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Abstract

This thesis sho""S how to compile a program expressed by a novel hardware

description language. the State Machine Al&ol-Like Language (SMALL). into Field­

Programmable Gate AJTays (FPGAs). A -nctlist generator" for the SMALL language is

created 10 transform a parallel Algorithmic State Machine (ASM) chan into a suuctwaJ

VHDL description. The one-hot encoding technique is used for the transformations. The

structural VHDL description for the netlist is simulated and synthesised by Synopsys

VSS (VHDL System Simulator) and Synopsys FPGA Compiler. respectively. The netlist

is very simple and the components of the netlist consist of only D-type flip-flops and

basic gales. The Design Manager of the Xilinx Alliance Series version 1.4 is used to

produce configuration data for Xilinx FPGA chips. The Xilinx XC4000 family is

employed as the target FPGA device.

The simulation results for 5Cveral SMALL programs indicate that the nedist generator

pcrfonns the sp«ified requirements for all the statements and all the operators in me

SMALL language.

Using the nctlist generator and existing place-and·route 10015 makes the

implementation of SMALL programs 00 FPGAs easy. This research offCt"S a significant

advance on the original SMALL implementation. Due to its simplicity and simple

semantics. it is believed that the SMALL language will be widely used in many areas in

the future.
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Chapter 1

Introduction

Several hundreds of hardware description languages have been presenled in the past

d~ade5 (Wodtko. 1987). Only some of these: languages are desipcd to describe

synchronous behavior. SMALL (State: Machine Algol-like language) is a novel

hardware description language that !las been developed especially for both leaching and

synchronous stale-machine design purposes by Norvell (1997) at Memorial University of

Newfoundland. It consists of a simple: set of symbols and notations that replace schematic

diagrams of digital circuits. SMALL. as a bardware-;ented programming language.

could be applied into many areas as follows (Norvell, 1996 and 1997).

It is oriented toward teaching sequential cin::uit desiifl_

It can be em.bedckd in a larger specification language.

It can aid design communication. hardware simulation and the

transformation of designs from a higher level (such as stale:

machine) to a lowet' level (such as gates).

It can be used in design derivation from specification.

It can be used in rapid development.



The program written in SMALL can be directly compiled into

hardware without human intervention.

Due to its simplicity in sequential circuit design, in fannal semantics. and in lime

model. the SMALL language ....ill be more ""idely used in the fuwre and its further

development becomes more important. The purpose of this thesis is to compile programs

expressed in the SMALL language into Field-Programmable Gate Artays (FPGAs). a

technology that allows a design expressed in the SMALL language to be implemented

without a conventional fabrication plant. The entire compilation process can be divided

into the four stages sho.....n in Figure 1.1. First. the text of a SMALL program is con\'erted

to a parallel Algorithmic State Machine (ASM) chart. At the second stage. the nedist for

the SMALL program is created. The next stage is to synthesise from the structueal VHOL

(The VHSIC Hardware Description Language) netlist. The final stage implements the

netlist using a specific Xilinx FPGA chip. h should be noted that the functional

simulation is carried out in onkt" to verify that the NetliSl Generator performs the

specified requirements before the third stage.

The Nellist Generator is wrinen in the functional language Gofer (Jones, 1991. 1993.

and 1994; Cunningham. 1995; and Wadler. 1995). The input to the Nellist Generator is a

parallel ASM (Algorithmic State Machine) chart that is generated by the compiler's

front-end.. Its output is a structural VHDL SOW'Ce file describing a nctlist composed of

simple gates and nip-nops. Synopsys VSS (VHDL System Simulator) is used for

simulation that verifies the netlist circuit created by the Netlist Generator matches the

requirements. Synopsys FPGA Compiler (FC) is adoped fot synthesising the gate-level



Figure 1.1: The Framework ofThis Thesis



VHDl description and automatic ~0U'e gmer-uion.. Design Manager of the Xilin.,;

Alliance Series version 1.4 is employed to produce the configuration data for a specific

Xilin.'C FPGA chip. Tbe Xilinx XC4000 family FPGA logic is chosen as the larget

technology.

The rest of this thesis is organised as follows:

Chapter :2 provides an introduction to the SMALL programming Ianauage and

discusses related approaches.

Chapter 3 describes in detail the design and implementation of the Netlist Generator

for the SMALL language. including algorithm descriptions and translation circuits.

Chapter 4 gives the hardware implementation of the netlist for the SMALL language

using a Field Programmable Gate Array (FPGA). Several examples are simulated to

verify that the Nellist Generator produced in Chapter J meets the: specified requirements.

Finally. Chapter S contains some concluding remarks..



Chapter 2

Literature Review

This chapter is intended to provide an introduction 10 the SMALL programming

language and to review related work. An underslanding of the original implementation of

the SMALL language lAil! be helpful in order to comprehend the Netlist Generator. An

example of a SMALL program used for synthesis and simulation in later chapters is also

presented.

2.1 SMALL: A Programming Language for State
Machine Design

One essential contribution of lhis thesis is the creation of a Netlist Generator for the

SMALL programming language. In order to understand the desian and implementation of

the Nctlist Generator, this section briefly describes lhe SMALL programmina language.

The following is a review based OQ the SMALL documentation (Non-"ell. 1996).

2.1.1 The SMALL LaDeuace

SMALL stands for State Machine AJgol-Like Languaae. Its relationship to ASM



charts is almost the same as the relationship between high-level software languages (like

Algol) and flow cham. In the SMALL language. signals arc used 10 carry information

instantaneously and registers are used for storing information Ihrough lime. The value of

a signal is dctermined in the cWTent clock period: ho....-e\-"ef. the value of 11 register is the

latest value assigned to il in a previous clock period. The following IWO fonns are used

for the declarations of the signals and the registers. respecti"ely.

o5ig signal_name TC

req regisler_nome T C

In the above forms. 05 io; and reg are keywords: sigrJal_name and register_name are

identifiers. Tis a~-pe lhat is cilherbool oraccay n of Tatpresmt and C is the

scope of the declarations. In order to communicate with external 'A'Otid. the keyword

global could be added to !he beginning orlbe declarations..

