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Abstract

ADAS is an Application-driven Design Automation System
for microprocessor design. The goal of ADAS is to automat-
ically explore the design space and synthesize a single chip
VLSI processor from a high-level specification of the Instruc-
tion Set Architecture (ISA) written in a subset of standard
Prolog. Our idea is to develop a design automation system
which considers both microprocessor hardware design and
design of the corresponding language compiler concurrently.
Benchmark programs are used to motivate design decisions
and optimize performance. Compiler optimizations are con-
sidered during the design of hardware. Our system spans
language design, compiler design, instruction set design, mi-
croarchitecture, and VLSI implementation. Another goal of
our project is to determine the feasibility of applying for-
mal methodology to design automation and the usefulness
of formal syntax and semantics to define the meaning of
specifications. We have exercised our system on a real in-
dustrial example, the TDY-43 processor.

1 Introduction

In this paper, we present an overview of the ADAS sys-
tem. ADAS is an extension of the ASP system developed
at Berkeley [1]. Many changes were necessary in order to
adapt ASP to the needs of our industrial partners. In ad-
dition, many other design tools were integrated to enhance
the utility and to improve the efficiency and performance
of ASP. Throughout ADAS, we have employed formal nota-
tions and methods to aid us in controlling the system devel-
opment and to aid us in formal validation of designs.
ADAS accepts a specification of the Instruction Set Archi-
tecture (ISA) as input, and produces both layout specified
in Caltech Intermediate Form (CIF), and a re-order table
for the language compiler as output. In ADAS, the design
process has been partitioned into 45 design stages. These
design stages are categorized into three major domains - the
behavioral domain, the logic and circuit domain, and the ge-
ometric domain. The ADAS system is shown in Figure 1.
From an abstract ISA specification, Fiper and Piper de-
termines the hardware resources and the control necessary
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Figure 1: The Major Domains of ADAS

to implement the instructions. Important features of our
behavioral synthesis system will be discussed in sections 3,
6 and 11.

CPGen performs logic minimization on the controller
specification and creates a symbolic layout implementation
for the controller. Details of CPGen will be discussed in
section 7. ' )

In Topolog the hardware functions are implemented in a
datapath which is translated into a symbolic layout. The
major tasks in Topolog are cell allocation, cell placement,
and routing. In section 8, we describe this process.

Circuit performance is enhanced by TranSizor, an auto-
matic transistor sizing program. Transistor sizes are ad-
justed such that the delay constraints can be satisfied. In
Section 9, a detailed explanation of TranSizor is presented.

Symbolic layout is translated into mask geometries, placed
on a die, and routed by StickPack. A pad frame for the
die is also created automatically. These procedures will be
discussed in section 10.

2 Design Philosophy and Framework
2.1 ADAS Structure

_ The design issues of ADAS are:

1. How do high level implementation methods influence
low level design decisions?

2. How is new design knowledge incorporated into an au-
tomated design environment?
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3. How can information derived at high levels of design
be used at lower levels to improve design quality?

4, How can an automated design environment efficiently
redesign an implementation which does not meet spec-
ification?

In order to better understand these problems, we have
developed a hierarchy of formal representation languages
which span the entire gamut of processor design. Tradi-
tionally, the design problem has been decoupled into rela-
tively independent design tasks, each of which is automated
separately. Tools focus upon very specific design problems
such as detailed routing, compaction, logic synthesis, and
resource allocation without regard for the overall design. In
ADAS, the design task is viewed as a sequential series of
design transformations and is optimized as such. Design
techniques at one stage of design may be used to simplify
tasks at other stages. For example, higher level design prob-
lems such as resolving scheduling conflicts can be solved by
providing new lower level components such as a priority gen-
eration module.

At each stage of the design process, the design speci-
fication is successively transformed into equivalent, more
detailed representations, and ultimately to one which can
be manufactured. Breaking the design process into several
stages simplifies the overall design problem and makes it
more manageable. Conceptually, each stage consists of a
Semantic Design Generator (SDG), a simulator, an evalua-
tor, a translator, a design library, and a design rule module
as shown in Figure 2. '
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Figure 2: The Conceptual Structure of ADAS
The semantic design generator decomposes a design spec-
ification into more primitive components by applying trans-
formations specified in the design rule module. For a given
design, many alternatives may be possible. The most favor-
able transformation is selected by evaluating each alterna-
tive with the metrics important to that design stage.

f
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2.2 Benchmark Driven

ADAS is a benchmark driven synthesis system. A collection
of benchmark programs {2] are provided with the initial de-
sign specification. These programs are compiled into ma-
chine code and ultimately to binary test sequences. Bench-
mark program representations at the behavioral, RTL, and
switch level are applied to the design specification at the
appropriate level. By comparing simulation results, design
consistency can be verified. Information extracted from
benchmark programs is also used to motivate design de-
cisions. Performance evalnation from benchmarks is more
realistic than the best and worst case analytic estimation
models.

