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ABSTRACT 

With the advent of LSI and VLSI technology, the demand and 

affordabi1ity of custom tailored design has increased considerably. 

A short turnaround time is desirable along with more credible testing 

techniques. For a low-production device it is necessary to reduce the 

time and money spent in the design process. Traditional hardware 

design automation techniques rely on extensive engineer interaction. 

A detailed description of the circuit to be manufactured must be 

entered manually. It is often necessary to prepare a separate descrip

tion for each phase of the design process. In order to be successful, 

a modern design automation system must be capable of supporting all 

phases of design activities from a single circuit description. It 

must also provide an adequate level of abstraction so that the circuit 

may be described conveniently and concisely. Such abstraction is pro

vided by computer hardware description languages (CHDL) . 

In this research, an automation system based on AHPL (A Hardware 

Programming Language) has been developed. The project may be divided 

into three distinct phases: (1) Upgrading of AHPL to make it more 

universally applicable; (2) Implementation of a compiler for the lan

guage; and (3) Illustration of how the compiler may be used to support 

several phases of design activities. 

Several new features have been added to AHPL. These include: 

application-dependent parameters, multiple clocks, asynchronous resets, 
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functional registers and primitive functions. The new language, called 

Universal AHPL, has been defined rigorously. 

The compiler design is modular. The parsing is done by an 

automatic parser generated from the SLR(l) BNF grammar of the language. 

The compiler produces two data bases from the AHPL description of a cir

cuit. The first one is a tabular representation of the circuit, and 

the second one is a detailed interconnection linked list. The two 

data bases provide a means to interface the compiler to application-

dependent CAD systems. 

In the end, a discussion on how the AHPL compiler can be inter

faced to other CAD systems is given, followed by examples from current 

applications and from ongoing research projects. These applications 

illustrate the usefulness of a CHDL-based approach to the design of 

digital hardware automation systems. 



CHAPTER 1 

INTRODUCTION 

1.1. Object ives 

Recent developments In integrated circuit technology have 

made it possible to manufacture complex digital systems at a low 

per-system cost. Full potential of this technological capability, 

however, can be utilized only if associated hardware design automation 

systems (HDAS) can be upgraded to the same level of low cost produc

tivity. This is especially true of special-purpose low-production 

digital systems. 

Computer Aided Design (CAD) systems for digital design commonly 

available today were developed several years ago. At that time design 

languages had not matured enough to support complex design problems. 

These CAD systems, therefore, are not based on design languages and 

require the design engineer to provide a very detailed description of 

his circuit. These systems do not provide much help to the designer 

in organizing his design and do not aid his thinking process. Because 

the descriptions are lengthy and tedious, they are prone to errors and 

debugging is difficult, all of which translates into high design cost 

and low productivity. 

Design of a digital system usually involves the following 

processes: 

1  
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1. Specification of the system structure and functional 

behav i or. 

2. Testing of the functional behavior of the system. 

3- Generation of the detailed circuit. 

4. Testing the circuit for timing and loading problems. 

5. Final fabrication. 

CAD systems are available to aid the designer at all levels of 

design activities. However, CAD systems at different levels were 

developed individually and each has its own front end. Thus, several 

descriptions of the same circuit must be written to make use of these 

systems. Loss of time and effort is obvious; a more serious prob

lem is that one is never sure if the descriptions at different levels 

represent the same circuit. In other words, there is no guarantee 

that the circuit being manufactured is the same as the one which was 

tested. 

A large digital system may use several components. These com

ponents are tested individually, but yet another CAD system is needed 

to test the whole system. Models of individual components must be 

prepared again and their interconnection specified. This, again, 

translates into loss of time and possibility of error. 

From the above discussion, it is evident that a unified approach 

to the design problem must be taken. A complete automation system is 

needed in which the circuit to be designed needs to be described only 

once and at an appropriate level of abstraction. Such abstraction is 
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provided by the design languages. It may be true to say that if the 

realization of special purpose low-production digital system is to be 

feasible, it will be through the use of design languages. The purpose 

of this research was to develop one such HDAS. The design automation 

system discussed in the following pages has these desirable features: 

1. It allows the design engineer to describe his circuit at an 

adequate level of abstraction. 

2. It supports simulation of the functional behavior of the 

ci rcui t. 

3- It supports various technologies. 

k. It generates implementable object description. 

5. It may be interfaced easily to other available CAD systems in 

order to support all phases of design activities. 

The first step towards the design of such a system is to select 

a proper design language; to enhance it if necessary; and, finally, to 

implement it in such a way that it can support several applications. 

This is the methodology followed in this research. The implementation 

is modular, in order to make the system easy to write, easy to maintain, 

and adaptable to future expansion. 

1.1.1. Selection of a Proper Language 

A design-language-based HDAS requires the user to describe his 

circuit using the design language. The system processes this descrip

tion and generates the desired output. Thus, a proper choice of lan

guage is essential for a good automation system. 



Design languages may be classified on the basis of their ab

straction. There are four major levels of abstraction: 

a. System level . 

b. Register transfer level. 

c. Gate and component level. 

d. Detailed wiring level. 

System level is the most abstract level , while the wiring level is 

the most detailed. The less abstract the level is, the more control 

the designer has over the final output. As the designer gains more 

control, he is expected to provide more information and the description 

becomes more tedious. 

A digital design engineer is usually not interested in details 

beyond gate and component level. However, gate-level description itself 

can become very tedious for modern LSI and VLSI devices or any large 

digital system. This has severely hampered the productivity of de

signers. 

With a very high level of abstraction, e.g., the system level, 

the design engineer loses most of his control over the final output. 

He is unable to include architectural details in his description which 

are necessary for an efficient circuit design. 

The register transfer level provides the necessary user control 

but not at the expense of his productivity. Designers of large digital 

systems visualize their systems as being composed of elements grouped 

together as registers or memory where the information can be stored and 
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and interconnecting circuitry to process this information. Therefore, the 

most suitable level for the purpose of describing these systems is the 

register transfer level. This explains why most computer hardware 

description languages (CHDL) use this level of abstraction [1-5]. 

A HDAS based on a Register Transfer Language (RTL) may use a 

fixed design rule to generate the final output from the circuit descrip

tion. However, a design engineer would like to have some control over 

the design rule—some means to make technology-dependent decisions or 

to select components of his choice—some way to enter his judgment in 

the automatic design process. This problem and some solutions will be 

discussed in more detail in the following pages. For now it suffices 

to say that a register transfer language with ability to include some 

lower-level details is a good starting point. 

AHPL [6] is one of the more widely circulated and completely 

documented of the existing hardware description languages [24]. It has 

been thoroughly tested for consistency and unambiguity. It has good 

software support. Furthermore, a native language always seems to be 

easier and more attractive. For these reasons, the automation system 

proposed here uses AHPL as the main user interface. This is not to say 

that a similar system for another language cannot be developed. The 

approach taken here is modular and the basic design principles can 

easily be used for systems based on other design languages. 

1.1.2. The Generalized Language 

AHPL of reference [6], called AHPL II, is a medium for clock 

mode description based on the assumption that most digital systems can be 
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partitioned into a control section and a data section. The two major 

parts of an AHPL description of a sequential module are the declarations 

and the control sequence. In the declaration section, various buses, 

registers, inputs, outputs and combinational logic units are declared. 

The control sequence is a list of numbered statements, each consisting 

of an action followed by a branch. All register transfer and bus 

connections are specified in the action part. The branch part speci

fies which set of actions are to be performed next. The branch may 

be conditional on the value of any line or register. 

AHPL II is a good design language, but it does not give the 

designer enough control over the design rule. It assumes single-clock 

synchronous circuit, allows only falling-edge-triggered D flipflops as 

storage elements, and AND/OR type of buses. Such restrictions are 

difficult to follow in a real-world situation. Design practices vary 

from one group to another, and some flexibility is essential to 

allow for variations. A design automation system may also be 

used by test engineers. They are required to test devices developed 

by a number of design groups, so for them the flexibility is absolutely 

necessary. Reference [7] discusses an extension and formalization of 

AHPL II to AHPL III. This language provides for three types of struc

tures: procedural structure, combinational logic unit, and functional 

registers. Furthermore, a procedural structure may either be a primi

tive or a non-primitive procedural structure. The primitive structure 

is called a module. The non-primitive structure provides a means to 
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express repetitive connections among modules of a system. AHPL III 

also permits the specification of types of a memory element using 

parameters. Driving clocks may also be specified. 

For the purpose of this research, a superset of AHPL II has 

been developed. This language is called Universal AHPL. It incor

porates all the features of AHPL ill except for the facility to inter

connect modules using non-primitive procedural structures. Several 

additional features have been added; these include: asynchronous data 

transfer, global branches (resets), and multiple clocks. Use of 

parameters is allowed for non-memory elements also. 

The primary description segment in the Universal AHPL is the 

Module. To further organize the design, two additional description 

segments, the combinational logic unit (CLU) and the functional register <r 

(FNREG) may be invoked within a module. A CLU consists only of combi

natorial logic while a FNREG includes memory elements as well as logic 

but no sequential control. As an example, an arithmetic-logic-unit 

(ALU) might be represented as a functional register, or as a CLU and a 

declared memory register. The Universal AHPL also allows system-

defined primitive functions. These functions may be invoked like a 

CLU. New primitive functions may be added at any time without making 

any change in the language syntax. Chapter 3 gives a complete descrip

tion of the language. 

1.1.3. User-Specified Sublanguages 

Features discussed above were added to AHPL II on the basis of 

a careful study of a variety of design environments. Not every feature 
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of Universal AHPL will be of interest in every application. The users 

manual of a particular application will always define a subset lan

guage. It is possible to start from a small subset and include addi

tional features as their need arises. 

Figure 1.1 shows some of the possible subset languages. 

Obviously, more languages will evolve as new applications are discovered. 

AHPL 11 

BIPOLAR DESIGN LANGUAGE 

MOS DESIGN LANGUAGE 

MODELING LANGUAGE FOR TESTING 

UNIVERSAL AHPL 

Figure 1.1. Subset languages. 

1.1.4. Application-Dependent Output 

The output of a hardware compiler is not a set of executable 

instructions but a "suitable" output to drive some form of or some 

part of a circuit implementation process. This suitable output may 

be in totally different and seemingly unrelated forms, depending on 

the need of different users. For instance, one user may need the 



output to be in terms of simple logic elements—And, Or, Inverter and 

flipflops—while another may want the system to generate a sequence 

of commands for a numeric controller for wire-wrapping or drafting. 

To elaborate the point, some of the applications and the required 

outputs are listed below. 

Applicat ion 

Function-level simulator 

Logic network generation 

OEM 

Wire wrap prototypes 

LSI and VLSI 

Gate-level simulator 

Automatic test sequence genera
tion (using network equations) 

Automatic test sequence 
generation (using D-Algorithm) 

VLSI using SLA 

Documentat ion 

Required Output 

Time behavior of the circuit 

And, Or, Inverter and 
f1i pf1 ops 

SSI, MSI and LSI parts and 
their interconnections 

Commands to numeric 
controller 

Mask generation 

Gate-level time behavior 

Destination equations 

Gates, flipflops and inter-

connectors 

SLA Layout 

None 

These seemingly unrelated outputs have one thing in common--they can 

all be derived from the same source program. Thus a successful general 

purpose design automation system must be able to support a variety of 

outputs with a minimal software development cost. 

1.2. Approach 

Design of a software-language processor involves implementation 

of an algorithm to convert a source code at a higher level of 
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abstraction into an object code at a more detailed level. The language 

processor takes care of all the idiosyncracies of the target machine 

so that the language can be designed independently of the machine on 

which it is to be implemented. Similarly, the processor of a hardware 

language can convert an abstraction into a suitable output. 

A language itself does not define the transformation from 

source code into final output — the object code. In fact, there could 

be a family of transforms with equivalent meaning. Each implementation 

defines one such transform. 

A hardware design language may be treated as a family of closely 

related languages, each one of which defines a transform from source 

code into a particular suitable output. These languages, although 

syntactically similar, generate totally different object code. However, 

a much better approach would be to treat the language as a single lan

guage and the different outputs as target machine object codes which 

depend on the user's need. Following this approach, a hierarchial 

implementation of the language is possible. The compilation process 

can be divided into several stages. At each stage the user will be 

able to communicate with the system using application-dependent 

parameters. 

1.2.1. The Multistage Compiler 

In order to support a variety of applications with minimal 

duplication of software development, it is important to identify and 

separate the common aspects of the compilation process from those which 
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are application-dependent. To this end, the compiler has been parti

tioned into three stages, as shown in Figure 1.2. Several intermediate 

representations (outputs of intermediate stages) are possible. Most 

useful are the ones which minimize the programming effort and are easily 

understandable. Also, these intermediate outputs must have the same 

information as the original source code. That is, it should be possible 

to design a de-compiler to get back an equivalent to the original source 

code. 

Source codes are considered to be equivalent if the input/output 

behavior of the machine they produce is identical. Thus the state

ment: 

A[0:51 »B[7 :9]"*"C[0:5] ,D[3 :5] . 

is equivalent to the statement: 

A[0:5]«-C[0:5];B[7:9H)[3:5]. 

Stage 1 of the compiler decomposes the source text into a quad

ruple table and other tables to keep track of variables and to help in 

determining referencing environment. Quadruples generated by the first 

stage are not like those generated by the compilers of software lan

guages. These quadruples are just a tabular representation of the 

original AHPL text. 

The implementation of Stage 1 takes full advantage of available 

software. This includes a parser generator program [15]. The BNF 

[19] description is written in SLR(1) grammar [13] • This grammar is 

fed into the parser generator program to generate the parser tables. 

An executive routine calls appropriate routines for semantic actions. 



Funct i on 
I eueI 
s imuI ator 

itg 3b Stg 2 

ULSI 
Iayout 
data 

connect 1ons 

between 

MSI parts 

Descr ipt ion 
in a subset 

of univer

sal ftHPL 

ExecutabIe 

tabIes network 
descr iption 

Network 

for fault 

test seq. 

s imulat ion 

Figure 1.2, Three-stage hardware compiler. 
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Output of the first stage may be used as the data base of a 

function-level simulator. The second stage will assign control states 

and translate the description to a transfer connection list for each 

distinctively controlled data register or bus. The list will be stored 

as an Abstract Element Linked List. Again, the linked list will contain 

all the useful information in the original source code. 

The first two stages will more or less be the same for all 

applications while the last step will be dependent on the application. 

The third stage will generate the output appropriate to a particular 

application. It may be a wire list interconnecting MSI parts. It may 

be an abstract interconnection list suitable for test sequence generation, 

or it may be a complete design and layout for VLSI implementation [24]. 