The statements in the SMALL language include;

s ! expression which places data on a signal s: this is called as "assert slatement".

r <. expression which places data in a register r, this is called as "assignment

statement".

cick which expresses the end of one clock and the start orlbe next.

slDlemenJ_O slaJemenJ_I ... slotemenJ_n which represents a sequence of swements

executed conseculively from left to right.

if expression then starement_O else stotement_l fi which is an alternative

composilion and means that when the expression is true. the statement SIQtemenl_O is

executed; otherwise. the SIDlemenJ SIQlemenl_1 is executed.



while uprusion do statement od whose meaning is that the sta/emem is executed

if the expression is true; the expression is reevaluated in the clock period follo\\;ng

the completion of the statement.

repeat slOtement until expression whosc meaning is that the statement is

executed. and if the expression is uue in the last clock period of the statemem. the

repeat statement is complete; otbetwi.se. the loop is restarted in the next clock

period.

~ar statement_O II slOtement_' II. II statement_n rap which is a parallel

composition and which will end as soon as all the processes have ended.

skip which simply ends immcdialtly.

stOP which stopS the interpreter.

In the SMALL language, the concept of duration is important. It is defined as the

difference between the initial and fmal clock period by Norvell (1997). According 10 the

deflRition. the dWlltion of assert and assignment statements is 0; tick and skip have

duration I and 0, respectively. The duration ofa parallelstaltment is the maximum of the

duration of the processes and that of a sequence of statements is the sum of the duration

of each statement. In the sequence of statements, the fmal clock period of stolementj is

also the initial clock period of statement_i+'. For the alternative composition, whethcT

statement_0 or stalemenl_' is chosen, the stan time of the chosen statement is the same

as the start time of the whole alternative composition. The finish time of the aIltmative

composition depends on the finish time of slatement_O when the value of the expression

is true at the: start time. In the case ofa false value for the expression, the flRish time



of the alternative composition is the same as the finish time of staleMeNj. For the

while statement. when the expression is true during a clock period. the Jlatemenl is

executed in the same clock period and the loop is rcstaned in the fim clock period after

the last clock period used by the stateMent; when the upreniofl is false. the whi le

statement ends immcdilUely. Therefore. the duration of the whi Ie statemenl is related to

its loops. Similar to the while statement. the duration of the repeat. statement is also

related to its loops. Both looping forms imply a delay immediately before the loop is

A number of the operators constiNte ell:pressions. The expressions are divided into

seven categories. including identifiers. constants. unary expressions, binary expressions.

subscript expressions, subarray expressions and array expr-essions. In the next section. an

example will be given to illusu-ate the above statements and some opcralOr5 in the

SMAll language.

2.1.2 The Form•• ~m.nric:sof SMALL

A specification is a predicate on behaviours. In SMALL. the starting lime. the final

lime, and values of signals and registcr5 over all time arc used to describe the behaviours.

The following variables representing times and time varying functions describe the

behaviow- of a conu:naDd with a q lobal signal s ; T. and a global reQister r ;

/';XflQt

s; wire.T.

The starting time.

The final time.

The value ofs during each clock period.



S : wire.booI

r: wire.T~

r: wire. boo/

Whether s is asserted dwing each clock period.

The value of r during each clock period.

Whether r receives a new value after each clock period.

In !he above definition. VWI is a set of times and wire. T repn:sents a function. rno,

and wire. T are defined as follows:

x1Ul/-na' uoo
wi,e. T - xnol --I> T

The fonnal semantics is detennined by semantic equations which are presented in

(Norvell. 1991). Their definitioos include that primitive commands are specifications and

that composition oper.1tors equal operators on specifications.

The following example specification obtained from (Norvell. 1991) can explain some

simple semantics.

,'·t+ 1 1\ $.II\S.'-,.11\ r.tl\r.(t +1)-10

A command that implements this specification will have the following meanings:

The duration of the command is 1.

During its fust dock period, the sianaJ S has the same value as the regiSler,.

10 will be assigned to, between its two clock periods.

2.1.3 A. Example Proanm Writtea iD SMALL

Figwe 2.1 shows an example written in SMALL to illustrate many expressions and

statements in the language. This example is obtained from (Norvell. 1996) and will be

synthesised and simuJated in Chapter 4.



~r 00
global signal go bool III
global signal don~ : bool 1/2

global signal militipli~r : array 4 of bool 113
global signal militiplicand : array 4 of bool ff~

glooal reg p : arra.y 8 of bool ffS
while ~rue do ff6

reg a: array 4 of bool ff 7
reg b: array 4 of bool ff 1
reg count: array 2 of bool ff9
repeat. ff Initia.lize while ....~tjng to swt. 1/10

p[4@4j <- 4 of 0 ffll
count <- 0 as 2 bit.$ ffU
a <- multiplicand ffl3
b <- militipli~r ffl4

until go filS
tick 1/16
repeat. ffInvariant: the prod~thu5far (multiplicand· the linl 1117

flcount bits of multiplier) is the last 4+count bits ofp. 1f18
IIFormproductofaandb(O). 1119

signal pp : array 4 of boo 1 ff20
if b[O] then pp !Q else pp ! 4 of 0 ti 1121
f/ Add this to the most signiflQlll 4 bits of p. 1f22
sign<1l1 sum: array 5 of bool 1m
sum ! p[4@41 uplus ppffReplac:ethetop4bitsofthe: 1/24

II product ....ith the S bit sum. To make room. d1ift. I12S
p[S@3J <-sum 1126
p[3@OJ <-p[3UI 1127
b <- b[3lHl ++ (OJ 1121
count <- COllnt plus (1 as 2 bits) 1m

until count - 3 as 2 bit.s I{)O
tick 1131
repeat done ! 1 until nOt go 1132

~ 113)

I 1134
global sign"l go : bool I/3S
global sign"l doM : bool 1136
global signal multiplitr : array 4 of bool //37
global signal multiplicand : arny 4 of bool /131
go!l multiplitr![l,l,O.Oj multiplicant/![O,l,O,OJ /139
tick 1/40
repeat skip until done f/41

rap ~

Fia;ure 2.1: A Sequential MuJriplier

10



11le example in FigW'C 2.1 is used to multiply N.1) 4-bit numbers to prndl)Ce an S-bit

result. It produces one panial product in each clock period. By shifting the panial product

and adding the multiplicand if a bit in the multiplier is 1 in each clock period. the final

product can be obtained after five clock periods. Many signal and register declarations

and statements appear. For c:x.ample, Line: 0 to Line: 42 is a parallel composition. Assert

statements and assignment statements are used to send data to the: signals or the:

::-egisters. For example. the: statements such as p[4@4Jc:;-4 of O. multiplier!