3 Formal Methods

To ensure that a design specification implements the be-
haviors intended by the designer, it is important that the
design specification languages throughout the design pro-
cess be formal. In order to formalize a language, the syntax
and semantics of the language must be formally defined.

In ADAS we used the Definite Clause Grammar (DCG)
- a form of attribute grammar - to formally specify both
the syntax and semantics of a design language. The syntax
of these languages is specified by a BNF (Backus Normal
Form) grammar. The semantic specification of a design is
defined by attaching well defined “semantic attributes” to
each production of the BNF grammar.

In a DCG system the correctness of a design specifica-
tion may be verified by parsing. During parsing, a design
which is represented in terms of “non-terminal” structures,
is decomposed to a collection of “terminals”. Terminals are
objects for which implementation methods exist at the next
stage of the design process. The decomposition process is
guided by well defined translation rules.

As an example, valid behavioral specifications are verified
by a parser which decomposes the specification into a list
data structure, checks the syntax, verifies linear recurrence,
and applies rules which translate the specification into one
which is read at the next design stage. A fragmentation of
the ISA parsing code is described in [3].

4 The Specification of Behavior

The design description for the ADAS system is specified in
subset of Prolog. In this manner, instruction set architecture
specifications can be both simulated and synthesized. This
general approach is similar to that taken with the MacPitts
system for LISP [4] and with the Flamel system for Pascal
[5]. The descriptive power of ADAS corresponds to that of
ISPS [6].

The specification of a design, the SM1 (a simple eight in-
struction processor) is illustrated in Figure 3. During each
instruction cycle, an opcode and address are fetched, the PC
is incremented, and the instruction specified by the opcode
is decoded (implicitly) and executed. The behavior of each
instruction is specified in an ezecute clause. The specifica-
tion is directly executablein Prolog, thus special simulators
are not necessary.
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% Symbolic representation of Instruction Set Architecture

sm1( AC, PC, Memory ):-
fetch( PC, Op, Adr, Memory ),
PlisPC+1,
execute( [Op], Adr, AC, P1, Memory, AC_next, PC_next,
Memory_next),
sm1( AC_pext, PC_next, Memory_next ).
fetch( PC, Op, Adr, Memory ):-
memory_read( PC, Memory, [Op,Adr] ).
execute( [add], X, AC, PC, Memory, AC_next, PC, Memory ) :-
MemAR <- [constant(0)/15-13,X/12-0],
memory_read( MemAR, Memory, MemDR ),
AC_pext is AC+ MemDR.

execute( [and], X, AC, PC, Memory, AC_next, PC, Memory ) :-
MemAR <- [constant(0)/15-13,X/12-0],
memory_read( MemAR, Memory, MemDR ),
AC_next is AC AMemDR.

execute( [shr1], X, AC, PC, Memory, AC_next, PC, Memory ) :-
AC_nextis AC>>1.

execute( [store], X, AC, PC, Memory, AC, PC, Memory_next ):-
MemAR <- [constant(0)/15-13,X/12-0],
memory_write( MemAR, AC, Memory, Memory_next ).

execute( [load], X, _, PC, Memory, AC_next, PC, Memory ):-
MemAR <- [constant(0)/15-13,X/12-0],
memory_read( MemAR, Memory, MemDR ),
AC_pext= MemDR.

execute( [jump], X, AC, _, Memory, AC, PC_next, Memory ):-
PC_next <- [constant(0)/15-13,X/12-0).

execute( {brn], X, AC, PC, Memory, AC, PC_next, Memory ) :-
(AC < 0 -> PC_next <- [constant(0)/15-13,X/12-0];PC_next = PC).

class([reg,master_slave,rl,16}).
class(fmemory,ram,m1,{16,64]]). % 16bit x 64K

attributed(frl,ac,r,sm1,1]).
attributed(fr1,pc,r,sm1,2]).
attributed({m1,m, m,sm1,3}).