Clearly, the requirements of a wide range of separate applica

tions including those mentioned earlier cannot be accomplished by a 

single Stage 3- Instead, a separate Stage 3 is written for each appli

cation, as illustrated in Figure 1.2. New versions of Stage 3 may be 

prepared at any time a need for significantly different output becomes 

apparent. 

The advantage of the proposed scheme is obvious. Since the 

more complex task of syntax recognition and decomposition of the source 

code into internal form is taken care of by Stages 1 and 2, it will be 

easier to write a custom-tailored Stage 3- Also, Stages 1 and 2 are 

free from application details, so they can be made modular and easily 

modi fiable. 



1.2.2. User Parameters 

A hardware design language Is a reflection of design philosophy 

of its author. AHPL II attempts to organize the design along a well-

tested path which is free of hazards. It achieves the objective by 

restricting the designer's choice of register types, bus types, and 

clocking options. However, to make the language more universal, some 

flexibility must be provided. Making the language more flexible in

creases the possibility of ambiguity and may lead to incorrect hardware 

generation. For instance, allowing asynchronous transfer in a clock 

mode circuit may cause it to malfunction. However, a careful designer 

may use such a feature to his advantage. Furthermore, the language may 

also be used by test engineers, who must test what already exists. 

Additional flexibility has been provided for those users who need it, 

but those who wish to conform to the original AHPL philosophy need 

not worry about the added features. This flexibility is provided 

by means of user parameters which isolate the language from those 

application-dependent features which are not common to all appli

cations. PMS and ISP [22, 23] also allow the use of parameters. 

However, the usage there is much more general and these parameters 

specify details which are inherent in AHPL syntax. AHPL hardward 

parameters are only for circuit details. The user parameter may 

be specified in two ways. First, a set of parameters enclosed by 

curly brackets "{}" may be included with each declared set of memory 

elements, bus, or functional register. This information is passed to 

Stage 3 after some initial processing. These parameters may, for 
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example, distinguish between a tristate and a wired-and bus or specify 

a particular flipflop realization. In addition, user input may be 

requested by any Stage 3 compiler or function level simulator. Layout 

guidance might be one example of information provided to Step 3, and 

this might even be supplied on an interactive basis. 

User parameters supplied at subsequent stages serve to isolate 

the language from application-specific details. These parameters, if 

included in the main language, would make it bulky, incomprehensible, 

and expensive. 

The mechanism of user parameters will help in interfacing the 

AHPL compiler to already-existing CAD systems at the place of applica

tion. 

The method of passing parameters, as discussed above, greatly 

reduces the need for other application-specific features. New parameters 

may be defined and common parameters used in different ways by various 

application CAD systems. In some applications there may be no need 

for user parameters. The mechanism is powerful, and to some extent, 

makes it unnecessary to anticipate in advance all features of the 

various applications CAD systems which will be interfaced to the AHPL 

compiler. 

The modularized approach has simplified the design of all three 

stages. It reduces the effort to adapt AHPL to a particular application. 

It relieves the designer of a particular Stage 3 of processing the lan

guage itself and allows him to begin with a much easier-to-manage set 

of tables. 



CHAPTER 2 

ON EXTENDING AHPL 

2.1. Rev i ew of AHPL I I 

Of the hardware description languages currently in use, most 

may be classified as register transfer languages [1-5]. A register 

transfer language is characterized by the fact that timing is restricted 

to discrete clock periods. 

Register transfer languages may be divided into three sublevels. 

On one hand, descriptions in languages such as ISP [2] do not specify 

details of hardware implementation of either the data structure or the 

control unit. At the other extreme, RTS III [5] specifies both control 

and data hardware. In between lies AHPL, which supports detailed 

specification of data-handling hardware but permits an implied realiza

tion of the control unit. 

Most register transfer languages describe a machine in terms of 

storage elements (registers), data paths between these registers, and a 

set of rules which control the flow of data through this path. Figure 

2.1 describes a simple system. If the control switch is in position A 

then the x register is loaded with signal on Inline, else the y register 

gets the contents of thex register. Such a system may be described at 

the register transfer level as: 

16 



If (CNTRL EQ. A) THEN X 

ELSE Y 
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«- INLINE 
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Figure 2.1. A simple system. 

One possible hardware realization of the system is shown in Figure 2.2. 
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Figure 2.2. A hardware realization of the system. 
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2.1.1. Basic Operations 

AHPL resembles APL [ 16] . It operates on vectors and matrices 

and, like APL, has a very straightforward "go to" type of control 

structure. Basic AHPL operators are shown in Table 2.1. Some of the 

commonly used operations are shown in Table 2.2. 

A very complex expression can be written by combining these 

basic operations: 

((A,B) ! (C , D)) " (A/E , A/EMF! INC(G) ,Z)*(V/H[1 :8] ,V/H[1 :8]) 

The AHPL program has a one-to-one hardware correspondence. That is, 

each statement or step can unambiguously be translated into hardware. 

AHPL statements are executed sequentially. The sequence may 

be altered by a branch statement or subprogram invocation. 

2.1.2. The Design Philosophy 

AHPL provides a different and efficient approach to the repre

sentation of sequential circuits. Firstly, it concentrates on clock-

mode circuits only. Then it divides the network into a control part 

and a data part, as shown in Figure 2.3. The control section issues 

signals on a set of control lines, causing register transfers to take 

place in the data section. Sequencing of control may be influenced by 

branching information fed back from the data section. The data unit 

is composed of registers, flipflops, buses, and other elements declared 

in the declaration section. The control sequencer is automatica11y 

built from the timing and branching information given in the sequence 

part of the module description 



Table 2.1. AHPL operators 

Operator Description 

A And 

V Or 

® Eor 

A/ All bits And 

V/ All bits Or 

T Encode 

BAR Complement 

*• Transfer 

= Connection 

-> Branch 

A Simple register or memory 

A,B Column catenation 

A!B Row catenation 

A [J] Jth bit (column) of A 

A[M:N] Bits M thru N of A 

A<J> Jth row of A 

A<M:N> Rows M thru N of A 



Table 2.2. Basic AHPL operations 

Transfer and Connection 

A f B 

X,Y A,B 

X •*- (A! B) * (f , f) 

X[ 0:7]Y [8 : 1 5] 

Z = A 

Program Control 

+  1 0  

- (f,f)/(10,20) 

-  ( 1 0 , 1 5 , 2 0 )  

Subprogram Invocation 

Register A is loaded with the 
contents of register B 

Multiple source and destination 
reg i sters 

Conditional transfer of data 

Transfer with bit selection 

Bus connection 

Unconditional branch 

Conditional branch 

Multiple branch/diverge for 
parallel execution 

X + INC (x) New value of X is the result of 
performing the "INC" operation 
on X 
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DATA OUTPUT DATA INPUT 

BRANCHING 
INFORMATION CONTROL 

SIGNALS 

CONTROL 
INPUTS 

CONTROL 
OUTPUTS 

CONTROL 
SEQUENCE 
CIRCUIT 

DATA REGISTERS 

AND LOGIC 

Figure 2.3. Data/control partition. 

2.1.3- Modularity and Task Subdivision 

A large task such as the CPU of a Parallel Processor, or a 

microprocessor-based system using several DMAs, I/O controllers and 

other independent subsystems can be subdivided into smaller tasks by 

taking advantage of the facility of intermodule communication. Com

munication between different modules is established by means of input/ 

output lines and buses. This helps to define sophisticated synchronous 

and asynchronous handshake protocols among modules of a system. 

AHPL also provides a way to describe combinational logic units 

such as adders, incrementers, decoders, etc. These units can be de

signed separately from the module which is going to use it. A module 

can invoke a CLunit in a simple transfer or connection statement. The 

approach is similar to FORTRAN functions, with the necessary restric

tions for hardware realization. An example of the Combinational logic 

unit description may be found in Chapter k. 
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Modules are the highest form of intelligence, and so are en

titled to self-rule and some privacy. They can communicate with each 

other only through proper 1/0 channels. Regardless of its intelligence 

or authority, one module cannot look into the internal registers or 

buses of another module. This allows for proper partitioning and easy 

diagnosis in case of failure. 

AHPL is a powerful design tool. Systems ranging from simple 

combinational logic to highly structured super computers and parallel 

processors can be described in AHPL with little effort. The language 

forces the designer to design wel1-organized systems. It employs a 

rigid and safe design rule. For this reason, circuits generated by 

AHPL are, to a great extent, free from timing problems. However, this 

rigidness i s rather unpractical and 1 imi ts the scope of appl ication of AHPL. 

2.2. Some Limitations and Apparent 
Limitations of AHPL II 

The rigidity of AHPL II is both its source of strength and weak

ness. On one hand, it helps the compiler, to generate efficient, fast 

and safe hardware. But on the other hand, it cannot accommodate varia

tions in design practices. Shortcomings of AHPL can be grouped into 

four major categories: 

1. It is not open-ended. 

2. Implementation details cannot be specified. Only hardware 

translation to bipolar logic family has been demonstrated [25]-

3- It lacks flexibility offered by most software languages. 
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k. It follows a very strict design rule. 

Ways to overcome these limitations are discussed below. 

2.2.1. Open-Ended Language 

One desirable feature of a general-purpose hardware description 

language would be to support descriptions at several levels. Such a 

language may start from a very rudimentary level where basic symbols 

of the language are defined. These symbols may be basic operators and 

data types. More abstract constructs may be defined using this 'base 

level1 language. As need for more refined abstraction arises, higher-

level languages may be defined in terms of previously defined lower-

level languates. Thus a tree-like structure would emerge, as depicted 

i n 

-SYSTEM LEVEL 

RTL 2 -
-RTL 1 

LOGIC LEVEL LANGUAGE 2 - -LOGIC LEVEL LANGUAGE 1 

- BASE LANGUAGE 

Figure 2.5. Hierarchy of description languages. 

Such a language will have the following advantages: 

1. Universal communication at all levels of design automation. 

2. Richness of constructs. 



3. Logical and well-defined relationship between several levels 

of abstraction. 

k. Analysis at different lower levels from the same source program. 

( 

This is the approach of the 1 anguage CONLAN which has been under development 

for the past 6 years [8]. Thi s i ssue wi 11 not be addressed by the Universal AHPL. 

2.2.2. AHPL's Association with a Logic Family 

When AHPL was in its development phase, bipolar logic was the 

most commonly available logic. AHPL subconsciously adopted notions 

which were most useful for clocked bipolar logic. This is not to say 

that AHPL is not useful for other logic families. The language itself 

is more or less technology-independent, but the relationship between 

its constructs and final hardware were based on bipolar logic. This 

relationship must be reexamined. AHPL language constructs must be ex

pressed in terms which are independent of technology. Means to specify 

implementation details not given by the language constructs must be 

provided. Implementation details for a bipolar circuit would be quite 

different from that of a MOS VLSI. 

2.2.3- Formal Language Considerations 

This topic needs a very detailed and careful analysis. Such 

an analysis is beyond the scope of this research. However, several 

aspects of the language from the software point of view will be dis

cussed very briefly. 

AHPL is based on APL. APL itself is a very unusual language. 

It is praised for its brevity and blamed for its obscurity. Celebrated 



one-liners usually need a two-page explanation. Like API, AHPL too 

is a very expressive language with its powerful vector-oriented con

structs. However, unlike APL, AHPL programs are self-documenting and 

very clear. AHPL imposes restrictions which would seem to be arbitrary. 

It allows constructs which may seem to be redundant. Its typing, its 

scope rule, and its procedure mechanism are all unique and can bewilder 

any software designer. AHPL is a hardware programming language, and 

it gives up software genera 1ities in order to generate efficient and 

reliable hardware. The software structure of AHPL will be analyzed 

in eleven areas. Improvements will be suggested wherever necessary. 

AHPL Procedure Mechanism. AHPL is very different from software 

programming languages in its treatment of procedures. It classifies 

procedures according to their intelligence, a module being more intel

ligent than a CLU. All modules are autonomous and they cannot be 

invoked. A CLU is meaningful only when invoked by a module, either 

directly or indirectly through another CLU. Parameters are passed by 

name. The syntax of module description is different from that of a 

CLU description. Similarly, the semantics of the two types of proce

dure are not the same. The AHPL procedure mechanism may not appeal 

to a software designer, but one should remember that AHPL is a hardware 

language. The AHPL program partitions a large system into independent 

autonomous modules. These modules can communicate only through proper 

channels. Their operation must be explicitly synchronized. If module 

invocation were tc be allowed, the semantics of the language would have 



to be changed significantly. The scope rule would have to be modified; 

a step would no longer be executable in a single clock period; implicit 

synchronization of modules would be necessary. Such a change will not 

be useful. The present scheme of intermodule communication is a 

powerful one. Different sections of a module can be activated or 

deactivated using 1/0 lines. All modules are simultaneously active 

like parallel processes. Such parallelism is hard to find in ordinary 

programming languages. 

CLUs perform logical operations only. They have no storage 

elements and no sequential control. Assuming gate delays to be much 

smaller than the clock period, any number of CLUs can be executed during 

a single clock period. Thus invocation of aCLU does not cause any timing 

problem in a wel 1-designed system. This explains why a CLU can lie 

invoked while a module cannot be invoked. The prime reason for allowing 

CLU is to facilitate the description of large iterative combinational 

logic blocks, such as Adders and Multiplexers. The syntax of CLU is 

very helpful in describing such a block. 

A device which has storage elements and logic gates but no 

sequential control can also be executed in a single clock period. Thus 

it can be invoked by a module without causing any timing problems. 

Universal AHPL introduces the device as FUNCTIONAL REGISTER. This con

cept will enable the AHPL user to develop even more structured and 

organized design. 

Explicit Naming of Modules. Like most programming languages, 

AHPL requires that all modules be named and defined explicitly. It 
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does not have the facility to generate copies of similar modules 

implicitly from a single description. . Such a facility would help in 

defining large parallel processors and other such systems in an elegant 

and concise manner. Research in this direction is in progress [7]. 

Future implementations of AHPL may incorporate this facility. 

AHPL Scope Rule. AHPL uses static scope rule [9]- The refer

encing environment is determined by the type of the variable. Thus 

Memory, Buses and CLU are local; Inputs and Outputs are semi local; and 

Exinput and Exbuses are global [10]. Though seemingly artificial, the 

scope rule helps AHPL to achieve proper hardware partitioning and to 

establish well-defined communication protocols among modules of a 

system. Many languages are block-structured. A subprogram in an 

fnner block may refer to data elements in the outer block. If AHPL 

allowed this, it would be possible for a module to look into internal 

registers of an enclosing module and to alter its contents. Such a 

module may be useful for testing purposes. However, the same result 

can easily be achieved by adding extra I/O lines. The change in scope 

rule would mean extensive semantic changes in the language. In particu

lar, modules would no longer be autonomous. For this reason, the 

universal AHPL will not attempt to change the scope rule. 