[1, 1 , 0, 01. and multiplicand ! (0, 1 , 0, 0 J initialise: the partial product. the

multiplier. and the multiplicand. respectively. 11lere arc: many expressions and operators

in the example. For instance. the: expression. p (4@4 J in line: II. presents the segrnc:nt of

length 4 beginning at index 4 and the: '4 0 f 0' expresses an. array of length 4 that is the:

same as {O, 0, 0, 01 . Because index 0 is used for !he least significant bit. the expression

'1 as 2 bi cs' in Line 29 means the 2 bits wtSigned magnitude representation of 1 and

has the value [1, OJ. The: Opc:nlors such as 'uplus' in Line 24. '++' in line: 28 and

'plus' in Line: 29 distribute to anay of boolean level. From the: above example. it is

sho\.\lT\ that SMALL has many distinguisllins features that other hardware: description

languages lack. Compared with other hardware description languages, SMALL's

simplicity will help it to be: used in many practical areas.

2.2 The Origiaallmplemealatioa of the SMALL Laaguage

The following paragraph from (Norvell. 1996) describes the: original implementation

of the SMALL language.



The current implementation is in Gofer version 2.30 and uses the

prelude cc.preJude. Gofer is a functional language designed 3nd

implemented by Mark P. Jones and is \'ery similar to Haskell. Extensive

use is made of monads and an imperative programming style.

lOe implementation of the SMALL language is shown in Figure 2.2. The original

implementation consists of all components other than the Netlist Generator. In Figure 2.2.

the front-cnd is composed of Lexer. Parser. and Analyzer. The func:tion of each

component shown in Figure 2.:! is described in the: following.

The lexer takes a source program wrinen in the SMALL language as its input and

outputs a token sequence. The~r creates an abstract syntax tree and finds all syntax

e!TOrs. The analyzer creates an intermediate representation of the source program from

!he abstr.K:t synta.'I: tree. It has several functions. lbc first is to check the source program

for compile-time errors such as type errors and misuses of identifiers. The second is to

produce a requirement table that is a list of all sigmls and registers. including the extra

signals introduced for each process in order to coordinate termination of the parallel

processes. These signals and regiSteB are used to tim. the program. The last function is

the generation of an ASM chart representation of the pTOsram. The ASM chart expresses

the conU'OI-flow of the source program. It is a collection of nodes connected by directed

edges. Nodes are divided into five varieties: state Dodes. dummy nodes, assert nodes.

assignment nodes. and condition nodes and are labelled by expressions. The next step is

one of two alternatives. Either the executer simulates execution of the ASM chart with

test inputs, or the Netlist Generator translates the ASM chan to a pte.level

12



Source Progr.un Wrinen in SMALL

Simulation Result

Original Implementation

NetJist

Fiaure 2.2: The Implementation oCthe SMALL Lanauage



implementation in terms ofgates and flip-flops.

2.3 The Main Contributions of This Thesis

One essential contribution of this thesis is me creation of a NelliSI Gentrator for the:

SM.>\LL progr.unming Language, The ASM chart and requirements table is taken as the:

input 10 !he Nellist GentralOf". The output ....ill be a nellist composed of gates and Dip­

flops and expressed by a VHDL enlilY declaration and a struclUraJ archilecture

declaration. The Synopsys VSS is used for !he functional simulation of the structural

VHDL description to verify !hal the Nellist Generatew performs the: specified

requirements. The detailed design and implementation of the Netlist Generator for the

SMALL language will be presented in the following chapter.

Ano!her contribulion of this !hesis is 10 implement such nedists with FPGAs. The

Synopsys FPGA Compiler is adopled for the Kale-level synthesis and 100ic optimisalion.

The Design Manager of the Xilinx Alliance Series is used 10 create configuration data for

Xilinx FPGA chips. Some infonnation about pre-placement and routing and post-layout

for implementing a sequenlial multiplier shown in Figure 2,2 on a Xilinx XC4028EX-)·

PG299 FPGA will be provided in Section 4.4.

2.4 Related Work

There has been some previous work on compiling a program wrinen in a selected

language into hardware. such as FPGAs and silicon. The difference bet\l.'een syncbronous



and asynchronous methods for conuolling the timing in circuits should be noted. In

synchronous communication. a message is sent and received simultaneously. "ithout

communication delay. An asynchronous communication has a time delay when a

message is sent and reeeh·ed. UsuaJly. local handshaking signals are used in the:

asynchronous method; • global clock is used in the synchronous method. The follo"ing

is a review of the related woric.

An early work is done by Martin (1986). He developed a compiler from a conCWTent

prog~ing language into delay-insensitive circuits that are obtained by a series of

semantics-preserving transformations. The compilation is divided into the foUl steps:

process decomposition. handshaJcing expansion. production-rule expansion. and Operalor

reduction. The circuits are correct by consttuetion.

The work of Weber et af. (l992a and 1992b) on Joy, a simple yet complete

progr.unming language for circuits. is similar to thai of Manin. They have modelled

delay-insensitive circuits as directed graphs and proved the correcmess of r.heir

compilation algorithm. The resulling circuits are composed of some primary components:

each of the components is described by a wiring diagram and a finite-slale automaton.

Guo and Luk (1995) have: provided a methodology for compiling a design expressed

in the Ruby language into FPGAs. The Ruby language is intended for the specification

and synthesis of the circuits described by rel.tional absttactions of their behaviour

(Rossen. 1990) and allows simple relations to be composed into more complicated ones

by using higher-onkr ftmctioD$. With mathematically based compilation tools, the

"



correct hardware can be produced from nigh-level descriptions very rapidly. The

refinement module and the l100rplanning moduJe of lheir compilation system are also

discussed in detail.