Figure 3: Instruction Set Architecture of SM1

Instructions must be deterministic (with only shallow
backtracking), and linear tail-recursive. True recursion is
not allowed. Furthermore, only a limited set of built-ins
and user-defined predicates are currently supported. How-
ever, special predicates are provided for creating and ma-
nipulating registers, bit fields, and for managing the state
those registers contain.

5 Simulation, Analysis and Verification

Benchmark programs [2] specified in the ISA of a processor
are compiled into target machine code which is applied to
simulate the design specification through different abstract
design levels.

Simulation of designs at the functional and behavioral
level are based upon an event-driven finite-state machine
model. Benchmark programs are simulated cycle by cycle.
Clock ticks and interrupts represent events.

An analyzer calculates the frequency of both individual in-
structions and sequences of contiguous instructions. Results
are used to optimize scheduling and resource allocation in
behavioral synthesis. Frequently used instructions are given
priority during scheduling while infrequent instructions are
scheduled to maximize resource sharing. Data dependen-
cies determined by instruction pattern analysis are used to
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evaluate latency in pipelined designs.

Test vectors automatically produced from the benchmarks
are applied to networks extracted from the layout. Machine
state traces are recorded. Verification programs compare
these traces with the results predicted from the high level
specification using the circuit-level simulation tools - ESIM,
IRSIM and SPICE.

6 Behavioral Level Synthesis
6.1 Behavioral Level System Overview

After parsing an ISA in section 3, Fiper creates a global
control/data graph describing the execution flow of each
instruction by dependency analysis. Based upon this
graph, instructions are scheduled by applying the schedul-
ing/allocation algorithm illustrated in Figure 4. This al-
gorithm attempts to minimize the number of states neces-
sary to traverse the most frequently used RTL paths based
upon the given latency, stage-time limit and the available re-
sources. Current scheduling/allocation algorithms focus on
the reduction of hardware resources and the cycle time in-
dependent of program application. By using instruction fre-
quency information, resources are allocated and scheduled
to reduce time for critical instructions. Fiper finally pro-
duces an optimized state transition graph which describes
the sequential behavior of the machine under design.

Step 1: Evaluate frequencies of RTL patterns of fixed latency
and Create an allocation table.

N=1.
Repeat until all RTL patterns are scheduled
Step 2: Find path(s) which has the most frequently used RTL pattern
Step 3: Tr¥ to schedule the pattern within N stage(s).

If Tail, Nis N + 1 and go to Step 3.
Step 4: Update the allocation table.

gelete the scheduled path (RTL sequence).

=1

End Repeat

Figure 4: ADAS Scheduling/Allocation Algorithm
From the state transition graph produced by Fiper, Piper
performs pipeline dependency analysis and decouples the
state graph into stages, each stage implementing concurrent
operations (pipeline stage assignment). Dependencies be-
tween pipeline stages are detected and resolved. Operations
at each stage are then bound to functional units for a data
path allocated. Additional hardware resources are allocated
to resolve scheduling conflicts and to control buses.
Functional units in the data path are described in terms
of a netlist of modules. The control is represented by sym-
bolic boolean equations and special hardware modules which
resolve scheduling conflicts. Additional hardware is also
needed to interface the data path with the control path.

6.2 Important Features

Different pipeline latencies will result in designs which vary
in size and performance. Piper applies the benchmark set
to evaluate both the peak performance and the average per-
formance of a pipelined processor for several latencies and
selects the latency that is most cost and performance effec-
tive. Examples are described in section 11.



In a pipelined design, the dependency between consecu-
tive instructions may prevent the processor from operating
at its maximal instruction firing rate [7, 8]. These depen-
dencies are also dependent upon the latency of the pipeline.
The performance of a pipelined design may be improved by
properly inserting NOPs between instructions or, preferably,
reordering instructions to eliminate dependencies. Piper
solves the dependency problem by creating priority mod-
ules to handle the physical signal conflicts and generating
reorder information for the language compiler.

More details of benchmark evaluation and the derivation
of micro-architecture dependent back-end compilers can be
found in [9].

7 Control Path Synthesis

CPGen is the control path generator for both pipeline and
non-pipeline designs. A data stationary control model [10]
is used for pipeline designs. In this model the instruction
opcode is transmitted through each stage of the pipeline in
synchronization with the data. Control signals for each stage
are generated by decoding the instruction which corresponds
to that stage.