Data State Types. AHPL supports binary and integer data types 

(values). Integers are used for indexing, dimensioning, and to specify 

control state numbers. Actual circuit elements can only take a binary 

value. Naturally, within a module a data element will always be either 



9 or 1. Tristate buses must be allowed in the circuit realization, but 

the high impedence value is not represented in AHPL. 

Hardware Data Type. Most software languages use typing to 

restrict the choice of values of a variable. Such typing often leads 

to more efficient implementation in terms of memory management and 

access time. More advanced languages, like PASCAL [11] even allow 

user-defined types. The AHPL data type, however, is based on hardware. 

Thus an element may be a storage element or memory, a bus, an input 

line and so on. Regardless of its type, an element can take only 

binary values. AHPL uses type for two purposes: one, to define the 

proper referencing environment and two, to check certain kinds of errors, 

For instance, an element declared as input must not occur on LHS of a 

replacement statement. Thus, hardware type is a useful concept but it 

should not be confused with general software usage of the word. 

Control Structure. AHPL allows only 'go to1 type of control 

statements in a module description. 

+(n,, n2 . . . nj 

+(a,, a2 . . . an)/(n1, n2 . . . nn) 

The first statement is an unconditional branch statement like Go To 

(n^, n2 . . • nm). The second one is conditional branch like if 

go to n^; if a^ then go to ̂  . . . . if an then go to nn- The 

familiar If-Then-Else or For or Do Loop type of control is not 

available. The reason for this is AHPL's insistence that a module 

description must be translatable into hardware on a one-to-one basis. 



An elaborate control structure would necessarily need implicit hard

ware. For instance a FOR type of control statement would imply a 

counter, but not indicate how to connect one. CLU description, however, 

allows a more sophisticated control structure. The reason is that CLU 

control variables are only used for loop counting and indexing by the 

Compiler. They are not translated directly into hardware. Old AHPL 

allowed APL-type control statements. But Algol-type control statements 

seem to be more clear. Universal AHPL, therefore, allows IF-then-Else 

and FOR constructs in a CLU description. 

Array Dimension and Indexing. AHPL arrays cannot be more than 

two-dimensional. To allow for more than two dimensions, major changes 

in AHPL semantics would be necessary. Universai AHPL generalizes the 

meaning of some of the AHPL operators so that multidimensional arrays 

may be added later. Available memory modules are usually organized as 

a one- or two-dimensional array. Therefore, at present, there is no 

need to include higher-dimensional constructs. 

AHPL allows only 0-origin indexing, with bit 9 being the most 

significant bit. Although 0-origin indexing is a common hardware 

practice, opinions on bit 9 being the MSB differ. The reason for this 

difference is centuries old, when the Arabic numerals were grafted into 

English language without making proper modifications. Arabic is written 

right to left so that the digits are weighed accordingly, with left

most digit being the most significant one. This convention has been 

retained for English numbers also, although the language itself is 
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written left to right. Following the number convention, the left

most bit of a register is called the most significant bit. In numbering 

bits of a register, AHPL follows the left-to-right writing convention; 

thus 9 became the most significant bit. On the other hand, some design

ers followed the convention (right-to-left) for writing numbers, and 

for them bit 0 is the least significant bit. Preference of one conven

tion over another is simply a matter of personal taste. It may seem 

that allowing both conventions would be better. However, a careful 

analysis would reveal that such intermixing of conventions may lead to 

ambiguities. Similarly, nonzero-origin indexing would also cause 

ambiguities. In hardware, register bits and memory locations, always 

start from 9; so the indexing convention of AHPL needs no modification. 

Limited Set of Operators. AHPL allows only vector and boolean 

operators. For indexing, dimensioning and CLU loop control, arithmetic 

operators are very desirable. Universal AHPL permits the use of arith

metic operators for these purposes. 

Multiple Meaning of Some Operators. Square and angular brackets 

are used for dimensioning as well as indexing. A [15] in the declara

tion section defines variable A to be a 15~b11 vector. In other parts 

of the program, the same statement would mean 16th bit (0-origin 

indexing) of A. This does not cause any confusion because the declara

tion section is distinctively apart from the rest of the description. 

Another operator which has two meanings is the conditional operator 

On the left-hand side of a transfer statement it controls the selection 
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of destination variables, whereas on the right-hand side it controls 

the source selection. Thus the expression 

(A!B)*(a,b) «- (C!D)*(c,d) 

is functionally the same as 

A «- (.C!D!/o,o,. .o/!A) " ( a A c , a A d , a A c A d , a )  ;  

B (C! D!/o ,o,. .0/! B)" • <  ( b A c , b A d  , b A C A d  , b )  .  

If both source control variables (c and d) are zero, then the source 

equation becomes zero, and zero may be loaded into the destination 

variables. However, if both destination control variables (a and b) 

become zero, the net effect is as if the statement was not executed. 

Left-hand-side asterisks controls enable input of destination vectors; 

so if LHS conditionals are zero, nothing is loaded into the destination 

vectors. It is felt that the dual use of will not cause any con

fusion to a design engineer. 

Arithmetic expressions in Universal AHPL may use five symbols: 

/, -. Four of these symbols are used in the language for other 

purposes, also. However, an arithmetic expression is permitted only 

for indexing, dimensioning and loop control. Boolean and vector opera

tors are not permitted for these purposes, hence no confusion arises. 

Multiple Operators for Similar Operation. Two types of replace

ment are allowed: transfer and connection. From the hardware point of 

view, it is necessary to differentiate between the two types of replace

ment statements. Destination of a transfer statement is a storage 
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element whereas that of a connection statement is a non-storage element. 

It is possible to use one generic operator for both types of statements. 

Proper interpretation can be made by looking at the type of the des

tination variable. However, use of a separate operator has the follow

ing advantages: 

1. It improves the readability. 

2. It emphasizes that the two types of replacement statements are 

d i fferent. 

3. It helps in error-checking. 

2.2.4. Hardware Flexibility 

AHPL forces the user to design his system using a very small 

subset of building blocks. Also, it assumes that all the registers of 

a module are driven by a single clock edge. The first restriction only 

causes some inconvenience or inefficiency whereas the second restriction 

makes it impossible to design and simulate MOS circuits. Universal AHPL 

removes both restrictions. It allows specification of clocking options 

and element types as parameters. Universal AHPL also allows asynchron

ous transfer and set and reset operations. 

2.3- Summary of Added Features 

Features necessary to make AHPL more universal have been dis

cussed in the previous section. AHPL with these features is defined 

as Universal AHPL. For a quick reference, a summary of the features 

which will be added is given below: 



1. Declaration statement may have parameters. These parameters 

may specify the name of the driving clock for a memory element. 

They also specify subtype of the variable; for instance, 

whether it is a D-flipflop or a latch, OR bus or a Tristate bus. 

In absence of parameters, default type is consistent with AHPL 

of reference [6]. 

2. Option of user-specified node number for declared variables. 

This will allow assignment of Pin numbers to Input Output 

lines and external buses. 

3. Underscore is accepted as a letter. This will improve 

program readability. For instance, PROGRAM__COUNTER is more 

readable than PROGRAMCOUNTER. 

b. The following replacement operators are permitted: 

<= clocked transfer 

<- unclocked transfer (D latches) 

<S- unclocked set invocation 

<R- unclocked reset invocation 

= logic or bus connection 

:=: bidirectional connection of busses 

5. Arithmetic expression allowed for indexing, dimensioning and 

loop control. 

6. If then Else and FOR constructs are the bases for the approach 

to CLU description. 

7. Functional registers are included. 
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8. Multiple clocks allowed, but only one clock will drive the 

control sequence. 

9. Always-active global asynchronous branches (reset) included. 

10. Variable dimension CLU and functional registers allowed. 

11. '?' allowed in bitstring to specify don't care. 

12. '??' allowed as argument to specify no connection. 

13. Multiple invocation of a CLU would imply multiple copy of the 

CLU whereas multiple invocation of a functional register would 

generate implied busing for a single copy. 

14. Parameters to specify implementation details are permitted. 

These parameters are passed directly to stage 3. 

15. Facility to include primitive functions. 



CHAPTER 3 

SPECIFICATION OF UNIVERSAL AHPL 

A language provides a means to convey ideas using phrases. 

The meaning of a phrase depends on its syntactic structure and on the 

meaning of its constituents [12]. The syntax of a context-free language 

[13] may be specified by a grammar having a finite set of rules. Gram

mar of a context-free language is a quadruple [12] G where: 

G = (V, T, P, S) 

V is the finite non-empty vocabulary 

TC\| is the terminal alphabet 

S e (V-T) is the axiom 

P is the finite non-empty set of grammar rule called produc-

tions. It has the form A-H3 forAe(V-T) and B £ V 

AHPL syntax has been rigorously defined in Backus-Naur form 

[19J. The first section of this chapter will deal with the meaning of 

the terminal alphabet of the AHPL grammar. The complete grammar will 

be presented in the second section. The meaning of productions of the 

grammar will be discussed in the third section. 

3.1. Terminal Symbols 

Terminal symbols are used as operators, delimiters, and data 

elements. Operators are used to perform scalar or vector operations on 

35 
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data elements. Delimiters are used to signal the end of a clause, 

phrase, sentence, or a paragraph, etc. The meaning of operators and 

delimiters will become clear on studying the syntax and semantics of 

the language. In this section meaning of data elements will be given. 

AHPL data elements may be classified into four major categor

ies: (1) Buses and Exbuses; (2) Memory Elements; (3) Input Output lines; 

(b) Submodules—function registers and combinational logic units. 

3.1.1. Buses and Exbuses 

a. Definition of a Bus element. 

i) A bus element has a list of (data bit, enable line) pairs 

as inputs. 

ii) It has one and only one output. 

iii) If only one enable line is 1 then the output will correspond 

to the data bit of the (data bit, enable line) pair. 

iv) If all enables are zero, the citput can only be inferred 

from hardware parameters (see below) which specify the type 

of the bus element. 

v) If more than one enable is 1, then the output can only be 

determined by using the hardware parameters (see below) in 

conjunction with corresponding data bits. 

b. Declared and Implicit Buses 

i) A declared bus is a named vector of bus bits. 

ii) A bus may be generated internally by the compiler; these 

are called Implicit buses. 



iii) Contents of declared buses may be explicitly manipulated 

by the user. Implicit buses, on the other hand, are not 

directly accessible. 

iv) A bus declaration yields a bus local to a module, whereas 

an EXBUS declaration yields a bus which interconnects 

modules and the outside world. 

v) The realization of a bus can be dictated by a hardware 

parameter which is passed directly to stage 3-

Treatment of Special Cases 

i) Pair (data=0, enable) is deleted from the Input pair list 

of an implicit bus, or a declared AND/OR type bus. The 

pair is passed to stage 3 for other type of buses, 

ii) Pair (data=l, enable) is replaced by enable on an implicit 

or AND/OR type bus. The pair is passed to stage 3 for 

other type of buses. 

iii) If only one pair remains in a bus bit, it is treated as 

normal for EXBUS. However, for internal buses it is re

placed by AND gate. 

iv) If no pair remains, the bus is replaced by logical 0. 

Memory Elements 

Definition of Memory Elements 

i) Two types of memory elements are allowed: (1) D-type syn

chronous flipflop; and (2) D-type asynchronous latches. 

Other types of memory elements may be included later by 

modification of the stage 2 compiler, or by defining them 
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in terms of D flipflops as functional registers. A J-K 

flipflop is easily expressed as a functional register, 

ii) A synchronous memory element has five inputs: 

a) Data 

b) Clock 

c) Enable 

d) Set 

e) Reset 

iii) An asynchronous memory element has four inputs: 

a) Data 

b) Enable 

c) Set 

d) Reset 9 

iv) A memory element has one and only one output. 

Declaration of Memory Elements 

i) A memory element must be explicitly declared. No implicit 

memory element is generated. Several memory elements may 

be grouped together and declared as a single vector or 

matr i x. 

ii) Memory elements are local to the module where they are 

declared. 

iii) A driving clock may be optionally specified in the memory 

declaration of the synchronous memory element. This clock 

will be connected to the clock input of all the elements 

of the declared vector (or matrix). In the absence of the 
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clock specification, the system clock will be the driving 

clock. 
/ 

iv) Realization of a memory element can be dictated by a para

meter which is passed directly to stage 3-

3.1.3- Input/Output Lines 

a. Definition 

i) Input lines are wires coming from other modules to the 

module in which they are declared as INPUTS. If the wires 

are coming from the outside world it is declared as EXINPUT. 

ii) A module must not use input lines as a destination of a 

transfer or connection statement. 

iii) Input lines may be used as arguments for CLU or FNREG 

invocation, but the user must make sure that such invocation 

would not change the state of these lines. 

iv) Output lines are wires going out of the module to other 

modules or to the outside world. 

v) The characteristics of output lines are similar to those 

of AND/OR buses. 

b. Declaration 

i) Input Output lines must explicitly be declared. Several 

lines may be grouped together and declared as a single 

vector. 

ii) The output of one module may be declared as input to 

several modules. 
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iii) The output of one module must not be declared as output of 

any other module. 

iv) Several modules in a system may refer to the same EX INPUT. 

An EXINPUT must not be declared as output of any module, 

v) Each input declaration of a module must correspond to an 

output declaration of another module. 

3.1.4. CLU and FNREG 

a. Definition 

i) CLU and FNREG are invocable submodules. They are not auto

nomous and are activated only when invoked by a module, 

either directly or indirectly. 

ii) CLU consist only of combinational logic whereas FNREG has 

memory elements also. Neither of the two can include a 

control sequence. 

iii) CLU and FNREG are completely executed at the point of invo

cation. CLU does not retain any information regarding the 

previous execut ion. The contents of a functional register, on 

the other hand, may change as a result of an invocation, 

iv) Each CLU invocation statement generates a new copy of the uni t. 

Copies with identical arguments may be merged together by 

an optimizer program. 

v) Only one FNREG is generated for each declaration. The 

compiler generates implied buses if the same FNREG is in

voked more than once. 



Declaration 

i) FNREG and CLU are local to the module in which they are 

declared. 

ii) A driving clock may be optionally specified for the func

tional register. In the absence of a clock specification 

the system clock will be the driving clock, 

iii) Declaration is a mapping between local name and generic 

name. Same generic submodules may be used by more than 

one module. However, a generic description is used only 

as a template to generate local submodules. 

iv) In the absence of a description for the generic submodule, 

a black box will be connected. 

3-2. Syntax 

AHPL syntax is given below. 



Gr ammar 

1.01 <S<> a* I- <5> -J 

2.01 <S> <AHPLPR0GRAM> . 