Another close work presented by Berry and Gonthier (1992) and Jagadecsan et oJ.

(1995) has involved the hard\o\'ate implementation of the ESTEREL synchronous

progranuning language wnich is based on the ~Synchrony Hypothesis~ and has well­

defined mathematical semantics. Berry and Gonthier have shown an algorithm to

translate ESTEREL programs into deterministic automata. BerTy (1995) has provided the

dir~t hard....we implementation that transfonns ESTEREl prolf301s into boolean

circuits by using the current ESTEREL hardware or software compiling and verification

t~hnology.

LUSTRE is a synchronous declarative language devoted to real-time systems and is

suitable for data path descripc:ion. Thuau and Pilaud (1990) have divided the compilation

of a lUSlltE program into two steps: expanding all the nodes to get a single system of

equations and producing a finite automaton. lbe verification tool LESAR is developed

for proving the correctness of a circuit.

The VHDL (Lipsett et 01., 1989; Patterson. 1994) and Verilog (Thomas and Moorby,

1991) languages provide the digital system designer with accurate description and

modelling of a system at a wide range of levels. from the highest: behaviOW'1ill level of

abstraction to the lowest struenua1 gate Icvel. Many peoplc are interested in circuit

synthesis with VHDL or Verilog. Grea,,'cs (1995) has worked on defining fonnal

I.



semantics for the Veri.log language that is used for simulation and compilation into

hardware. Gschwind and Salapura (1995) ha•.:e proposed a VHDL design methodology

for FPGAs to integrate: the modelling. verification and implementation processes.

Hehner et al. (1998) presented TWO new ....~ys to implement ordinary programs with

logic gates. They have adopted local delays and given a framework for the proof of

corr«t circuits in terms of a formal semantics for programs and circuits.

The most closely related work is conducted by Page and rns group (Page and Luk.

1991: He et 01., 1993; and Page. 1996). They have compiled programs written in a subset

of occam into FPGAs. A -nonna1 fonn- method (He tt 0/., 1993) is used for processing

into a netliS( and for proving the COrTeCtnesS of their compilation. Page and Luk (1991)

have dcscribed a prototype compiler wrinen in the fimctional language SML that

ttansfonns Handel. an occam-like language. to a netlisl.. Page (1996) has further

implemented his haniware-sotN.'3re codesign by compiling the Handel language into a

netlist. which is suitable for Xilinx Dynamically Programmable Gate Arrays (OPGAs)

technology.

This research is also related to and influenced by the ab!:we work. We have focused on

compiling programs in the SMALL language into a netliS(, which. can be loaded into a

Xilinx FPGA. Compared with the work of Page tt a!.• the main difference is that. Page et

al. consideTed the implementation of control hardware for channel communi<:ation and

used a flip-flop in their assignment control h.ardware; this research. has noL This is

"



because assignment statements and assert statcments in SMALL ha"e a dUllUion of 0

r3therthan I.

The one-hal encoding is used as the encoding techniqUC' in this thesis. It uses one flip­

flop per stale node. Gschwind and Salapwa (1995) have proved that one-hot encoding is

both the fasteSI encoding and one of the smallest I"C'pf'C'Sentations as it makes the best use

of the flip-Oops on an FPGA.

"



Chapter 3

Design and Implementation of the Netlist
Generator for SMALL

The purpose of this thesis is to compile programs expressed in lhe SMALL language

into FPGA$. To do so. a Nellis! Gcneralor for the SMALL language has been created to

transform parallel ASM charts to suuctural VHDL files. The ASM chart is obtained after

the source SMALL program is processed by the front-end stage sho\loll in Figure 2.2. 1lJe

VHDL file describes a netJist that is a collection of devices and wires implementing the

program. The: devices in our nedist consist of simple gates and D-rype fliP'"flops. The

Nellist Generator is programmed using the functional language Gofer (Jones, 1994;

Cunningham. 1995: and Wadlef, 1995). Based on (Norvell. 1998), this chapter will give

detailed design and implementation for the Netlist Generator.

3.1 Specification for the Netlist Generator

The input to the Netlist Genen.lOI' is an ASM chart. The outpuI: will be a VHDL file

composed of an mtiry declaration for a device and a suue:tural architecture for the same

device. This section will provide an example ASM chart and the data·f1ow diagram for



the Netlist Generator. An example VHDl description v.ill be Jivm in Section 3.9.

3.1.1 An Example ASM Chart

In order 10 illustrate ASM charts. Figure 3.1 shows a simple SMALL program

describing a pari[y generator and some test inputs. The function or the program is that at

each clock period. the outS;, is the parity or those inBits thaI have been seen in !he

previous dock periods. A timing diagram or the program is gh-m in Figure 3.2. It can be

seen that in Figure 3.2. the output named oUIBil is (0. O. 1. 1. 0] ir the input named

inBit;s (0.1. O. 1. IJ in the ftrS! five dock periods.

global 51g inSil: bool
global 51g outBil: bool
par

while true do
repeat

ourSit ! 0
until inSit
tiCk
repeat

outSit ! 1
until inSit

od

" inSir ! tick
inBir ! tick
inBir ! tick
inBir ! tick
inSir ! tick

rap

Figure 3.1: The Example SMALL Program

'0



inBit

outBit

dock:

u

Figure 3.2: A Timing Diagram of the Program Shown in Fi&ure 3.1

This program shown in Figure 3.1 can be converted to a parallel ASM chan form by il

front-end that has been implemented by Norvell. It is noted that a requirements table is

included in the parallel ASM chart in this chapter. The ASCII descriptions of the ASM

chart of the SMALL program are shown in Figure 3.3. in Figure 3.4. and in Figure 3.5. A

diagram of the ASM chan appears in Figure 3.6.

("inBit",Signai "inBit"Trueof~ bool)

("outBit".Signal "outBit"True of type bool)

("#r4 I",Signal. "~I"Truc oftype boo!)

