designers, thesecalculations
evolved to focus attention onsimilarities offunctions and
connections indata-flow graphs and modules. They mimic
the "back-of-the-envelope" floor plan onwhich designers
basemany of theirdecisions. These estimators-a parti­
tioner and a costfunction-have closely matched expert­
designer performance inpartitioning and cost-analysis
experiments.

Partitioning. The first estimator is a partitioner that
bridges the algorithmic to fabrication-dependent hardware­
network levels. Unlike most current partitioners ofdigital
hardware,19-22 it does not require that the system's physical
modules and their interconnections be specified. Thatis, in
ourterms, it uses only the abstract and imprecise informa­
tion contained in the ISPS23 description to predict how one
may layouta data path. Designers often refer to this layout

guess as the floor plan ofa chip. The floor-plan partitioner
attempts to share hardware effectively and minimize the
interconnections between partitions. 24

Cost estimator. The second estimator is a hard­
ware pricer that bridges the technology-independent to
technology-dependent hardware-network levels. Unlike
the partition estimator, it requires that the system be
specified by technology-independent modules and their
interconnections. The cost estimator provides information
about what percentage of the required hardware for a
new module already exists in another module. Thus, in
our terms, it uses only the abstract and imprecise infor­
mation contained in the structural and control description
to predict how much it would cost to upgrade the func­
tions and interconnects of an existing module to contain
a new module. While the partition estimator gives a high­
level floor plan, this estimator gives a much more local
view, augmenting the high-level floor plan with more
detailed information.

A SampleDesign
To help readers better understand the relation­

ship between the design steps, we examine a simple
ISPS example description (Panel 2) throughout the imple­
mentation design process. This ISPS fragment, which is
from the description of the Digital Equipment Corpora­
tion PDp®-8 computer, first defines the current page and
the instruction carriers. It then labels specific fields of
the instruction carrier as the page-zero bit and page­
address carriers. The last part of the ISPS fragment
decodes the page-zero bit of the instruction carrier and
sets the effective-address carrier equal to the page­
address carrier, concatenated with either zero or the
current-page carrier.

To highlight various areas ofknowledge inthe
DAA, this section also includes sample rules thatare dis­
cussed and translated inthe nextsection. Readers should
realize that these translations mustbe taken with a grain
ofsalt; rules donotstand bythemselves, butare partofa
larger network ofrules connected by the working memory
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Figure 3. Design after
data-flow allocation.

88

andthe inference engine.
SampleGlobal Allocation. Figure 2 shows the design

ofthe decoding loop ofPanel 2 after global allocation has
been done. Eachsymbol representa module that has the
bitwidth given as the bottom pairofnumbers. The small
rectangles are registers andthe large rectangle is the con­
troller. The registers-r2. reg, r s . reg, and
vb. reg-are allocated because ofthe ISPS definitions
for cpage, i, and eadd, respectively. The controller is
allocated to provide readandwrite signals to the registers.

Although unseenin Figure 2, the technology data­
baseandconstraints are initialized. The sample rulein
Panel 3 is used during global allocation to allocate regis­
ters. It finds data-flow entities, called VT-bodies, that are
not arrays andallocates a registermodule with input and
output ports.

SampleData-Flow Allocation. Figure 3 shows the
design ofthe decoding loop ofPanel 2 after data-flow allo­
cation hasbeen done. Each symbol representsa module.
The circles are single-function wiring modules that bring
together or concatenate two sets ofsignals, the trapezoid
is a multiplexer that gates one ofits two inputs to itsout­
put, the small rectangles are registers, the "0" (by xL;) is
a constant, the large rectangle is the controller, andeach
line represents a link between the modules. Where the
links join with the modules, a port is defined.

The state ofthe design shows the creation ofthe
temporary registers (x1 . reg, x3. reg, xL;. reg,
xb: reg, and x7 . reg), the concatenation modules

(x7 and xL;), a multiplexer, andmany connections. Along
with each connection, the operator assignment to control
steps and the data-flow references are specified, so thata
control specification canbe generated. The temporary
registersare createdto latch values for testing.

The concatenation modules are created-not
assigned as register attributes-because theyare wiring
instructions and cost nothing to create. The multiplexer is
created, because weneedto store the output ofeither x7
or xL; in vb. reg. Finally, a constant hasbeenshown as
aninput to xL;.

Panel 4 provides an example ofa rule to allocate
temporary registers. This rule finds output values-called
outnodes-from data-flow operators that are notassociated
with architectural registers, andcreates temporary regis­
ters with input andoutput ports for them.

Sample Structural Allocation. Figure 4 shows the
design of the decoding loop of Panel 2 after structural
allocation has been done. The state of the design
shows the removal of the temporary registers-
x1. reg, x3. reg, xL;. reg, xb. reg, and

. x7 . reg-and many connections. For this simple design,
the DAA found out that all the registers are stable and
not needed to keep the design testable. Thus, they were
not made permanent.

Also, the two wiring operations, xL; and x7, can­
notbe combined because theydonothave the same
inputs. Had the operators notbeenwiring operators, they
would have beenexamined using the partition andcost



estimators described earlier and possibly combined.
Panel 5 provides anexample ofa rule to remove

stable registers. If a temporary register has aninput value
butits output is notusedanywhere, the register is found
to be stable and is removed.

SampleGlobal Improvements. Figure 4 also shows the
design ofthe decoding loop ofPanel 2 afterglobal improve­
ments have beenmade. Because the initial ISPS was so
simple, no changes were required.

Panel 6 provides anexample ofa rule to allocate
bus structures. It finds modules thatare connected to the
same multiplexers and places them ona bus thatis not
transferring data during this time step.