3.01 <AHPLPR0GRAM> :?* <AHPLPR0GRAM> . <DESCRIPTIQNS> 
3.02 <D£3CRIPTI0NS> 

4.01 <DESCRIPT'I0NS> :s = <M0DULEDESC> 
4.02 :3x <CLUOESC> 
4.03 <FNR£GDESC> 

5.01 <MQDULEDE5C> = <M0DHEAD> . <M0DDECLS> . <MQDSEQ> 

6.01 <CLUDESC> <CLUHEA0> . <CLU0ECLS> . BODY 
<CLUACTS> . END 

7.01 <FNREGDESO : = « <FNHEAD> . <M0DD£CLS> . BODY 
<RELATIQN> . END 

8.01 <M0DHEAD> s:= MODULE ? ID 

9.01 <M0DDECLS> <M0DDECLS> . <MDECL> 
9.02 <MDECL> 

10.01 <M0DS EQ> BODY SEQUENCE : <SLRM> . <PR0CPART> . 
ENDSEQUENCE <N0PR0C> . END 

11.01 <MDECL> 
11.02 
11.03 
11.04 
11.05 
11.06 

<TYPE1> " <ID_DIM_LIST> <REF1> 
<TYPE1> * <ID_DIM_LI5T> 
<TYPE2> : <ID.DIM_LIST> <REF2> 
<TYPE2> : <ID_DIM_LIST> 
PINS : <PIN_LIST> 
LABELS i <LABEI LIST> 

• 12.01 <TYPE1> 
12.02 
12.03 
12.04 
12.05 
12.06 
12.07 

BUSES 
:* EXBUSES 
:» EXINPUTS 
;« INPUTS 

MEMORY 
** OUTPUTS 
•i" PULSES 

13.01 <ID_DIM_LIST> <ID.DIM_LIST> i <ID„DIM> 
13.02 is* <ID_DIM> 



14.01 <RiEFl> :i» <. <PAR_IIST> .> 

15.01 <TYPE2> J:« CLUNITS 
15.02 5 • ® FNREGS 

16.01 <REF2> <J ID <R€F1> <DIMENSI0N> 
16.02 C ID <R€F1> 
16.03 *8® C ID <DIMENSI0N> 
16.OA :*> C ID 

17.01 <PIN_LIST> <PIN.LIST> } <PIN_NUM> 
17.02 s:» <PIN_NUM> 

18.01 <LABEL_LIST> 33® <LABEL.LIST> j <LABID> 
18 . 02 • • ® <LABID> 

19.01 <ID_DIM> :2® ID <DIM£N<SION> 
19.02 :s® ID 

20.01 <DIMENSION> 
20.02 
20.03 
20.04 

s® < <AE> > C <AE> 1 
:« C <AE> 3 < <AE> > 
s * < <AE> > 
3® C <AE> 1 

21.01 <AE> <EXPR> 

22.01 <EXPR> 
22.02 
22.03 

3® <EXPR> + <TERM> 
s® <EXPR> - <T€RM> 
s- <TERM> 

23.01 <TERM> s:* <TERM> * <FACTQR> 
23.02 3--® <TERM> / <FACTOR> 
23.03 : :* <FACTOR> 

24.01 <FACTOR> ss» <FACTOR> * <PRIMARY> 
24.02 :=® <?RrMARY> 

25.01 <PRIMARY> 
25.02 
25.03 
25.04 
25.05 

:» ( <EXPR> ) 
s® INTEGER 
3® ID 
s® - <PRIMARY> 
:® + <PRIMARY> 

26.01 <PAR_LIST> 3:® <PAR_LIST> J <PARAM> 
26.02 ::» <PARAM> 

27.01 <PARAM> s:» <AE> 

26.01 <LABID> :i» ID » <SIRM> 



29.01 <5LRM> ID <SU8S_RANGE> 
29.02 • ID 

30.01 <PIN_NUM> ID ( <NUMB_STRING> ) 

31.01 <NUMB_STRING> 
31.0? 
31.03 
31.04 
31.05 

5 * 

( <NUMB_STRING> ) 
<NUMB_STRING> > INTEGER 
<NUMB_STRING> , ? 
INTEGER 
? 

32.01 <PR0CPART> <PR0CPART> . INTEGER <ST£PS> 
32.02 INTEGER <STEPS> 

33.01 <N0PR0C> : = =» <STARTST:EP> J <RELATI0N> 
33.02 s:« <STARTSTEP> 

34.01 <STEPS> NODELAY <ACTION> 
34.02 ::» <ACTION> 
34.03 :NULL 
34.04 DEADEND 

35.01 <ACTION> 
35.02 
35.03 

« <RELATION> J <BRANCH> 
» <RELATION> 
» <BRANCH> 

36.01 <RELATIDN> = <R ELATION> J <RELATI0N1> 
36^02 <RELATIQN1> 

37.01 < 8RANCH> :s« »> <GLRM> I <NUMB_STRING> 
37.02 »> <NUMB_STRING> 

38.01 <R£LATI0N1> <INVOCATION> 
38.02 :s» <TRANS£ER> 
38.03 ;s« <CONN,ECTION> 

39.01 <INVOCATION> = ID ( <INVOK_LIST> ) * <BGLRM> 
39.02 ID ( <INVOK_LIST> ) <• 

40.01 <TRANSF ER> <SYNCTR> 
40.02 <ASYNCTR> 

41.01 <CONNECTIQN> <DLRM> * <GLRM> 
41.02 <DLRM> :«s <DLRM> 
41.03 <DLRM> :«s <CLHS> 

42.01 <INVQK_LIST> <INVOK_LIST> } <CGLRM> 
42.02 ••• <CGLRM> 



LA 
•d" 

A A 
A A z: z: 

A A A sz s: OC OC 
H JE z: OC ot —1 A 
z: OC. OC _J _i o e> A z: A 
oc _J o cd V V H OC z: 
•J cd o V V s: a: 
o V V 4 I or. o _j 
V 1 1 CO OC _i CD CD 

II K V V V V o V CQ 
—• V V V V 

A A A A A 
A A A A A z: to n z: o-« * to 
± H z: z: c/l QC X c£ a: A A A A X 
OC z: Q£ OC I —1 _j _» A ?—i z: z: A f-l —1 
—I OC -I -J _l a o O o ST s: 0£ OC H </) o 
u> •J cd a o - V V V V OC OC —I _J QC X V 
CQ cs OQ e<- V V _J CD CD _l 
V V V (" H n N H a a m on a o -— 

n n If »• •t •• V V V V V V 
II n n h i> W 
•• •• »» •• •• •• N n H It n n •• 

•• •• •• •» A 1' ff •• •• •• 
A Q£ •• •• •• r» •• •* 

A A OC H- A 
£ S f- O A A A H 
OC QC O Z z: z: CO to 
_I _1 z >- a: a: X X 
CD CD >• CO _i _i _J 
m C_> </> < o to o CJ 
V V V V V V V V 

H PH «\| H OJ 1—1 <\l CO *—i CJ iH CM f-l rvi i—4 
O o o o o o o O O o o o O O o o o 
• • • • • • • • • • • • • • » • • 
ro ro sr in m vO o -o r- r- oo co o a- o 
*«• vf >»• x»- NJ" <r -1" •i- <r vj- •J- <r >»- m 

A A A A A 
CJ CM ro in r-
XL z: z: z: z: 
OC ac OC oc OC 
-J _i —I _l ~l 
a CD CD o CD 
V V V V V A 

—. A A h-
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A 3C z: UJ H-
A A z: A A A A cc A A A OC A A A z: Z 
rH CJ OC A t-l C\J <VI ro -J -1- in _l o r- UJ UJ 
z: x: _J z: x: z: z: z: CD sz z; TC CD z: z: z: _J s: 
OC OC Q a: OC ac OC OC V OC OC OC V OC Cl£ OC UJ UJ 
_J _J V —i _l _i _J _J _J _l _J -J _1 V _i 
o o w CD CD CD CD CD CD CD CD CD CD UJ 
V V —' V V V V V + V V V to V V V < V 

h n n ti N H II N H II n n It N n M m n 
•f » •» • • »» •• ?? •• • • •• *• • • • • if »• •• if 
•• «• •• • • n It •• ?J •• •* • • •• 

*•  
«• • • • • •• 

A A A A A A A A A 
r—t CM rH CM ro <4- in •O r -̂
z: z: r r z: z: z: z: z: 
OC ac OC Qi OC OC oc OC of 
_1 _j _l _J ~J —I _l -J 
a a CD CD CD CD CD u> CJ) 

V V V V V V V V V 

rH Cvl r-» CM rl CJ r"4 CM r-4 CM (SI r-t CM r-i CM H CM 
o o o O o o O O O O o o o O O O o O 
• • • • • • 9 • • • 9 • • • • • m • 

r"4 iH CM CM ro m <r <r in m •o vO r>- r- CO «P V o> 
m in in in in T» in in in in in m m m in in in 



60.01 <ELEMENT> 
60.02 
60.03 
60*04 
60.05 
60.06 

ID ( <INV0K_LIST> ) 
ID <SUBS_RANG€> ( <INV0K.LIST> ) 
INTEGER $ INTEGER 
\ <NUMB_STRING> \ 
( <BGLRM> ) 
<SLRM> 

61.01 <SUBS_RANGE> < <RANGE> > C <RANGE> ] 
61.02 C <RANGE> 1 < <RANGE> > 
61.03 '•'* < <RANGE> > 
61.OA [ <RANGE> ] 

62.01 
62.02 

<RANGE> < AE > 
<AE> 

<AE> 

63.01 <STARTSTEP> CONTROLRESET ( <GLRM> ) / 
( <NUMB_STRING> ) 

63.02 CONTROLR£SET ( <NUMB_STRING> ) 

64.01 <CLUHEAD> *:« CLU : ID ( <INVQK2_LIST> ) <R£F1> 
64.02 :*« CLU s ID ( <INV0K2_LIST> ) 

65.01 <CLUDECLS> <CLUDECLS> . <CLUDECL> 
65.02 :s« <CLUDECL> 

66.01 <CLUACTS> :s» <CLUACT2> 

67.01 <INV0K2_LIST> <INV0K2_LIST> j ID 
67.02 ID 

68.01 <CLUDECL> 
66.02 
68.03 
68.04 
68.05 

INPUTS 5 <ID_DIM_LIST> 
OUTPUTS s <ID_DIM_LIST> 
CLUNITS ; <ID_DIM_LIST> 
CLUNITS s <ID_DIM_LIST> <REF2> 
CTERMS : <ID_DIM_LIST> 

69.01 <CLUA£T2> :s» <CLUACT2> } <CLUACT> 
69.02 <CLUACT> 

70.01 <CLUACT> : = » <CONNECTION> 
7C.02 ss« <IFSTAT> 
7C.03 :"« <FORSTAT> 

71.01 < TFST AT> IF <CLUREL> <THE.N_CL AUS> 
<ELSE_CLAUS> FI 

71.02 :s« IF <CL UR EL> <THEN_CLAUS> FI 



72.01 <FORSTAT> i:« <FORH'EAD> « <A.£> TO <AE> STEP <AE> 
CONSTRUCT <CLUACTS> ROF 

72.02 s 3 » <FORHEAD> » <AE> TO <AE> CONSTRUCT 
<CLUACTS> ROF 

73.01 < CLUREL> a s» ID <RELOP> <AE> 

74.01 <THEN_CLAUS> THEN <CLUACTS> 

75.01 <ELSE_CLAUS> :s» ELSE <CLUACTS> 

76.01 <FORHEAD> FOR ID 

77.01 <RELOP> 9 S 
77.02 •m ^ 
77.03 s J 

77.04 = <> 

77.05 a «< 

77.06 3 ̂  8 

78.01 <FNHEAD> FREG : ID ( <INV0K2_LIST> 
78.02 s•• FREG • ID ( <INVCK2_LIST> 



3.3- Semantics 

The semantics of the Universal AHPL can be best understood by 

an analysis of its BNF. A brief analysis of each production is given 

below. 

Productions 1 to k: A system (AHPL program) is an unnamed list 

of modules, CLU units and functional registers. 

Productions 5 to 7: A module description has three parts—a 

header part, a declaration part, and a sequence part. Similarly, CLU 

and Functional Register descriptions have three parts — header, declara-

ion, and CLUacts or relation. 

Production 8: A module header specifies the name of the module. 

Every module in a system must have a unique name. 

Production 9: The declaration part of a module may have any 

number of declaration statements, each separated by a period. 

Production 10: A sequence has two parts. Statements appearing 

before the keyword ENDSEQUENCE belong to the "procedural" part, while 

those appearing after the keyword belong to the "non-procedural" or 

"always active" part. The first statement in a sequence is the clock 

declaration. For example, the statement SEQUENCE:Phl declares Phi 

as the master clock which controls activities of the module. Phi will 

drive all the control sequence flipflops and also those data flipflips 

which do not have an explicit clock declaration. 

Productions 11 to 19: A declaration statement has three parts. 

It specifies type, dimension and, optionally, parameters of a data 



element (variable). If there are two or more variables of the same 

type and having identical parameters, they may be grouped together in 

a single declaration statement. These variables are separated by 

semicolons. A period terminates the statement. Type specifiers PIN, 

LABEL and PULSE do not generate new circuit elements; they just assist 

the compiler in making proper wiring decisions. These statements may 

be called compiler directives. 

Two types of parameters are allowed. The first type (Prod 14) 

is simply a list of identifiers and arithmetic expressions separated by 

semicolons. This type of parameter is used with Type 1 (Prod 12) ele

ments. The use and interpretation of parameters is application-

dependent. One such use may be to specify subtype, clocking option, 

and implementation detail of a flipflop. For example: 

MEMORY: A[16]; B[8] {OFF; Phasel; n} . 

where DFF is the subtype, Phasel is the driving clock, and n is an 

integer to be used by stage 3 for application-dependent details. 

Type 2 (Prod 16) parameter specifier gives the generic name 

of the submodules. This is used with type 2 (Prod 15) elements. Along 

with the generic name, it can optionally specify type 1 parameters and 

the number of submodules used. For instance, the statement: 

FNREG: A[16] <:JKFF{Ph1}[16] 

specifies that A is a 16-b i t function register composed of 16 JKFF. 

Phi may be interpreted as the driving clock of JKFF. 



If no generic name is given or it isnot defined in the program, 

the submodule is treated as a black box. 

Production 20: Dimension specifies the number of bits of the 

declared identifier. 0-origin indexing is used. Column dimension is 

enclosed in angular brackets, and row dimension in square brackets. 

The arithmetic expression (Prod 21) may be used to specify the dimen

sion. In case of a module description, these expressions must not con

tain any variable. However, variables are permitted to satisfy variabl 

size arrays in CLU and FNREG descriptions. 

Productions 21 to 25: An expression may be a simple operand 

(ID or integer), or an operand preceded by a monadic operator, or an 

expression enclosed in parenthesis, or two expressions separated by a 

dyadic operator. 