("IFI-O",Signal "#I-O"'True oftypc boot)

Figure 3.3: The ASCII Form of the Eltampte ASM Chan: Entities



ASM charts are composed of -Entities-. -Nodes". and -Edges". The collection of

entities sho'4-n in Figure 3.3 is called a -requirementslable" and listS all the registers and

signals usN foc communication across space Of time in the source program. The

requirements table provides the following information for each entity:

The name ofthe entity.

Whether the entity is a signal or register.

Whether the entity is local or global.

For a sianaJ entil}'. the active value of the sipal.

The entity's type. that is. bool or an amty.

It is noted that signals -/1,..1" and -'1-0- shown in Figure 3.] are introduced in order

to coordinate termination oflhe paraJlel processes.

Figure ].4 represents a collection of nodes. These nodes arc: divided into five kinds:

state nodes. dummy nodes. assert nodes. assignment nodes. and condition nodes. For

each node, the node number and the node type are needed. Additional expressions are

used for the assert nodes. the assignment nodes. and the condition nodes. Assert nodes

and assipment nodes are labelled with two expressions repr-esenting the target signal Of

register and the value. The expRSSion labelling a condition node is a boolean and is used

to determine which branch is Ialccn.. Condition nodes are also labelled with the numbers

of the nodes to branch to. Their detailed descriptions are given in Section 3.6. which

discusses the generation of circuilS for nodes.
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The ASM Chan is
36
GRAPH labels
(35.Y.condNd (tWO.(22. I 7).bool»then 31 else 34)
(34.%SlateNd)
(33.%CondNd (Jtr-1.«22.17).bool» then 31 else 32)
(32.%SlaleNd)
(31.%DununyNd)
(30.%AssertNd(Nr" 1.«22.17).bool»!(True.«22.17).bool»)
(29.%AssertNd(NI-O,«22.17),bool»!(True.«22.17).bool»)
(28.%StateNd)
(27.%AssertNd(inBit,«27.17).bool»!(True.«27.25),bool»)
(26.%StaleNd)
(25.%AssenNd(inBil,«26.11).bool»!(True.«26.25).boo1)))
(24.%StateNd)
(23.%AssertNd(inBit.«25.17).bool»!(Fa1sc.«25.1S).bool»)
(22."A.SlateNd)
(21.%AsscrtNd(inBit.«24.1 7).bool»!(True.«24.25).bool»)
(20.o/oSlaleNd)
(19.o/.AssertNd(inBit.«23.1 7).boo1))!(fa1se.«23.25).bool»)
(18.YoStateNd)
(17.o/oStaleNd)
(16.'Y.condNd (inBit.«20.28).bool» then 14 else IS)
(15.%DwrunyNd)
(14.%DummyNd)
(U.%AssenNd(outBit.«19.21).bool»!(True.«19.36).bool)))
(12.%DwrunyNd)
(11.%StateNd)
(IO.%SlateNd)
(9.%CondNd (inBit.«16,28).bool)) then 7 else 8)
(8.%DummyNd)
(7.%DummyNd)
(6.%AssenNd(outBit,(IS,27),bool))!(False.(15.36).bool)))
(5.%DummyNd)
(4,%CondNd (Truc:,«13.23),bool)) lhen 2 else 3)
(3,%DwnmyNd)
(2.%DummyNd)
(1.%DummyNd)
(O.o/oSweNd)

Figure 3.4: The ASClI Form oflhc Example ASM Chan: Nodes
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Adjacency
(34.(30))
(32.{29))
(30.{35))
(35.0)
(29,(33))
(33.0)
(31.0>
(28.(30))
(3.[29))
(27,[28))
(26.[27))
(25,(26))
(24.(25))
(23,(24J)
(22,[23))
(21.[22))
(20.[21))
(19.(20))
(0.(19.1]l
(18.[1))
(14.(18J)
(l7.(I2J)
(15.(11])
(13,(16))
(16.0)
(12.(13J)
(11.[12J)
(7.(11))
(10.[5])
(8.(10))
(6,(9])
(9.0)
(5.[6))
(2.[5))
(1.[4))
(4.0)

Figure 3.5: The ASCII Fonn oCthe Example ASM chan: Edges

"



The edges SOO""'n in Figure 3.5 express a collection of references to successor nodes.

They are very useful in connecting nodes. These edges and the nodes shown in Figure 3.4

form a node-labelled directed graph. Figure 3.6 sho"''S the graph of the example ASM

chan that represents the control-flow of the source program in Figun: 3.1. In Figure 3.6.

the first node is aI\\'"aYs a stale node named Node O. It represents the stan of the program.

In this example. a parallel statement appears at the beginning of the program so that a

parallel branch is produced. Therefore. Node 0 has Node 1 and Node 19 as its successor

nodes. For each tick statement, uch whi le loop. and each repeat. loop in the source

prognun. the fronl~ will generate one state node. 1bcse state nodes represent the

control stale of the program. They are used to wait fOf" the coming of the next clock

period. T'hereforc. a timing delay is implied in the while loops and the repea.t loops..

For assen nodes. assignment nodes, and dummy nodes, no timing delay exists. Condition

nodes are generated for while loops and repeat loops. Each condition node has two

branch nodes as its successor.

Expressions come in seven fonns: identifier expressions, constant expressions, unary

expressions. binaly expressions. subscripted array expressions. suban'ay expressions. and

array building expressions. Each expression consists of its type and its location (line

number and column number) in the soUTee program.. The detailed discussion about

expressions will be given in the Section 3.7, which describes generating expression

circuits.

It is believed that the clear understanding of the ASM chart is very imponant for

understanding the netlist generation.

"



Parallel1_

26

~
~
~
''''' .

34

28

~
19: inBit! 0

f.IKl
0 0

State Dwnmy Assert Assign Condition

Figure 3.6: An Example ASM Chart
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3.1.2 Data Flow Diagram (or tbe Netlist Geaerator

Figure 3.7 gives the data now diagr.un for the Nedist Generator. The processes for

the Nellist Generator include the following:

Generat~ the circuits of signals and registers according to "Enlitics" in Figure 3.3.

Generate node circuits in terms of "Nodcs" in Figure j.4.