Using Bottom-Up Information
Since the IBM System/370 experiment, we have

been exploring ways to improve automated integrated cir­
cuit designs by using bottom-up analysis. 7 That is, to help
evaluate and synthesize the design's RT-level structure,
we use information about the physical characteristics ofthe
cells from which a design will be built, along with their
placement and interconnection. In this way, we hope to
achieve the greateraccuracy ofa silicon compiler without
losing the flexibility ofa top-down design system.

The approach we have taken has two major
elements:
- Anew object-oriented database provides detailed physi­

cal and logical information about the cells available for
use in the design. 25

- The data operations thatare specified in the behavior.
description are organized into clusters. These clusters
have physical as well as logical significance, so one can
infer certain properties ofthe layout and interconnec­
tions from the way the operations are clustered.

While the database gives size and timing informa-

tion for the individual modules, clustering gives anidea of
the layout and wiring so one can calculate the global prop­
erties ofthe chip more accurately. Each cluster represents
a certain region ofthe chip thatcontains a set ofmodules
and their interconnections. Figure 5 shows how clusters
are organized hierarchically.

Clusters 1 and 2 are leaf clusters, each made up
ofa functional unit and storage interconnected bybuses.
Clusters 3 and 4 are nonterminal clusters thatcontain
lower level clusters plus the wiring needed to tie them
together.

The clusters are imprecise and do notperfectly
reflect the final design, butthey domake it possible to
estimate the effects oflayout and wiring. One can estimate
the size ofa leaf cluster from the size ofits component
functional units, registers, multiplexers, and buses. Also,
one can estimate the size ofa nonterminal from the sizes
ofits components and the number ofwires interconnecting
them. Finally, one can estimate the size and delay ofan
interconnection from the size ofthe clusters through which
it runs. The clustering analysis can be extended to
multiple-chip designs as well. Ata certain level ofthe" hier­
archy, different clusters can represent different chips.
Thus, the space, wiring, and delay estimators make it pos­
sible to evaluate different ways ofpartitioning functions
onto chips.

Summary
We have shown how expert VLSI designers

choose the implementation for anMOS microcomputer and
how a knowledge-based expert-system, the DAA, can
mimic theirresults. The KBES technique appears to be a
promising approach to design synthesis.

Because theKBES approach provides aframework
thatallows incremental addition ofcommon-sense modular
design knowledge and queries about theknowledge during
thedesign task, itsusehasspeeded development ofthe
DAA. TheKBES framework hasincreased thefinal system's
flexibility and reduced theexecution time by replacing back­
tracking techniques with match techniques.
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Figure 4. Design after
structural allocation.
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We have seenhow the DAA, like a human
designer, hasbecome a better designer as its rule memory
expands. The extraction, codification, and testing ofthe
expertdesigners' knowledge hasmade possible a better
understanding ofVLSI design synthesis, while providing
another KBES system for computer scientists and knowl­
edge engineers to examine.

To explore the generality ofdesign knowledge in
the DAA, we have compared and contrasted anIBM Sys­
tem/370 processor-designed byanexperthuman
designer, Claud Davis-against the design that the DAA
produced. This is the first large, automatically generated
design thathasexhibited the quality expected from one of
IBM's better designers. Furthermore, the design required
47hours ofCPU time, which-with some work-can be
reduced bya factor of12to about 4 hours ofCPU time.
This dearlyshows the dramatic improvement in CPU time
for large designs obtained using methods that replace back­
tracking bymatch techniques.

We have also shown how designers partition the
design taskinto four major subtasks. These subtasks
involve global allocation ofarchitectural modules and regis­
ters; local allocation ofcontrol steps, operators, registers,
data paths, and control; global allocation ofoperators and
registers; and global improvements to the design. Within
these subtasks, a dominant goal is to partition the design
into smaller, more manageable pieces.

While making the design more manageable, it is
also important to retain a global view ofthe hardware. To
accomplish this, designers use high-level floor plans that
are filled inas the design proceeds. Thefloor-planning
mechanism is composed ofestimators for partitioning and
pricing hardware. These estimators deal with connectivity
and functionality ofthe hardware networks.

At the same time, the designers feel it is impor­
tant to design testable synchronous designs. This
constraint is even more important than making the least
expensive connections or optimally sharing hardware.
After testability, the most important consideration is how
the design will lay outor how to minimize connectivity.
Thus, creating a good design isnotjustminimizing compo­
nents, butpaying careful attention totestability and
connectivity.

·.the mosfcurrent active context is fold allocation
er~ is atemporary register ' .

a. ere is a link toth~ temporary register . ..
.and~there·is.not a link from the temporary register

N:.~ remove the temporary register
nd removeits link. ..



Figure 5. Anexample
of clusters.

In retrospect, much ofwhat we learned was
common-sense design knowledge, the same things human
designers learn through apprenticeship. This learning proc­
ess is notcomplete, norwill it everbe complete. Like
human designers, the DAA becomes a better designer as
its knowledge base expands. Until all possible world knowl­
edge about designing microprocessors hasbeen coded in
the DAA's knowledge base, there will always be room for

Panel 6. Convert MUltiplexer (MUX)'lnputst~Bus

IF: the most current active context-isbusallocation
and thereis a module that.is-a-multiplexer
and there is another module that isalsoamulti-

plexer .. . .
and" thereis a link from a non-bus module tothe"

firstmultiplexer
and there is a.link from thatmodule 16thesecond

multiplexer
and thereis alinkfromanother nori-bus'mcduleto

the firstmultiplexer .
and there is a link from thatmodule to the second

multiplexer .
THEN: place theseconnections onart idle bus

improvement inits designs.
This KBES approach has opened the door to a

whole new class ofintelligent computer-aided design tools.
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