Evaluation of an expression is based on usual precedence of 

arithmetic operator and is done left-to-right. For example, 10*3/ 

4-6-2+1=0. Arithmetic expression is allowed only for indexing, dimen

sioning, loop control and If statements. 

Productions 26 and 27: See production H and explanation of 

Productions 15 to 19. 

Production 28: Portions of a variable may be renamed using a 

label statement. A label acts just like any other identifier, except 

that it must not be re-label led. Examples: 

LABELS: ADDL = ADDRESS [8:15] 

ADDH = ADDRESS [0:7] 
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Bits 0 through 7 of ADDRESS are redefined as ADDH. Similarly, bits 

8 through 15 are redefined as ADDL. 

Production 29: SLRM, an acronym for Simple Line Register or • 

Memory, is the most fundamental data element of the language. Any de

clared variable is a SLRM. In an expression, if the variable name is 

used without any subscript (Prod 29-01), then all the bits of the 

variable are used. Subs-range (Prod 61) may be specified to use only 

a portion of the variable. 

Production 30: See Prod 11.05 and 17-01. This construct 

allows the user to specify node numbers for declared elements. This 

is useful for specifying pin numbers for external I/O lines. 

Product ion 31: A string of integers is formed by separating 

several integers by commas. '?' specifies don't care. Parentheses 

may be used for clarity. 

Production 32: The procedural part of a module description 

may have several statements called step. Each step begins with a step 

number followed by details regarding the task to be performed by the 

step. Each step is assigned a. control state level (CSL) . The module 

is said to be in a particular step when the corresponding CSL is active. 

Production 33: The non-procedural or always active part begins 

with global reset statement (Prod 63) followed by zero or more Rela

tions (Prod 36). Statements in this section are always active. Thus 

x = Y will mean that the values of x will always be the same as that 

of Y. In the case of transfers like A-*-B, the register A wi 11 get the 

contents of B every time the driving clock of A goes from high to low. 



Production 3-fr: A regular step gives timing and action infor

mation. A null step is simply the one which does nothing. It is used 

for synchronization when the designer feels that the activities initia

ted in the previous step will take more than one clock period. A 

DEADEND step is the one from where the control signal cannot go to any 

other step in the circuit. It is used as a loop terminator. 

If the timing part of a step is 'NODELAY1 then the corres

ponding control state level becomes active at the same time as the 

previous one. CS flipflop is not generated for a NODELAY step. 

Production 35: Action may have a Relation part or a Branch 

part, or both. 

Production 36: The Relation part may have one or more state

ments (Prod 38), each separated by a semicolon. All the statements 

are simultaneously active. 

Production 37: A branch may be conditional or unconditional. 

An unconditional branch to more than one step would always result in 

parallel loops. It is desirable to make such parallel loops, wherever 

possible, to speed up the system. If more than one condition is true, 

then parallel loops will be formed. If no branch is specified or 

none of the conditions are true, then the next step in the sequence 

would be executed. 

Example 1: 

+(10 ,  20 ,  30 )  

Go to step 10, 20, and 30 simultaneously (parallel 

execut i ons). 
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Examp1e 2: 

+(x, y, z) / (1 0, 20, 30) 

x, y, and z may be any boolean expression. If x is true, 

then go to 10; if y is true, then go to 20; if z is true, 

then go to 30. 

Example 3-' 

1 0  

-(x)/(5) 

20 

If x is true, then go to step 5, or else go to step 20. 

The operation of parallel loops must be properly synchronized, other

wise circuit behavior will be unpredictable 

Branch from a nodelay step to itself or to any previous nodelay 

step without an intervening ordinary step is not permitted. 

Production 38: Three types of Relation statements are per

mitted: Invocation, Transfer, and Connection. 

Production 39: This type of statement is used to invoke a 

functional register. The invocation may be conditional (Prod 39.01) or 

unconditional. The general statement is of the form: 

local name (List of Arguments) * Boolean Expression <= 

The binding between local name and generic name takes place according 

to the declaration. Each bit of an argument is connected to the 
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corresponding input bit of the functional register. If the statement is 

in the procedural part, then the corresponding CSL is used to control 

the connection between formal and actual arguments. If the same 

functional register is invoked in nlbre than one step, an implied busing 

of actual arguments would result. The optional conditional controls 

the clocking of the functional register. If the condition is false, 

clocking will not take place. In this case, the contents of the func

tion register would not be altered. 

Production 40: A transfer may be synchronous (Prod 45) or 

asynchronous (Prod 46). 

Production 41: A connection may be unidirectional or bidirec

tional. The destination of a connection statement is a non-memory 

element. A connection statement in the non-procedural part implies 

permanent connection from the source to the destination. If used in 

the procedural part, then the source is available at the output of 

the destination immediately after the rising edge of the correspond

ing CSL. A connection between bidirectional buses is called a bidi

rectional connection. Thus: 

x:=:y 

means y is connected to x and also x is connected to y. 

Production 42: The actual argument list for a submodule invo

cation is a list of CGLRMs (Prod 44) separated by semicolons. 

Product ion 43: See Prod 48. 
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Production 44: Elements of an actual argument list may be a 

BGLRM (Prod 43) or '??' means that no actual argument is to be 

connected to the corresponding formal argument. 

Production 45: The destination of a synchronous transfer must 

be synchronous inputs of storage elements. If the destination is 

enabled, then the transfer will take place on the falling edge of its 

driving clock. If the driving clock is other than the master clock, 

then the designer must ensure a proper phase relationship between the 

two clocks (also see Prod 47, 43, and 50). 

Production 46: The asynchronous transfer (Prod 46.01 and 

46.02) takes place as soon as the destination is enabled. Productions 

46.03 and 46.04 specify which bits of the destination element should be 

Set or Reset. Set and Reset are performed regardless of the status of 

enable 1ine. 

Examp1e: 

A <s- /I,0,0,1,1,0/ 

Bits 0, 3, and 4 of A would be set to 1 

Bits 1, 2, and 5 will be left unchanged 

B <R- /0,1,1,1,0,0/ 

Reset bit 1, 2, and 3; leave bits 0, 4 and 5 unaltered 

C <- /I,0,1,0,0,1/ 

Old value of C wi11 be replaced by 101001. 

Also, see Prod 47, 48 and 50. 
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Production 47: DLRM, or a destination line register or memory, 

may be composed of several registers catenated by row or column. They 

can be grouped together using parentheses. In its simplest form, a 

DLRM is a single register or line. The facility to catenate is merely 

a convenience, and the statement can always be rewritten in its fully 

expanded form. Thus: 

A!B <- C!D 

i s the same as 

A+-C; B«-D 

if all of them have equal number of rows. 

Production 48: GLRM, or a general line register or memory, is 

the most general AHPL element. It is the result of scalar and Sector 

operations performed on one or more elements. For example, 

((A&B)!((C+D),E))"F is a GLRM. 

Production 49: The Destination elements of a transfer state

ment may be conditionally enabled. If the condition is true, then the 

transfer will take place or else the corresponding element will be left 

unaltered. 

Examp1e: 

Let B and C be equidimensiona1 vectors; and x a scalar 

( B ! C ) " (x,+x) *- E 

B will get E if x is true, C stays unchanged 

C will get E if x is false, B stays unchanged. 
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Only one selection operator is permitted in an expression. Thus: 

The expression (B * x) ! (C * y) is illegal. 

Production 50: A CLHS may be enclosed in parentheses. 

Production 51: See Prod kj. 

Production 52: See Prod k~/. 

Productions 53 to 59: See Prod 48. 

Productions 60.01 and 60.02: Used to invoke a CLU or a primi

tive function. Terms within the parentheses are actual arguments. 

I 
They are connected to formal arguments by positional correspondence. 

See Prod kZ. 

Time needed to perform combinational logic function is assumed 

to be very short compared to the clock period; hence, there is no timing 

problem. 

Productions 60.03 and 60.04: These productions enable the user 

to specify a vector of constants (ROM). 

Example: 

/0,0,0,1,0,1/ creates a 6-bit vector of constants 

The encode statement (Prod 60.04) has two arguments. The first argu

ment gives the number of columns of the generated vector, and the second 

argument gives its decimal value. Thus the statement 6$11 is the same 

as /0,0,1,0,1 ,1/. 

Production 60.05: AHPL expressions may be parenthesized. 

Parentheses are used to make an expression more legible or to override 

the precedence of operators. 



Production 60.06: See Prod 29. 

Production 61: AHPL allows the user to select subset of a 

vector or matrix by means of an indexing operation. Row indices are 

placed in angular brackets and column indices in square brackets. 

Thus the statement A[3:7]<2:6> selects column number 3 to 7 and rows 

2 through 6 of the matrix A. Recall that 9-origin indexing is used; 

lb must be numerically less than ub in a statement like x[lb:ub]. 

Production 62: lb and ub, discussed above, may be any arith

metic expression. If used in a module description, then the expression 

must not contain any variable. 

Production 63: A control reset statement is globally active. 

The module is reset to a specified state asynchronously. It stays in 

that state as long as the corresponding reset signal is active (high). 

Examp1e: 

C0NTR0LRESET (a] , a2, a^ a^/00, 20, 30, kO) 

If aj is high, go to step #10 and kQ simultaneously 

If a2 is high, go to step #20 

If a^ is high, go to #30. 

More than one signal may be active at a time. A module must not be 

reset to a nodelay step. 

Production 64: A CLU header gives the generic name of the CLU, 

a list of formal arguments, and optionally, a list of parameters. The 

formal arguments are bound to the actual arguments by positional cor

respondence at the time of invocation. Formal parameters are bound to 
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the actual parameters at the time of declaration. Parameters may be 

used in the CLU description as a variable in arithmetic expressions. 

CLU description is used as a template. Each invocation generates a 

new copy of the CLU. Identical copies may be merged into one if they 

have the same input lines. 

Production 65: A CLU description may include several declara

tions separated by periods. 

Production 66: See Prod 70 

Production 67: Formal arguments must be simple identifiers 

separated by semicolons. 

Production 68: A CLU must declare input output lines. It may 

declare other CLUs. Local variables are declared as CTERMS. These 

translate into simple wires. 

Production 69: The main part of a CLU description consists of 

several activities separated by semicolons. 

Production 70: Three types of activities are permitted: 

connection (Prod 41), IF statement, and FOR statement. IF and FOR 

statements may be nested. 

Production 71: An IF statement begins with the keyword IF fol

lowed by a relational expression. The expression is evaluated; if it 

is true then the THEN-clause is executed. If the expression is false, 

then the Else-clause (if any) is executed. 

Production 72: FOR statement is of the form 

FOR I = al to a2 step a3 CONSTRUCT 
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<CLUACTS> 

ROF 

I is assigned the value of al for the first iteration. For 

each successive iteration, a3 is added to it. The loop terminates when 

I becomes equal to a2. a3 may be negative; in this case a2 must not 

be greater than al. If "STEP a3" is omitted, a step size of unity is 

assumed. 

1 is an index variable and not a data element. Similarly, al, 

a2, and a3 are arithmetic expression and not data elements. FOR state

ment simply provides a way to abbreviate long descriptions. For 

instance, the statement: 

FOR 1=1 to 3 construct 

A [ I ] = B [ I ] 

ROF; 

is the same as the following statements: 

A[l] = B[1 ]; 

A[2] = B[2]; 

A[3] = B[3]. 

Production 73: A relational expression is an index variable 

followed by a'relational operator followed by an arithmetic expression. 

For example: 

x > = 5*1 

The expression is true if the current value of x is greater than or 

equal to 51. x and I must not be data elements. 



Productions 1U and 75: Then-clause begins with the keyword 

"Then" followed by one or more activities. Similarly, Else-clause 

begins with the keyword "Else" followed by one or more activities. 

Activities may include other If statements (Prod 70). 

Production 76: See Prod 72. 

Production 77: Six types of relational operators are permitted 

equal to, less than, greater than, not equal to, less than or equal to, 

greater than or equal to. 

Production 78: Functional registers are also submodules. Its 

header begins with the key word FREG. The rest of the header is 

similar to a CLU header (Prod 64). 

A functional register description, like the CLU description, 

is also used as a template. However, each invocation does not generate 

a new copy. One, and only one functional register is generated for 

each locally declared FNREG. If the same FNREG is invoked in more than 

one step, implied busing is assumed. See also Prod 39. 



CHAPTER 4 

IMPLEMENTATION OF STAGE I 

4.1. Stage 1 Output 

The State 1 output consists of sixteen tables. Fifteen of 

these are stored in a large one-dimensional array called Store. The 

one remaining, called Symbol table, is stored in a four-column array, 

Symtab. 

The common storage, Store, is therefore shared by fifteen 

dynamically growing tables. Sharing is done by means of director 

arrays, one array for each tabl e. Two funct ions , RECE1V and LOCATE [ 17] , 

use these director arrays to access Store. Given the row number and 

column number of a table, these functions return a pointer to Store 

where the entry of interest can be found or stored. Details regarding 

the approach may be found in reference [14]. 

A brief discussion of all the tables will be given, followed by 

a short example. Note that several tables have one or more "unused" 

columns. This augmentation facilitates the design of stage 2. 

4.1.1. Symbol Table 

This table is used to store the name of declared symbols. Each 

entry may hold up to 40 characters. It must be noted that this table 

stores only the name of a symbol and not its attributes. For this reason, 

62 



several unrelated symbols may point to the same symbol table entry. 

For convenience and clarity, a table entry pointing to the symbol 

table is replaced by the actual name in the print-out (see Table 4.1). 

4.1.2. System Table (SYSTAB) 

Stage 1 tables may be shared by several modules and submodules. The 

SystemTable provides importamt partitioning information. Entries in the 

tabl e are exp lained in Table 4.2. Col umns 10 and 11 show nodes al 1 oca ted for 

the module. Node numbers ass igned to both dec 1 a red and impl i ci 11 y generated 

network elements which may be referred to by stage 2 as a numbered network 

poi nt. Al locat i on of nodes for CLU and Funct i ona 1 Reg i ster is not done by 

the stage 1 compi ler; hence columns 10 and 11 are zero for submodules. 

4.1.3. Symbol Declaration Table (SDT) 

Pertinent type and dimension information regarding symbols de

clared in an AHPL program are stored in this table. These symbols may 

be identifiers (variables), submodule names, or certain parameters and 

index variables. Explanation of table entries is given in Table 4.3-

The code for symbol type, in column 2, is derived from the BNF. Thus 

memory has a code of 125, which is computed by the formula code = Prod 

lo + subpro. The only exception is functional register input and out

put which are given a code of 681 and 682, respectively. A type code of 

0 is assigned to undeclared elements such as index variable. Columns 

6 and 7 are zero if the symbol occurs in a module description. For a 

CLU or FNREG description, however, these columns are used by stage 2 

to compute columns 4, 5, and 8 (see Table 4.3). 