Rather than encoding the next state address of a state
transition graph in the combinational logic, the address may
be encoded with a counter triggered by the clock. In this
manner, state changes as the counter is incremented. The
number of counter cycles is determined by maximum num-
ber of clock cycles necessary to implement an instruction.
This scheme is particularly useful for pipeline designs which
use separate controllers for each pipeline stage, they may be
synchronized by the sequence counter.

Pipelined designs provide a natural partitioning for large
controllers. Unfortunately, a controller may still be too large
to be implemented in a single PLA. Another level of logic
partitioning is done to further subdivide the control logic
such that a multiple PLA implementation is possible. Also,
by partitioning a PLA into smaller components, a better
chip floorplan is possible.

8 Data Path Synthesis

Given a register-level specification of functional units,
Topolog produces a symbolic layout in Sticks in Prolog
{(SIP). This is achieved by reducing the functional units to
gates which are defined by transistor netlists, placing the
transistors onto a bit slice, and routing together signals
which are electrically equivalent [11]. Figure 5 shows an
overview of Topolog.

For each function supported by Piper, a module speci-
fication exists in Topolog which translates a RTL repre-
sentation of the function into a gate-level description. In
addition fo defining the gate structure, the module spec-
ification also distributes gates into the appropriate bit-
slices. The modules supported by ADAS include logic gates,
tristates, ALUs, adder/subtractors, multiplier, divider, en-
coder/decoder, mux/demux, priority encoder, shifter, barrel
shifter, comparators, registers, shift registers, clock divider,
etc.

By representing gates in terms of transistor netlists rather

Data Path and Control Path module specification :
module(Type Instance Bitrange ExternalSignals).

Parameterized translation from register-leve design
into gate-levbel design

Find the apnmal ordering of the gate cells according
10 the min-cut algorithm, Tr s are placed

Routing pins are extracted
Wires and contacts are placed to produce SIP

Symbolic layout in virtual grid :
wite(Type,FromPt,ToPt,Widih Signal).
cont(Type,Center,Offset,Signal).

trans(Type,PosS PosG PosD Width,Length NetS,
NetG,NetD).
pin(Spec_edge,Pos,Spec_wireSize,Node).

Figure 5: Topolog System

than layout cells, greater layout density is possible by merg-
ing connected transistor chains between gates.

Transistor islands are placed in a bit slice to minimize
the routing density. A placement tool based on the Min-
Cut algorithm [12] has been implemented. The global-max
gain pair is obtained by searching all possible pairs from
partitioned groups. The local-max gain pair is obtained by
searching the max-gain cell from each partitioned group.
The performance of the algorithm has been improved by dy-
namically determining the pair of cells to interchange [13].
Consequently, the complexity of the placement algorithm
improves from O(N?) to O(N) while still producing accept-
able solutions. Layout quality is further refined by applying
post-placement which is non-pair-wise-exchange after tran-
sistor islands have been placed by Min-Cut. Results are
shown in Table 1.

In addition to the number of routing tracks, timing is also
considered during placement. The critical paths through the
datapath are identified from the benchmark programs and
placed together to reduce delay.

[ IMPROVED MIN-CUT | MC | TC | CPU Time |

Global Max. 15 | 1294 756s
Local Max. 24 | 1844 11s
Dynamic GL Max. 21 | 1670 96s
a) Modified Min-Cut on SM1 bit-5 (134 cells)
LPLACEMENT | MC | TC||
Min-cut Placement 21 | 1670
Post-Placement 17 | 1306

b) Post-Placement on SM1 bit-5 (134 cells)

GL: Global/Local, MC: Max Cut, TC: Total Cut
MC and TC are defined in [14].

Table 1: Improvement result

After placement, gate netlists are expanded into symbolic
layout and routed. The signals within each bit slice are
routed by a modified left edge first channel router [15] while
control signals between adjacent bit slices are connected to-
gether by river routing [16]. During placement, location of
feed-through blocks is placed to reduce the number of rout-
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ing tracks necessary for river routing.

9 A Transistor Sizing

ADAS includes a transistor sizing program named TranSi-
zor for optimizing the delay of symbolic layout components
within an area constraint. Given a layout specification in a
sticks language, TranSizor produces a symbolic layout spec-
ification with sized devices.

TranSizor uses high level information provided by Piper
in order to determine the critical paths of a circuit. This is
computationally less expensive and more accurate than de-
riving all possible circuit paths as many false paths, critical
paths which do not occur, are not considered.