Generate the circuits of expressions for the nodes chat have the expttSSions.

link a1llhc above circuits according to the edges ofthc graph in Figure 3.5.

Form an output VHDL file repTCStnting the final circuits stored in the "Netlistft

sho\\-TI in Figure ].7.

The following sections will describe the modules that implemenl the above processes.

including the algorithms and the resulting circuits.

3.2 Utility Module

This module has defined some useful data types and useful funclions. Gofer notations

used in this modwe and other modules arc explaiMd in Appendix F. Especially, the

Assoc lype cOOSlJ'UCtor is widely used in this lhcsis. lis derwtion is as follows:

rype: ASSOCQ b - [{a, b)J

In the above type synonym. Assoc is the name of a new type consttue:tor; Q and b are

type variablcs representing the arguments of Assoc. [(a, b) 1 is a type expression.

A.rsoc a b rcprcscnts a finite map that associates members of type a with members of type

b.



Figure 3.7: Data Flow Diagram for the Netlist Generator
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3.3 Nellisl Module

In lhis section. the data structure of the ne1liSl and the [)'peS of gates and flip-flops

used in the nellist are defmed. The functions that create wires and connect devices are

also described.

3.3.1 Netlist

The netlist consists of devices and wires. The devices chosen in this study include

multi·input andonc~ptes such as or-gates. and-gates and xor·gales. one-input and

onC-OUlpul gates such as not-gates and buffcn. and O.type flip-flops.

For the devices. a data [)'pC named De"';ceKjnc/ is defined in the following Conn.

data DeviccKind - DevK Siring
[(PorrName, Bool)]
[PortName)

--- Device name
-····lnpulportS
------ Output ports

The String represents the device name. The type r1llJned PorrName is the same as

String and is used to indicate whether the pon is input or output. In the case of input

pons.. the Bool is used 10 describe whether lite pon can connect to more than one \loire.

The devices used in the Dellist ate defined as follows:

andGoJe. orGale, xOl'Gmc, inverter, dFlipFlop. bufftr ': DeviceKind
andGmc" DevK"AND1" [ri,,-, Tnte») ["011/"]
orGale '" DevK "OR]" [("in", Tne») ["out")
xorGate" DevK~XOR2~Win", Tl'1Ie» rout"]
inverter -!AvK"lNVERTER" [Cin~, rille)] ["out"]
dFlipFiop - DevK "DFLlPFLOr ("in~.True» (~ouJ~)

buffer -DevK"BUF'" ("in", FaIN») [~out"J
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For the wires. the type InGutL« is an enumerated type defined as

d_t11 InOl/tLoc" In String
I Out String
I Local

The String in the above definition represents the wire: name.

For the netlist. its type is defined as

-lnputwire
--Output wire
- Local\loite

dua Netlist .. NL lat -- The number of devices and wires
(AsJ'oc DevicdD DeviceKind) --- Device map
(Assoc WirdD InOutLoc) _ Wire map
(Assoc DevicdD (AJ'$oc PortName (WirdD») - Connection map

In the above form. the type named DeviceJD and the type named WirelD represent the

identifiers of devices and wires, respectively. From the definition of the type Nellist, it

can be seen that the data structure of the netlist shows the characteristics of devices and

",ires and the relationship between the device and its wires.

3.3.2 Functioas

The functions exported from the NelliSI module are called createDevice,

creoteLocolWire. createinputWire. createOlltputWire. and co_ct. They have the

following meanings:

creoteDevice is used to create devices.

createLocaJWire, creoteinputWire, and creote(}utputWire ace used to creaJ:e local

wires, input wires, and output ~ires.. respectively.

connect is used to connect wires to pons of devices. This function needs 10 check that

the device has the port and then to confirm that. unless permined, the port is not

already connected; otherwise the error information will be jiven.



3.4 Nellist State Module

This module defines some data types and some functions. For the Netli5t statc, the

tuple type named NLGState is defined as (Nellisl. W;reTob, ReqTab). The type named

ReqTab is intended to describe the characteristics of the signals and registers. The type

named "'ircrab represents a function from Strings to WireTob&rtrieJ. "';rcTab and

WireTabEntries are declared as (0110","'$:

data WireTobEntry

- the identifier of the input gale.
··lhe identifier oCthe wire named s.
- the identifier oCthe input gate.
•• the identifier of the input wire named
- assertJlobaJ_s.
- the identifier of the wire named s.
- the identifier oCthe input gale named val.
- the identifier aCthe input gate named assign..
- the identifier oCthe wire named r.
- the identifier of the input gale named vaL
- the identifier of the input gate named assign.
- the identifier of the input wire named vaJJlobal_r.
- the identifitT of the input wire named
- assign-sJobal_r.
•- the identifier of the wire named r.
- the identifier of the input gate named go.
- the identifier of the output ~ire named done_No
- the identifier oflhe input gate named go.
- the identifier of the dooe N then wire.
- the identifier of the dooe- N-else ....ire.
- the identifier of the gate Bamed then:.\lode
- the identifier oflhc gate named elscNode

WirdD
I WTELocReg DevicelD

!Xl>icelD
WireJD

r IVTEGfobReg DevicelD
De'llicelD
WirelD
WirelD

WirelD
I lJ'TENode DevicelD

Wire/D
1wrECondNotk DnricelD

WirelD
WirelD
Node
Node

I WTEDataType String
ISigWToDevice DevicelD String
I RegWToDevice DevicelD {)evicelD String

• WTELcx:Sig DevicelD
ntireID

I WTEGlobSig DeviceJD
WirelD

cype WireTab-AssocString WireTobEfIl1)'

"



The type named Wi,.eTabEntry contains infonnation such as the identifiers of input

gates and output wires for nodes. for local signals. and for local registers. For global

signals and global registers. additional identifiers of input wi~ ate needed. The

infonnation about signals and registCTS "ill be used in the generating signal and register

circuits module and the generating expression circuits module. For condition nodes.

additional identifiers ofnodcs are used to choose the control flow. The infonnation about

condition nodes is used in connecting node circuits module. The last three lines in

Wi,.eTabEmry declaration are used to keep the names of signals and registers for output.