Table 4.1. Symbol table, description of contents 

Column Number Description of Contents 

1 First ten characters of the symbol 

2 Next ten characters of the symbol 

3 Next ten characters of the symbol 

k Last ten characters of the symbol 

Unused space is filled with blanks 
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Table b . 2 .  System table, description of contents 

Column Number Description of Contents 

1 Name of the module or submodule 

2 Code for the type: 81 for module 
641 or 642 for CLUNINT 
781 or 782 for FNREG 

3 SRT row number for the master clock of the 
module 

k SDT row number where the declaration for the 
module begins 

5 SDT row number where the declaration ends 

6 SQRT row number where steps for the module 
beg i ns 

7 SQRT row number where steps for the module end 

8 REF row number where the reference entries for 
the module begin 

9 REF row number where the reference entries for 
the module end 

10 Lower end of nodes allocated for the module by 
the Stage 1 compiler 

11 Upper end of allocated nodes 

12 Unused 

13 Unused 
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Table k.3. Symbol declaration table, description of contents 

Column Number Description of Contents 

Symbol table row number for the name of the 
symbol. 

1 

2 Code for the type of the symbol. 

3 Row number of the REF table, describing the 
subtype of the symbol. 

^ Total number of bits in each row of the symbol; 
that is, number of columns of the symbol. 

5 Total number of bits in each column of the 
symbol; that is, number of rows of the symbol. 

6 Row number of Thunk table which can be executed 
to give number of columns of the symbol. Useful 
for CLUNIT and FNREG where the dimensions cannot 
be computed by Stage 1. 

7 Row number of Thunk table which can be executed 
to give number of rows of the symbol. 

8 An unique number assigned to each declared 
symbol. To be used by Stage 2 as node number 
for circuit elements linked list. A negative 
entry points to another SDT row where the 
symbol has actually been stored. Used for 
semi local and global declaration. 

9 Row number of TOTS which heads the list of user-
defined node numbers for the symbol. This 
column is zero if user does not wish to define 
his own node number. Normally used for external 
symbols. 

1 0  Unused. 
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4.1.4. Symbol Reference Table (SRT) 

This table explains how a declared symbol is used. Columns 

6 to 9 are filled only for submodules. These columns are used to 

compute columns 2 to 6 by the stage 2 program (Table 4.4). 

4.1.5. Step QTABLE Relation Table (SQRT) 

This table shows the relationship between steps of a module 

and QTABLE entries. A module description has only entry for each 

step plus one for the non-procedural part. A CLU or FNREG description 

has only one entry in the table. A 0 in column 2 implies that the 

Q.TABLE entr i es referred to by col umns 3 and 4 e i ther belong to the non-proce-

dura 1 part of a modu 1 e or they belong to submodu 1 e description (Table4.5). 

4.1.6. Quadruple Table (QTABLE) 

All activities of an AHPL description are broken up into 

quadruples and stored in QTABLE. The production number given in column 

1 is computed by the formula PROD * 10 + Subprod. Details are given 

in Table 4.6. 

4.1.7. Table of Temporary Symbols (TOTS) 

TOTS is used to store additional information regarding operands 

of a quadruple. A detailed description is given in Table 4.7. 

4.1.8. Reference Table (REF) 

Information contained in REF1 and REF2 (Prods 14 and 16, 

Section 3.1) portion of a symbol declaration is stored in REF table. 

The table also stores the information contained in CLU and FNREG 



68 

Table k.k. Symbol reference table, description of contents 

Column Number Description of Contents 

1 Row number of SDT where the symbol is declared. 

2 Lower column subscript. 

3 Upper column subscript. 

k Lower row subscript. 

5 Upper row subscript. 

6 Row number of Thunk table which can be executed 
to give lower column subscript. Useful for 
CLUNIT and FNREG where the subscripts must be 
computed by Stage 2. 

7 Row number of Thunk table which can be executed 
to give upper column subscript. 

8 Row number of Thunk table which may be executed 
to give lower row subscript. 

9 Row number of Thunk table which may be executed 
to give upper row subscript. 

A negative entry in columns 6-9 means that they 
have been copied from the corresponding SDT 
columns. 
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Table h.5. Step QTABLE relation table, description of contents 

Column Number Description of Contents 

1 Row number of the system table where the module 
is defined. 

2 Current step number. 

3 QTABLE row number where the quadruples of the 
current step begin. 

k QTABLE row number where the quadruples of the 
current step end. 

5 A '1' in this column . indicates that it is a 
NODELAY step. 
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Table 4.6. Quadruple table, description of contents 

Column Number Description of Contents 

1 Production number, defining the operation. 

2 Row number of TOTS containing the second 
operand. Zero for a single operand instruction, 

3 Row number of TOTS containing the first operand. 

k Row number of TOTS containing the result. This 
column is zero for transfer and connection 
operations, and for FNREG invocation. Zero for 
branch and control reset operations also. 

For CLU and FNREG invocations, column 2 contains the row number of TOTS 
which specifies the name of the sub-module, and column 3 contains the 
row number of TOTS which point to the actual argument list. 

For productions 711 and 712, column 2 contains the row numbers of IF 
table where details regarding the IF statement have been stored. 
Similarly, for productions 721 and 722, column 2 contains the row number 
of FOR table. 
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Table k.~J. Table of temporary symbols, description of contents 

Column Number Description of Contents 

1 A negative number in column 1 is one of the four 
possible codes discussed below. The code indi
cates the type of information contained in the 
TOTS row. A positive number refers to an appro
priate Q.TABLE entry. Used for LHS catenations 
and LHS conditional productions. 

2 Number of columns of the operand. 

3 Number of rows of the operand. 

k  Depends on the code i n  column 1. Discussed 
be 1ow. 

Column 1 Code Column k Meaning 

-1 Contains SRT row number describ
ing the declared operand. 

-2 Contains starting node numbers 
for undeclared operand. These 
nodes may be referred to by 
Stage 2 as a numbered network 
po i n t. 

-3 Contains row number of PINTAB in 
case the operand is a bitstring 
or branch or reset destination 
step numbers. If the TOTS entry 
is pointed at by a SDT entry, 
then the PINTAB will contain 
user-defined node number for the 
symbol. Column 2 gives number of 
PINTAB entries for the operand. 

-k Pointer to ARGUMENT table where 
list of actual arguments (for 
submodule invocation) starts. 
Column 2 in this case gives , 
number of arguments. 

Note that in case of CLU a TOTS row may be placeholder for several 
nodes which will be generated by Stage 2. 
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headers. The Reference table greatly facilitates the interface between 

module and submodules (Table 4.8). 

Parameter Table (PARAM) 

There are three types of parameters: (1) subtype specifier for 

memory or bus element; (2) formal parameter for submodules; (3) actual 

parameters for submodu 1 es . If actua 1 numer i c parameters are suppl i ed by a 

module, then they must be Integer Constants. In this case they are 

placed in column 2 and column 1 is zero. For all other cases, column 

2 is zero. If the parameter is a subtype specifier, then the negative 

entry in column 1 points to the SDT entry where the subtype symbol is 

stored. For all other cases, column 1 is positive and points to the 

THUNK table (Table 4.9). 

4.1.10. Argument table (ARG) 

This table has only one column. It points to SDT if the argu

ment is formal argument; otherwise it points to TOTS (Table 4.10). 

4.1.11. FOR Table 

This table is used by Q.TABLE to store additional information 

regarding a FOR statement (Table 4.11). 

4.1.12. IF Table 

The IF table is used by Q.TABLE to store additional information 

regarding an IF statement (Table 4.12). 
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Table 4.8. REF table, description of contents 

Column Number Description of Contents 

1 If the reference is to a CLUNIT or a FNREG, this 
column contains their name; otherwise it is 
blank. 

2 Row number of system table where the referred 

submodule is defined. This column is zero if 
the submodule is not defined or the reference 
is made to something other than a module. 

3 Row number of ARGUMENT table where the list of 
the formal argument begins. 

k Row number of ARGUMENT table where the list of 
the formal argument ends. 

5 Row number of parameter table where the list of 
the actual or formal parameter begins. 

6 Row number of parameter table where the list of 
the actual or formal parameter ends. 

7 Unused. 

8 Unused. 
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Table 4.9- PARAM table, description of contents 

Column Number Description of Contents 

A negative number in column 1 gives SDT entry 
where the parameter is described. A positive 
number contains the row number of THUNK table 
where the parameter is stored 

Value of the parameter, if it can be determined; 
0, otherwise. 

Table 4.10. ARG table, description of contents 

Column Number Description of Contents 

1 Row number of SDT (for formal arguments), or row 
number of TOTS (for actual argument) where the 
argument is described. 
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Table 4.11. FOR table, description of contents 

Column Number Description of Contents 

1 Pointer to SDT, where the index variable is 
descr i bed. 

2 Pointer to THUNK table's row which may be exe
cuted to give the initial value of the index 
variable for FOR loop control. 

3 Pointer to THUNK table's row which may be exe
cuted to give the final value of the index 
variable for FOR loop control. 

k Pointer to THUNK table's, row which may be exe
cuted to give the step size. 

5 QTABLE row number where Productions for the FOR 
loop begin. 

6 QTABLE row number where Productions for the FOR 
loop end. 
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Table 4.12. IF table, description of contents 

Column Number Description of Contents 

1 Row number 
descr i bed. 

of SDT where the index variable is 

2 Relat i ona1 operators <, =<, =, >, >=, <>. 

3 Pointer to THUNK table's row which may be exe
cuted to get the arithmetic expression. 

4 QTABLE row 
beg i ns. 

number where Production for SUCCESS 

5 # QTABLE row 
ends. 

number where Production for SUCCESS 

6 QTABLE row 
beg i ns. 

number where Production for FAILURE 

7 QTABLE row 
ends. 

number where Production for FAILURE 
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4.1.13. THUNK Table 

Information regarding arithmetic expressions is stored in this 

table. The production number in column 1 is calculated by the formula 

Prod number = Prod * lo + Suprod. Since all the arithmetic expressions 

used in a module must either be a constant or an id, this table is 

recovered at the end of a module description (Table 4.13). 

4.1.14. PINTAB Table 

PINTAB stores integers. These may be branch or control reset 

step numbers, bitstrings, or user-defined node numbers. This table 

is referred by TOTS table (Table 4.14). 

4.1.15. Label Reference Table (LRT) 

LRT makes 1 inkage between a label and the original symbol (Table 4.15) • 

4.1.16. Pulse Table 

This points to SDT entry of symbols declared as pulse in a 

module (Table 4.16). 

Example 4.1 is given below which illustrates how the tables are 

used. The example is specially designed to exercise many of the avail

able features of the language. The example is just for illustration 

purposes, and the described system does not perform any meaningful 

operation. The example should be studied in conjunction with Tables 

4.1 through 4.6 and the BNF given in Section 3.2. 
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Table ^.13. THUNK table, description of contents 

Column Number Description of Contents 

1 Production number defining the arithmetic 
operat ion. 

2 Second operand, zero for single operand opera
tions. If the production is ID (253), then this 
column contains the SDT row number where ID has 
been stored. 

3 Fi rst operand. 

k Result of operation. In case of CLU and FNREG, 
result is not computed by Stage 1, and this 
column is zero. 

If column 1 is 212, production for arithmetic expression result, then 
column 2 contains the THUNK row number where productions of the arith
metic expression begin and column 3 contains the row number where it 
ends. The fourth column in this case stores the result of the whole 
expression when it is executed. 
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Table 4.14. PINTAB table, description of contents 

Column Number Description of Contents 

1 List of user-defined node 
control reset numbers, or 

numbers, branch or 
b i tstr i ngs. 

Table 4.15. LRT table, description of contents 

-

-

Column Number Description of Contents 

1 Name of the 1abel. 

2 Pointer to SDT where the label is described. 

3 Pointer to SRT where the original symbol is 
descr i bed. 

Table 4.16. PULSE table, description of contents 

Column Number Description of Contents 

1 Pointer to SDT where the pulse (or clock) is 
descr ibed. 
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4.2. Syntax Analysis 

Syntax analysis is done by a bottom-up table-driven parser. 

The scheme used here is similar to the one discussed in chapter 13 

of reference [18]. SLR(1) BNF of the language is given to an automatic 

parser generator program [15]- The program generates the parse table. 

A modified sparse matrix technique is used to store these tables. Two 

stacks are used to do the parsing (syntax analysis). STACK I contains 

the parser states and STACK 2 contains either the value of the symbol 

(subtoken) being processed or the result of previous reductions. 

The main subroutine of the syntax analysis module is called 

SYNTAX. This routine calls SCANER to get a token and a subtoken (value) 

The token is translated into the SYNTAX internal code, called term. 

This code, along with top of STACK I is used to access a proper entry 

of the parse table. This entry gives two quantities--ACT and COD. 

Based on COD, one of the five actions is taken. These actions are 

I isted below. 

Error: An error has been encountered in the source code. Take 

appropriate error recovery action. 

Accept: The source program has been successfully parsed and 

the parser has reached the goal symbol. Return to the caller. 

Exchange: Pop out an element from stacks and push ACT on the 

stack. 

Shift: Push Term and Act on STACK I and the subtoken followed 

by a zero on STACK 2. 
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Reduce: An LHS has been encountered. Pop contents of STACK! 

and STACK 2 into Buffi and Buff 2 . These buffers communicate between 

syntax and semantic routines. Call SEMANT to take appropriate semantic 

actions. The result is returned by SEMANT in a variable called Newpnt, 

push this on STACK 2 . Determine the next state by using present state 

and reduced LHS to access a proper GOTO table entry. 

Scanning is performed by the subroutine SCANER. It reads the 

input text, one character at a time. The character is converted into 

an internal code and a value. The value may be, for example, actual 

value for a numeral, ASCII code for an alphabetic character, etc. 

Using the internal code and scanner's current state, a proper entry of the 

scanner table is accessed. This entry gives three quantities—action, 

subact, and next state. An action may be like forming an integer or * 

an identifier, looking for a delimiter, returning to SYNTAX with a 

token and subtoken, reading more input, etc. Subact specifies scanner 

code for multicharacter symbols. 

Figure b.] gives input output interface between the syntax 

analysis module and the rest of the system. 

AHPL 
PROGRAM 

SCANER 

-TOKEN* 

, SUB 
'TOKEN* 

SYNTAX 

LPR0DUC-. 
: HON 

—pSUBPROD-* 

-rNELEMENT^ 
I 

=FBUFF1 -

:BUFF2 

NEWPNT 

SEMANT 

Figure 4.1. SYNTAX interaction with the rest of the system. 
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k.3• Semantic Action 

The Semantic Action Module produces the tables discussed in 

Section 4.1. The main semantic routine is called SEMANT. It is in

voked by subroutine SYNTAX when the latter discovers a Left Hand Side 

(LHS)—Production. Inputs to the subroutine are the production number, 

subprod number, a number specifying number of RHS elements for the 

production, and the two buffers—Buffi and Buff 2 .. In addition, a 

variable Newpnt is used which contains the result of a previous semantic 

action. At the end of the action, the variable Newpnt is given the 

new results. The result is usually the row number of one of the tables 

where information regarding the production is stored. For several 

Productions, no result is needed. 