TranSizor uses PTA (Prolog Timing Analyzer) to calcu-
late the time delay of each path. Using a lumped RC delay
model [17], PTA produces symbolic equations for each de-
lay path. Equations are differentiated symbolically to avoid
expensive numerical computation. The resulting equations
are solved to find the transistor sizes which yield the min-
imum delay. Two techniques, simulated annealing [18] and
critical-path heuristic [19] are used to resize the transistors
along each critical path.

10 Geometrical Level Synthesis

Given a collection of symbolic layout modules [20] created
by Topolog and CPGen and modified by TranSizor, Stick-
Pack produces, a technology dependent mask layout de-
scription of the chip in CIF. StickPack contains a num-
ber of design tools: a technology-independent compactor,
a power/ground bus size estimator, a joiner that joins to-
gether cells by pitchmatching and river routing, a global
placer, and a global router and a channel router.

A technology independent split-grid compactor [21] is used
to compact symbolic layout cells before they are placed and
routed. Novel features such as automatic wire jog insertion,
contact offsetting, and wire minimization are incorporated
in the compactor. Hierarchical compaction is supported.
The chip design is described in a hierarchical manner. Con-
necting pins between cells are identified. Constraints are
then added during the compaction process to make sure
that the abutting pins are in the same physical location af-
ter compaction. A hierarchical symbolic editor is developed
to help the user the describe the design hierarchically.

Once the symbolic layout modules have been compacted,
they are placed and routed to form the final chip, a con-
structive initial placement algorithm is used for the macro-
module placer. Slicing structure [22] is maintained during
the placement phase to facilitate the later channel defini-
tion and channel ordering in the routing stage. After all
the blocks are placed, a global router which uses a depth
first search algorithm to find the shortest path of connect-
ing each net is called to assign nets to the channels. A
detail router based on left edge greedy algorithm is called
to route each channel in the order pre-determined by the
slicing structure.

11 Synthesis Example

Figure 6, Figure 7, and Figure 8 show examples of two-
stage pipelined SM1, six-stage pipelined SM1, and two-stage
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pipelined SM3 which are synthesized by ADAS, where SM
stands for simple machine. SM1 has eight instructions with
about 6K transistors. SM3 has forty instructions with about
10Ix.

Figure 6: SM1 2 Pipeline-Stage Plot

Figure 7: SM1 6 Pipeline-Stage Plot

Figure 9 shows the estimated hardware cost (transis-
tor count), performances (peak and average), and perfor-
mance/cost ratios for six different designs of SM1 produced
by Piper. The pipeline configuration of each design is de-
noted by C/L, where C and L stand for the elapsed time
of instruction and the latency respectively. We chose speed
up as the performance metric, assuming the same system
clock rate. A straight-line instruction benchmark with con-
ditional branches is used to estimate average-case perfor-
mance. With proper scheduling and allocation, it is possible
to increase the throughput (instruction firing rate) without
a significant increase of cost, and even at no extra cost. The
design 6/1 has the highest peak-performance per unit cost,
while designs 6/1 and 6/2 (which is a 3 stage pipeline with
instruction latency of two clocks) have the highest average-
performance per unit cost.

An implementation of the SM1 processor has been submit-
ted to MOSIS for fabrication. ADAS has also successfully



Figure 8: SM3 2 Pipeline-Stage Plot

Data path cost Perfornance Performance/Cost

6/6 GIS G4 613 G2 Gl 6/6 6IS 614 613 612 6/I 616 6IS 6M4 613 612 61 Designs
(1 2 2 2 3 6 (I 2 2 2 3 6) (1 2 2 2 3 6 Stages

(a) ®) (c)

Figure 9: Cost/Performance

implemented the TDY-43, a 250 instruction processor which
supports eight addressing modes. From an ISA specification,
ADAS produced a gate-level VHDL netlist for implementa-
tion by gate array. The design also implements a JTAG
standard scan testing protocol. The implementation pro-
duced by ADAS requires 34K gates or 380K transistors and
has been verified at the gate-level using benchmark-driven
test vectors.

12 Conclusion

In this paper, we have presented a full range microproces-
sor design automation system. It is demonstrated that by
giving an instruction set, ADAS can automatically gener-
ate layout of a single chip microprocessor. By utilizing the
benchmark simulation data, high level synthesis tools pro-
vide valuable information to guide the low level synthesis.
Future research on ADAS includes further exploration of the
interaction between different levels of design tools, capturing
design knowledge for the redesign to meet constraints and
extending the scope to multi-chip module (MCM) design.
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