Functions such as c,.eate!kvice},,{. c,.eatelnputWi,.e,\f. c,.ealeOulputWi,.eM·.

cr-eateLocaIlVi,.eM. and COMtctM an: the monad fonns of the functions defined in lhe

Mllist module. The functions named updotelVi,.eTabM and updoteReqTabM update the

\~;re table and the requirements table.

3.5 A Module for Generating Signal and Register Circuits

One of the processes for the Netlist Generator is to ttansfonn all the signaJs and

registers used in the source program into their circuit descriptions. The algorithms for the

transformation and the resulting circuits arc shown in this section.

3.5.1 GeneratiDI SiC.al Circuits

In the SMALL language, signals arc used to carry information through space and the

values of the signals an: determined in the cW'mn clock period. Figure 3.8 shows the



circuit rep«:sentations of the signals in the requirements rable. It is noted that sil!fl3ls

ha\"e an active level. Thc value of the acti\-C le\'d of a si&nal depends on the default value

that is the valuc of the signal in clock periods~ it is not asserted. The default \-alue

of an acLive uue signal is false and vice-versa. According to the definition and the assert

node circuit. an or·gate is chosen in acLive-true signal circuit as shown in Figure 3.8(a)

and Figure J.S(c). An and-gate is used in active-false signal circuit as shown in Figure

3.8(b) and Figure 3.8(d). In Fi&ure 3.8(c), an input wire named asseTt--a:lobaiJ. an or·

gate named assert, and its output \\I'ire named s are used to represent an acLive-1NC global

signal s. The circuit representation of each acth'c-false global signal s is shown in Figure

J.8(d). [t consists of an input wire named assen....llobal_s. an and-gate named assert. and

its output wire named s. "!be buffer and its output win: named global_s as shoYlol1 in

Figure J.8(e) and Figure 3.8(d) are added for the need of the output VHDL file. In the

spe<:ification of the Netlist Generator, every global signal is defined as the ourput port of

the VHDL file that can not be used as an input to an internal componcnt. Therefore. the

signal s is used as both input and output and global_s is only used as an output port. The

same goes for registers. It is noted that input wires named assert_s_O, asscrt_s_I, and

3SSCrt_S_N are not genetated here and only shown for illustrative purpose. They are from

the outputs of the and-gates or or-gates produced in the circuits of the assert nodes that

use the signals as the tugets. Section 3.8 gives a simple example to explain the

relaLionship between signal circuits and assert node circuits.

For a signa! that has the type array n of T, the circuit represenwion of each

clement in the array should be &cncrated. The identifiers of the gates named assert, the
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~

(a) Active_True Local Signal Circuit

(b) Active_False Local Signal Circuit

assen ~lobal s

~~:¥~
asscn s N

(c) Active_True Global Signal Circuit

(d) ActiveJalse Global Signal Circuit

Figure 3.8; The Signal Circuits
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inpul ....ires named asscrtJlobal_s. and the OUlpUI wires named s shown in Figure 3,8 are

added to the wire table when the circuil of each signal named s is created.

3.5.2 Generatiog Register Circuits

The circuits of the registers in the requirements table are generated in Figure 3.9. The

O-type flip-flops are used in the circuits for the register'S to store information. The value

of a regisler is the latest value assigned to il in a previous clock period. For each local

regiSler named r. as $00"""11 in Figure ].9(a). its uansformatioo is composed of lh.ree or-

gates. two and-gales. a nol·gate, a O.type flip-flop, and several wires. In Figw-e 3.9(b),

additional input wires named vaJJlobalJ and assign...,globaiJ. a buffer. and a wire

named globalJ are needed for each global register named r. The buffer is generated for

the same: reason as the buffers in Figure 3,8. All nip-flops in the nelliS( use the same

clock line. The clock is designed as a global YHOL signal. Similar to the transformations

assign_r_N are nol generated here and only shown for illustrative purpose. They ate the

oulput ....ires named val_TQI'ger and assign_Target produced in the cin:uits of the

assignment nodes thai use the register as the: target (see Figure 3.13).

The transformation ofa register that has me type array n of Tis similar to the

transformation of the signal that represents an amy. As sho\lo"n in Figure 3.9, the

identifiers of the two inpul or-gates named val and assip, the input wires named

vaJ...,globalJ and assianJlobalJ, and the output wire named r are updated 10 !he wire

table when the circuit of each register named r is created.

"



(a)Loc:al RcgiSlerCircuil

(b) Global Rcaister Circuit

FiB'ft 3.9: The Register Circuiu
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3.6 A Module for Generating Node Circuits

This module generates the circuits of all the nodes in the ASM chan. Each node is

labelled. labels come in five varieties: dwnmy nodes. state nodes. assert nodes.

assignment nodes. conditional nodes. The function named genOneNdCircliit generates

the circuit for one node. When the circuits are generated for dummy nodes, state nodes.

assen nodes. and assignment nodes. the identifiers of the input or-gate named go and the

output wire named done_H are kept in the wire table. For condition nodes, the identifiers

of the input Of-gate named go and the two output wires named done_N_then and

done_H_else and ~'O nodes named tlrenNode and efseNode are stored in the wire table.

The dummy nodes are place-holders. The conuol flow goes directly through these

nodes. The circuit of a dummy node simply consistS of an or-gale and an output ""ire. as

shown in Figure 3.10. The wires named done...,PO. done....Pl. and done""pM are nOI

generated here and they are from the ourpul wires that are produced in the circuits of the

predecessor nodes. The same goes for aU node types.

The state nodes represent the conlrol state of the program. They are used to wait for

the coming of the next clock period. 'The first node listed in the ASM chart is always a

state node and represents the start of the program. As shown in Figure 3.II(a). its circuil

is composed of a D-type nip-nop. an inverter, and three wires. The input Mre is a true

wire. II is requirtd that the output wire shouJd be true in the first clod: period in order to

start the program. Figure 3.11(b) gives the cin:uit generated. for a stale node numbered N.