B*jff 2 contains details about the right-hand side (RHS) of the 

product ion. For termi na 1 s appear i ng on RHS , it conta ins thei r va 1 ue code--

symbol table entry for ID, actual value for integer, zero for keywords 

and delimiters. For non-terminals appearing on RHS, it contains the 

result of semantic action when the non-terminal appeared on the left-

hand side. 

As an example, consider the production: 

8.01 <M0DHEAD> ::=M0DULE:ID 

The production number will be 8, subprod will be 1, the number giving 

number of RHS will be 3, and Buff 2 will contain 0 0 and n where n is 

a pointer to the symbol table where the ID is stored. 

Refer to the example given in Section 4.1. A printout showing 

Buff 2 and other arguments passed to Semant for the statement 
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ALPHA<=BETA;=>(1). is shown below. A brief explanation is also given. 

Consult the BNF given in Section 3-2 in conjunction with the listing of 

subroutine SEMANT [17] to understand various entries. 

PR0D=29. 2 CNT 1BUFF2= 15 
PR0D=52 2 CNT 1BUFF2= 7 
PR0D=51. 2 CNT 1BUFF2= 10 
PROD=47. 2 CNT 1 BUFF2= 10 
PR0D=29. 2 CNT 1BUFF2= 16 
PR0D=60. 6 CNT 1BUFF2= 8 
PROD=59• 2 CNT 1BUFF2= 11 
PR0D=58. 2 CNT 1BUFF2= 11 
PROD=57. 2 CNT 1BUFF2= 11 
PROD=56. 2 CNT 1BUFF2= 11 
PROD=55. 2 CNT 1BUFF2= 11 
PR0D=5^. 2 CNT 1BUFF2= 11 
PRO0=53. 2 CNT 1BUFF2= 11 
PROD=43. 2 CNT 1BUFF2= 11 
PR0D=48. 2 CNT 1BUFF2= 11 
PROD=45. 1 CNT 3BUFF2- 10 0 
prod=4o. 1 CNT 1BUFF2= 11 
PROD=38. 2 CNT 1 BUFF2=s 11 
PROD=36. 2 CNT 1BUFF2= 11 
16... 2 ALPHA <= BETA 

PR0D=31• k , CNT 1BUFF2= 1 
PR0D=31• 1 , CNT 3BUFF2= 0 1 
PROD=37• 2 ;CNT 2BUFF2= 0 1 
PROD=35. 1 CNT 3BUFF2= 1 0 
PROD=32t. 2 ;CNT 1BUFF2= 1 
PR0D=32. 1 ;CNT 4BUFF2= 1 0 

17- • • = >(1). 

ALPHA, appearing on LHS of the transfer statement, is accepted 

as Prod 29 subprod 2 (see the BNF). The buffer contains the row number 

of symbol table (not shown), where the name "ALPHA" is stored. The 

proper area of SDT is searched to find the entry in column 2. A new 

row of SRT (see row 7 of SRT) is allocated; columns of the SRT entry 

are filled in; the row number of SRT is returned in Newpnt as the result 
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of the semantic action. The next production, 52.02, is processed by 

allocating a TOTS row (see row 10) and filling its columns appropriately 

Notice that the RHS of the production is a non-terminal <SLRM> which 

was processed during the previous call. Recall that Buff2(l) now 

contains the result of the semantic action when this non-terminal 

appeared on the LHS. ThusBuff2(l) contains SRT row number where ALPHA 

is stored. This row number is stored in column 4 of TOTS (see Table 

4.8). The next production results in a call to PDLRM. Notice that 

the subroutine SEMANT processes simple productions by itself and calls 

other subroutines to process more difficult productions. Since the 

subprod is 2, no processing is needed and Buff2(l) is returned as the 

result. Next, the RHS of the expression is parsed. For 29-02, as 

before, an SRT row is allocated. The row number is returned as the 

result. For 60.06 <E1ement>::=<SLRM>, a TOTS entry is allocated and 

its row number is returned. For the next 9 productions, no processing 

is needed other than simply copying Buff2(l) into Newpnt. Production 

45-01 is for synchronous transfer. 

<SYNCTR>::=<DLRM><=GLRM> 

Notice that the three Buff2 elements correspond to the three RHS quan

tities. A new QTABLE row is allocated (see row #5) and the quadruple 

is stored there. For the next 2 productions, no semantic action is 

needed. The third one is used to count the number of activities in the 

step. Production 31-04 causes the destination step number to be stored 

in the PINTAB table. Production 37-02 is processed by allocating a 
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TOTS row (see row 12 of TOTS) and storing pertinent information in the 

row. Then a Q.TABLE row is allocated where the quadruple is stored (see 

row 6 of QTABLE). For Production 3^.02, column 5 of the SQ.RT row for 

the current step is filled to indicate whether it is a nodelay step or 

not. The next production gives the step number of the current step. 

It is stored in SQRT, column 2. See row 2 of SQRT. This completes the 

processing of the step. The rest of the program is processed in the 

similar fashion. 

k.'k. Use of Stage 1 Output for Simulation 

Stage 1 output is a tabular representation of the circuit at 

the functional level. Several uses of this output are possible. One, 

of course, is to feed it to the Stage 2 processor to get an internal 

representation of gate and memory element interconnection. Other uses 

may be, for example, fault isolation, block diagram drawing, or func

tion level simulation. 

A function level simulator for AHPL II is available. Simple 

modifications in the program would enable it to use the Stage 1 output. 

Input to the simulator should be broken into two parts: one, the Stage 

1 tables; and two, the user-supplied parameters for clock limits, 

initial input vectors, and other useful information for simulation. 

A separate processor for these parameters may be designed. The com

plete arrangement o f  the system is g i ven in F igure k . 2 .  



92 

The example of Figure 4.2 clearly illustrates how application-

dependent parameters may be supplied at a subsequent stage and processed 

independently of the language. 
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Figure ^.2. The proposed simulator. 



CHAPTER 5 

OPTIMIZATION USING LINKED LIST 

Tables produced by stage 1 are converted into an abstract 

network. The abstract network is an interconnection of declared 

elements as well as implicitly generated elements. The network repre

sentation is abstract in the sense that the final interpretation depends 

on the application. Stage 3 program for one application may use the 

linked list to produce the actual hardware, while that for another 

application may interpret it as a set of boolean expressions describing 

the circuit. A doubly linked structure may be used to store the network. 

Such a structure allows for quick insertion and deletion [20, 21]. Since 

several elements may be connected to one element, the structure used here 

is more complex than a simple doubly linked list. 

Allocation and deallocation procedure is very simple. Elements 

are allocated from a large linear array. The element number corres

ponds to the index of the array; thus a sorted list is always available. 

Deletion occurs only during the final optimization. The deallocated 

nodes are not returned to the storage pool. This makes allocation and 

deallocation very fast. 

The most time-consuming phase in any network synthesis program 

is the optimization process. In particular, the removal of redundant 

elements is expensive. If special provisions are not made in the data 
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structure itself, the process will be of the order of (n^) or even (n^) 

the worst case. This means that a network of modest complexity would 

take several minutes of a mainframe CPU time. A novel scheme has been 

used to make the optimization an order (n) process. The data structure 

will be discussed first, followed by a discussion on the optimization 

techn i que. 

5.1. Structure of a Node 

The structure of a node is depicted in Figure 5.1. 

ELEMENT TYPE 

I. — I'CinZ 
~ SIGLNK ^ 

ILINK 

I I I  I L I N l i -  i n ;  
~ SYMLNK 

Figure 5.1. Node representing a network element. 

The first cell gives the type of the element. An element type may be 

AND, OR, NAND, DFF, etc. 

SIGINP gives the sum of all the inputs to the element. Thus 

if an element has node #200, node #256, and node #68 as its input, then 

SIGINP of the element would be S2k. SIGLNK points to another element 

which has either the same SIGINP number or a SIGINP number which is the 

same number j^a multiple of 1000. SIGINP and SIGLNK are used to speed 

up the optimization. 

ILINK, OLiNK, and SYMLNK are pointers to lOLIST. ILINK heads 

the input list; 0L1NK the output list; and SYMLNK the symbolic name 

list, explained later. 
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A node is stored in six simultaneous arrays, each array storing 

one particular attribute. Word-packing to store several attributes in 

a single word has been avoided for the sake of speed. 

I 

5.2. Structure of IQLIST 

10LIST is used to store additional information regarding a 

node. Each node of I0L1ST has three elements. Two of these are 

information elements, and the third points to the next I0LIST node 

which contains similar information. The third element is zero if 

there is no successor node. Nodes of I0LIST are allocated sequenti

ally. No explicit deallocation is made. 10LIST is stored in a n x 3 

array; n at present is 6000 and can easily be increased. 

5.3- Network Representation Using Linked List 

The complete network is stored using the nodes of Section 5-1 

and 10L1ST of Section 5.2. A partial network is shown in Figure 5.2. 

Figure 5.3 shows how this network is stored using the linked list, 

Element 250 is of type NAND. Its 11 ink heads a list which contains 

numbers 100, 185, 222 and 300. These elements are connected to the 

input of element 250. Similarly, 0L1NK points to the output list. 

SIGINP is 100 + 185 + 222 + 300 = 807-

5 . k .  Removal of Redundant Elements 

An element is redundant if there is another element in the 

network which has the same type and exactly the same inputs. If two 

elements have exactly the same inputs, then their SIGINP must be the 
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68 

36 

Figure 5.2. A partial network. 
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SIGLNK X 

1 LINK 
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SYMLNK X 
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68  1 I — » 1  
100 I85' '  -

86 0 '  0  
222 300:  0  

I0LIS1 

* -

he 
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Figure 5-3. Node representation of the circuit of Figure 5.2. 



same. Elements with the same SIGINP may be linked together in a linear 

linked list. Thus the search to find redundant elements is confined 

to a very sma11 list. 

A hash table (HSHSIG), in conjunction with SIGINP and SIGLNK, 

is used to make the list. At present the size of the hash table is 

1000. AH the elements with the same SIGINP MOD 1000 are linked toge

ther in a linear linked list. The header of this list is stored in 

SIGINP MOD lOOO1"^1 location of the hash table. Elements with SIGINP=0 

are also linked together with their header stored at HSHSIG (1). 

Clearly, increasing the size of HSHSIG will further reduce the search 

time. 

The Siglist is maintained by three routines—SIGADJ, SIGPRE, 

and HASH. SIGADJ is called whenever SIGINP of a gate changes.* It is 

given the gate number and its new SIGINP. Using SIGPRE and HASH, the 

routine removes the gate from its previous list and inserts it into 

the new list. The operation is fairly simple. HASH function at 

present computes SIGINP MOD 1000. This means that the elements having 

different types may be linked together. The present scheme may be 

improved by taking type of the element into account while computing 

the Hash function or by having one hash table for each element type. 

These schemes would further limit the search to most likely candidates. 

A typical Siglist is shown in Figure Only SIGINP and 

SIGLNK are shown; other attributes of the element node are omitted for 

clari ty. 



The search for redundant elements starts from the first entry 

in HSHSIG. The entire list headed by this element is searched, and if 

redundant elements are found they are removed. After the first list 

is completely searched, the process moves to the next list. Removal 

of a redundant element may create other redundant elements. For this 

reason, several passes over HSHSIG are made until all redundant ele

ments are removed. 

175 

680 
680 

875_ j875_^_ 875_ ,^_28y 875 

1000 
HSHSIG 

Figure 5.^. A typical arrangement of SIGLISTS. 

5.5. Other Optimizations 

Other optimizations include: 

1. Removal of elements with no input (except for declared ele

ments) . 

2. Removal of elements with no output (except for declared 

elements). 
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3. Removal of single-input elements, if possible. 

k. Merging of smaller gates to form larger ones. 

5. Removal of VCC and GND connections, if possible. 

6. Removal of duplicate inputs from gate-type elements 

Linked-list structure, because of its quick and easy insertion 

and deletion, proved to be very helpful for these optimizations also. 



CHAPTER 6 

IMPLEMENTATION OF STAGE 2 

Stage 2 produces an abstract representation of the system 

described by the AHPL source program. This network is stored in the 

Abstract Element Linked List (AELL) discussed in the previous chapter. 

Input to the Stage 2 processor is the set of tables produced by Stage 1. 

Its output is the Abstract Element Linked List, along with some Stage 1 

tables, including the symbol table, system table, and SDT. These three 

tables help to organize the Stage 3 algorithm. A Stage 2 table CLUTB 

[35] is also outputed to help the Stage 3 in processing submodules. 

6.1. An Overview of Stage 2 

Figure 6.1 is a VTOC representation of Stage 2; details have 

been omitted. 

The output of Stage 1 is read and stored in a large array 

called Store. The storage method is similar to the one discussed in 

Section 4.1. These tables are processed to build the abstract network. 

Finally, the network, along with some of the Stage 1 tables and with 

CLUTB, is outputed to a file called STAGE2.0UT. 

The individual modules of the network are built separately, 

one module at a time. Submodules are built if they are invoked by 

the module being compiled. The strategy is to simply look at each row 
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READ FROM 
STAGE 1 OUT 

WRITE TO 
STAGE 2 OUT 

BUILD SYSTEM 
MODULE BY MODULE 

ALLOCATE 
CONTROL 
SEQUENCE 
ELEMENTS 

ALLOCATE 
DECLARED 
ELEMENTS 

OPTIMIZE PROCESS 
QUADRUPLES 

STAGE 

Figure 6.1. A simplified VTOC representation of Stage 2. 



103 

of the System table. Column 2 of the table specifies the type. If 

the type code is 81, implying a module, then the row is processed; 

otherwise it is ignored. 

Columns k and 5 of the System table give the range of SDT row 

numbers where declared symbols for the module are stored. Column 2 

of SDT gives the type of these elements. A type of 121 through 126 

means that these are data elements (see Section 3<2). A negative entry 

in column 8 implies that the element has been described in another 

module. An entry in column 9 means that user has defined node numbers 

for the element. Using these last two columns, nodes from AELL /ye 

allocated, one node for each data element bit specified in the module. 

As an example, see SDT row 12 of the previous example. The SDT entry 

specifies that the symmbol AOUT is of type OUTPUTS, it has six columns 

and one row; that is, six elements. Column 8 gives the starting point 

of node numbers. Thus six elements from AELL are allocated (nodes 

128 through 133), and their type is set as OUTPUTS. Symbolic informa

tion about the element is stored as shown in Figure 6.2. 