)7



Figure 3.10: The Dummy Node Circuit

(a) The Initial State Node Circuit

done
one

d~ne M
go

(b) The Cin:uit of the State Node Numbered N

Figure 3.11: The Stale Node Circuits
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The assert nodes are used to transfer information to signals. In the ASM chan. assert

nodes are labelled with two expressions: target and \·a!uc. The target expression

represents the lelt-hand·side of an assert statement and will be a signaL The value

expression indicates the right-band-side of an assert Statement and will be one of se....en

kinds of expressions described in the next section. Figure 3.12 gives the assert node

circuits. Before &enerating the assert node circuits. the circuits of the IWO expressions are

created. In Figtn 3.12. the value e."<pression circuits are feprt:SCnted by a box labelled

\'alue Of by several boxes labelled va/ueO. \'olue/, ... , va/ueH in the case of an array

target. As mentioned in generating signal and register circuits module. the output ~m

named assert_Target in Figure 3.12(a) 'Nill be the input of the or-gate in the circuit fO(' the

tatget signal of the assert node. The assert_Tcuger output in Fiaure 3.12(b) will be the

input of the and-gate in the circuit for the target signal of the assert node. 1be circuit in

Figure 3.12(c) is generated for an assert node whose value expression is an array

expression and whose larget expression is an active-true array signal. The OUtput wires

named assen_TargetO. assert_Target/, ...• assert_TargetN will be inputs to several or­

gates in the circuit for the target signal of the assert node. Asserting an active-false array

signal circuit is not sho"'ll. II can be obtained accordina to Figure 3.12(b).

The assignment nodes are used to store information in registers. Similar to assert

nodes. each assignment node is associated with a target expression and a value

eXJXeSSion. The target expression rept'eSCnlS the left-hand-side of an assignment

statement and will be a register. The vaJuc expression indicates the right-band-side of an

assignment statement and will be one of seven IOnds of expressions described in the next

"



assert Tar et

(a) Asserting an Acth·e·True Signal Ci~uit

done

(b) Asserting an Active-False Signal Ci~uit

assert T etO

assert T etl

~ ~
~

(c) Asserting an Active-True Array Signal Circuit

Fi,we 3.12: The Assert Node Circuiu



section. The circuits shown in Figure 3.13 arc used 10 repr-esent!he assigrunent nodes.

Figure 3.13(a} rqnsents an assignment node whose larget expression is a bool type

register. The box labelled value represents the circuit of the value expression of the

assignment node. The wires named assign_Target and val_Target are the input wires of

the or·gates named assign and val in the target register circuit. respectively. The wire

named done_N of this Dade circuit will be the input wire of the or-gate in its successor

node. The circuit sho\o\n in Figure 3. 13(b) is generated for an assignment node that has an

arm)' type register and an amy expression. Each of the boxes that are labelled ~·alueO.

I·olue I . ...• l:alueN represents a value output wire of the array expression. Each of the

output wires named val_TargetO. val_Targetl • ...• vaJ_TargerNwill be the input wire of

an or-gate named val in the target register circuit. The wires named assign_TargetO.

assign_Targetl• .... assign_TargelNwill be the input wires of the several or-gates named

assign in the target register circuit.

The condition nodes have associated a condition expression that \o\ill be true or false

and twO nodes called thenNode and elseNode. When the ell:prcssion is true. the node

named /henNode will be executed; when the expression is false. the node named

elseNode will be executed. The circuit for edCh condition node is generated as shown in

Figure 3.14. It is composed of an oc·pte named go. two and-gates tWncd then and else,

an inverter. a box and several wires. The invmer is used to implement the choice of the

control flow. In Figure 3.14, the box labelled condition expression represents the

expression circuit of the condition node circuit. The output wire named dORe_N_then in

the condition node circuit will be the input wire of the go gate of the node named

"



done
000

done assi Tar et

val Tar et

(a) Assigning a RcaisterCircuit

done N
asSI n Tar elO

val T elO

ani T etl

val T etl

valuel assian TarsetN

r====; ~
~

(b) Assigning an AlTay Rcgister Circuit

Figure 3.13: The Assignmcnl Node Circuits



rhenNode. The output wire named done_N_else in the condition node circuit \\ill be the

input \\ireofthe go gate of the node named elseNode.

Figure 3.14: The Condition Node Circuit

3.7 A Module for Generating Expression Circuits

This module \\ill uansfonn all expressions that are associated \\ith assert nodes,

assignment nodes, and condition nodes into their cOfTCSpOnding circuits. When

generating the circuits of these nodes. the expressions \\ill be transformed into their

circuit representations as a pan of these node circuits. In the SMALL language, there arc

se~n kinds of expressions: identifier expressions, constant expc-essions, unary

expressions, binary expressions, subscript expressions, subarray expressions and arn.y

building expressions. Each expression is transformed into a circuit \\ith the vaJue outputs

for the value of the expression and an overflow output that indicates whether overflow



occurred in the calculation of lhe value output. \Vhm adding or subuacting two's

complement numbers and if the result is too large or too small 10 be represented in the

specified range. we say that "overflow" occurs. The function named genupGrcuiu is

defined 10 implement the transformation. Its input parameter is the expression containing

the type and the location and othel" information. Its outputs are wires reprnenting the

\-alue outputs and the overflow output. For each kind of expression. the follo"';ng gi\'es

its circuit representation.

The constant expression. true. is implemented by a true wire as the output value and

a false wire as the overflow output. The constant e.xpresskln. fa lse. is implemented by

a false "'ire as the output value and a false "'ire as the overflow output.

An identifier expression is a siring referring to a signal or a register in the requirements

table. The output value of the identifier expression referring [0 a boot type signal or

register is the output named J Of' of its signal or register circuit. The false wire is used to

express the fact that no overflow occurs in generating the identifier expression circuit. In

the case of the identifier refening 10 an amty type signal or register. the output values

will be a list of the outputs of every element in the array. The overflow output will be

false wire.

A unary expression consists of an expression aI'Id an operator that is one of not. -.

and overflow. The not expression is implemented by an. inverter as sho"'n in Figure

3.15(a). 1bc overflow expression will be true if there is overflow in the evaluation of

its operands. The overflow output is the disjunction of all overflow outputs of the
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