TYPE =OUTPUTS 

~~ SYMLNK- ~ 

I0LIST 
TYPE =OUTPUTS 

~~ SYMLNK- ~ 

AOUT 2 

TYPE =OUTPUTS 

~~ SYMLNK- ~ 

Figure 6.2. An initialized node. 

Note that the first entry of. the 10LIST cell depicted in Figure 6.2 

gives the index of the symbol table where the symbol "AOUT" is stored. 
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The second entry is a packed integer giving both row number (0 in this 

case) and the column number. The third entry of the I0LIST cell would 

link to another cell if additional information is to be stored. 

If the declared element is of type Memory, then appropriate 

gates are connected to its input. This is symbolically shown in 

Figure 6.3. 

GND 

120 

CNT[0] 
CLOCK 

GND 

Figure 6.3- A memory element initialization. 

The next initialization task is to assign AELL nodes for con

trol sequence flipflops (or OR gates for a nodelay step). Columns 6 

and 7 of system table give the range of SQRT rows belonging to the 

Module. One control element is generated for each step of the module. 

A node number is assigned to each control element and is stored in 

column 6 of the corresponding SQRT row. If the control element is a 

flipflop, then gates are connected to its input, as shown below. Notice 

that no OR gate is connected to the Enable input, since the control 



flipflops are always enabled, VCC is directly connected to the input. 

If a Stage 3 compiler decides to use a 4-input flipflop for a control 

element, it can do so by ignoring the connection to the enable line. 

The module number and the step number given in columns 1 and 2 of SQRT 

are the only symbolic information about the control element. They are 

stored using SYMLINK of the assigned node, as discussed above. Assign

ment of control elements concludes the initialization phase. 

GND 

189 

CLOCK 

VCC 

Figure 6.4. A control flipflop initialization. 

The complete module is built by processing its individual steps 

in sequence, one step at a time. Recall that actions performed by each 

step have already been converted into quadruples and stored in the 

QTABLE by the Stage 1 compiler. Columns 3 and k of SQRT give the range 

of QTABLE entries belonging to the step. Each of these QTABLE entries 

are processed in sequence. 
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Column 1 of QTABLE gives the production code of the quadruple. 

For some productions, no processing is necessary in that they are 

processed in conjunction with some other productions. For instance, 

i 
LHS catenation is processed with the transfer or connection quadruple. 

The most difficult to process is the quadruple for submodule invoca

tion. It is discussed in the next section. Compilation of most of 

the quadruple is done in two steps. The first step involves the setting 

up of arguments, and the second generates appropriate circuitry as 

needed. A three-column array, ARGLIS, is used to set up the arguments. 

The number of useful entries in each of the columns of ARGLIS is re

corded in NIN(3) - A quadruple usually has two operands and a result. 

Node numbers representing the operand in the second column of QTABLE 

are stored in the first column of ARGLIS. Similarly, node numbers of 

the operand in the third column are stored in the second ARGLIS column, 

and the result in the third column. Figure 6.5 shows the ARGLIS entries 

for the statement A<= /0/,A[l:17] of the example given in Section 4.1. 

Note that a gnd is internally represented as -2. 

Some productions, for example RHS catenations, do not generate 

any circuitry. They are used just to set up proper arguments for 

transfer or connection productions which follow. Quadruple which do 

generate hardware need further processing. If new nodes are needed, 

then they are allocated from AELL. Then the connections specified by 

the quadruple are made. A few examples are given below to illustrate 

the circuit generated by some of the AHPL statements. Newly generated 

elements and connections are shown by dotted lines. 



SUBR CMPQTB: PROD = 604 
N I N  S T A C K  = 1 0  0  

- 2  

SUBR CMPQRB: PRi 
NIN STACK = 17 

SUBR CMPQTB: PROD 
NIN STACK = 18 

= 531 

1 
102 -2 
103 0 
104 0 

105 0 
106 0 

107 0 
108 0 

109 0 
110 0 
111 0 
112 0 
113 0 
114 0 

115 0 
116 0 

117 0 
118 0 
0 

= 451 

18 1 
-2 102 

102 103 
103 104 
104 105 
105 106 
106 107 
107 108 
108 109 
109 110 
110 111 
111 112 
112 113 
113 114 
114 115 
115 116 
116 117 
117 118 
118 119 

1 
0 
0 

0 

0 
0 
0 

0 

0 
0 
0 

0 
0 
0 
0 
0 
0 

1 
0 
0 
0 

0 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

0 

0 
0 

Figure 6.5. Sample ARGLIS entries. 



Example 6.1 (see Figure 6.6): 

10  

11 

=>a/5 
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CS11 CS10 CS5 

Figure 6.6. Circuit for Example 6.1 

Example 6.2 (see Figure 6 . 7 )  

10 •* *<=B»a; 

B[0] 
a n  

i -
ri 

B [ 1 ] - 4  V -I > 

CSL10 

B [2] " 

r 
. _i 

i 

r 
• i r" 

Figure 6 . 7 .  Circuit for Example 6.2. 



109 

Example 6.3 (see Figure 6.8): 

10 A*b<=C+D. 

The expression would generate 3 Q.TABLE entries which are sym

bolically shown below: 

* b A Tl 

+ 0 C T2 

<= T2 Tl 0 

f 
1 r! ~ V 

1 — -r ' 
-~0-

•D 

c [o ]  _  
o C o  ]  -

'r--7 ' 
-rT2^u, 
-la]-- 1 

1 r - O  

c 
-E 

/ 
cm _ 
D [1 ] - "> -!~L> -D 

1 
r -
i '--D-

" c 
-E 

C [2] — 
D[2] -

-*f2\ 1 

1 ! ' - -1- o-
-D 

" CSL'~ 

r b ~ — 1 . - i - O  

C 

•E 

CLOCK 

Figure 6.8. Circuit generated by Example 6.3. 

Multiple activities to a data element are compiled separately 

and are ORed together at the input of the element. However, before ORing 

a new activity, the algorithm checks to see if the same source has been 

connected before. If so, then a common control gate for the two activi

ties is formed. The example below illustrates the process. 
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Example 6.4 (see Figure 6.9): 

1 A[0]<=C[0] 

5 A[0]<=B[0] 

10 A[0]<=B[0] 

15 A[0]<=8[0] 

CSL15-- ~--r 

Figure 6.9. Multiple activities to a flipflop simple strategy. 

Figure 6.10. Multiple activities by forming common 
control subexpression. 

Control expressions are usually common to several bits of a register; 

thus the above method saves an appreciable amount of logic elements. 

A transfer statement also generates control logic for the 

enable input of the memory element. Newly generated control logic is 

ORed with the ones generated earlier. The control logic generated for 

CSL10 k-C-' 

B[0] -I V 

r A [0] 



I l l  

the enable ipput is different from the one generated for the data input 

because the LHS asterisk is used to control the enable input only. The 

partial network of Figure 6.8 illustrates this difference. 

Each data element bit is compiled individually. After the com

plete network is built and redundant gates are removed, one may easily 

form partitioned segments based on several criteria. For instance, all 

the bits with common enable logic may be grouped together as a segment 

(see Section 8.2.1). Non-consecutive bits of a register or even bits 

from different registers may be grouped together to make a segment. 

Processing of a module is complete when all the steps belonging 

to it have been processed. If the user has a request for optimization, 

then the network is optimized. The process consists of removing un

necessary gates and unnecessary connections. For instance, a gate with 

no output is eliminated, any VCC input to a multiple input AND gate is 

removed. Single-input AND and OR gates are replaced by their inputs. 

Smaller gates are merged to form larger one. Redundant gates are re

moved . 

After compiling one module, the program moves to the next one 

until no more modules remain. 

6.2. Additional Processing for Submodules 

There are important differences between a module and a sub-

module--FNREG and CLU.' However, the process of network generation is 

largely the same. Most of the subroutines used by the module compiler 

to process QTABLE quadruples are also used by the submodule compiler. 



Significant differences, from the point of view of the compiler 

designer, between module and submodule are: 

1. Submodules are declared in modules or other submodules. Infor

mation regarding the submodule dimension and parameters must 

be extracted from this declaration. 

2. A submodule description has a header statement which gives for

mal arguments and parameters. Unlike modules, input output 

lines of submodules are simply formal arguments and do not 

represent any hardware. 

3- Submodules are not autonomous. They are activated only when 

invoked. The invocations give the actual arguments which re

place the formal arguments. 

k. Index variables, FOR constructs and IF constructs are allowed 

in CLU description. 

Submodule processors are invoked when an invocation quadruple 

is encountered. Major activities of a submodule processor are: 

1. Using the SDT entry for the local name of the submodule, find 

its generic name and actual parameters. 

2. Check to see if the submodule has been compiled before. If so, 

skip Step 3-

3. Compile the complete submodule using its formal arguments. 

4. Invocation quadruple gives the actual arguments. Replace formal 

arguments of the compiled module by actual arguments. 
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6.2.1. CLU Processor 

A detailed description of the processor may be found in reference 

[35]. 

6.2.2. Functional Register Processor 

Major differences between the compilation process of a combina

tional logic unit and that of a functional register are: 

1. A functional register may have several types of internal data 

elements, e.g., buses, memory elements, other functional 

registers and CLUS. 

2. Multiple invocation of a functional register implies a busing 

network at its input whereas that for a CLU generates multiple 

copies of the CLU. 

3. Clocks may be specified as a parameter in the functional 

register. The clock line must be controlled by the CSL of the 

step in which the functional register is invoked. 

k. Local name of the functional register may appear on the right-

hand side of a transfer or a connection statement. 

Modifications in the CLU compiler [35] were made to handle the 

functional register also. Additional routines were written to handle 

the above-mentioned differences between the two type of submodules. 

A detailed example is being worked out. The example and program list

ing will become a part of Reference [173. 
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6.3- A Demonstration Stage 3 

Stage 2 stores the compiled network in the Abstract Element 

Linked List. This form of storage is most convenient for further pro

cessing by Stage 3 application programs. However, it is not well-

suited for human inspection. The purpose of the demonstration Stage 3 

is to print the circuit in a human readable form. 

The program uses the first three tables of Stage 1, the CLUTB, 

and the linked list. Modules are printed out one at a time. First 

the control section is printed, then the declared data elements, and 

finally the undeclared gates. A summary of number of elements of each 

type used by the module is also given. 

The demonstration package also includes programs which allow 

the user to perform interactive editing. It allows the user* to inspect 

a portion of the circuit, insert and delete gates, and add or remove 

gate inputs. This package may be used to combat timing problems by 

inserting gates along critical path. It can also be used to conve

niently debug the circuit without altering the source code and recompil

ing. This demonstration Stage 3 was used in conjunction with the 

example to be discussed in Chapter 9, to aid the reader. 



CHAPTER 7 

A COMPILER EXAMPLE 

An example is presented in this chapter to illustrate the out

put of various stages of the multi-stage AHPL compiler. AHPL descrip

tion of the module is given in Figure 7.1. The description defines a 

Module MULT I SHI FT and a Combinational Logic Unit I NCR. The Module 

description consists of two parts: a declaration part, and a sequence 

part. In the declaration portion, various data elements are declared. 

The declaration specifies element name, its type, and its dimension. 

Optional ly parameters may be included. The first statement declares 

memory elements and is similar to AHPL1 I . Next a CLUNIT is declared. 

Its local name is INC, it is of the type I NCR, and has a dimension of 

3. Unlike most programming languages, AHPL requires the user to de

clare submodules. This is in accordance with AHPL's philosophy that 

all data elements which are to be manipulated explicitly must be 

declared. Of course, CLUNITs and FUNCTIONAL REGISTERS are data elements. 

The declaration of submodules helps to generate different local copies 

from the same generic template. These copies even are different from 

one another depending on parameters appearing within curly brackets. 

The next statement declares two external lines, RESET and CLOCK. These 

are just names of the lines and not AHPL keywords. CLOCK is later 

declared as PULSES; it is this statement which directs the compiler to 
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Figure 7-1. A compiler example. 
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treat the line as a clock. The Universal AHPL permits several clocks 

in a module. In the next statement it is specified that the line 

'CLOCK' will drive all the control sequence flipflops. The RESET line 

is used in the globally active CONTROLRESET statement appearing towards 

the end of the Module description. This indicates that a '1' on this 

line would cause the module to reset to the control state 1. The next 

section of the Module description is the sequence part. Except for 

the changed syntax of the CONTROLRESET statement, all the statements 

in this section are similar to AHPLI I. The CONTROLRESET statement in 

the Universal AHPL allows one to specify signals which would cause the 

Module to reset. 

The combinational Logic Unit description follows the module 

description. The Universal AHPL does not impose any restriction on' 

the order in which Modules and Submodules must appear. The first 

statement in the unit description is the header. The header begins 

with the statement CLU: followed by the generic name of the Submodule 

—INCR. Then the list of formal arguments appears within parentheses 

followed by a list of formal parameters appearing within curly brack

ets. The parameter 'I' appearing within curly brackets may be used 

as an integer variable in the CLU description. In this example it has 

been used to: (l) specify the dimension of formal arguments; (2) for 

indexing within the program; and (3) to control the FOR loop. Using 

the powerful mechanism of parameters in this manner, it is possible 

to generate INCR units of different dimensions from the same generic 
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description. The reader may verify for himself that the unit described 

here is indeed a modulo 2 ** I incremented 

Figure 7.2 shows the Stage 1 output tables. Refer to Section 

*•.1 for a detailed discussion of these tables. The SYMBOL table is not 

printed; instead the SYMBOL table entries appearing in other tables are 

replaced by actual symbols. 

Stage 2 converts the tabular output of Stage 1 into a Linked 

List representation of the circuit. Figures 7.3a and 7.3b show the 

internal structure of the Linked List. Figure 7-3a depicts the element 

nodes and 7.3b depicts the lOLIST. Only a partial listing is given. 

ILINK, OLINK, and SYMLNK of element nodes point to the lOLIST. For 

example, element 101 is a D-flipflop, its ILINK, OLINK, and SYMLNK 

point to entries 25, 570, and 2b of the lOLIST. Following the lOLIST, 

one can find out that elements 262, 125, 26k, VCC, and VCC are connec

ted to the input of element #101; the output of #101 is connected to 

elements 391, 483, and 598; and it has the symbolic name A[1]. 

The Linked List output of Stage 2 is most suitable for further 

manipulation by subsequent stages. However, it is not suitable for 

human inspection. ' For this reason, a demonstration Stage 3 has been 

prepared. The purpose of this stage is simply to convert the Stage 2 

output into a more readable form. Figure ~J .k shows the output of 

Stage 3* First the Control elements are listed, then the data flip-

flops, followed by outputs, inputs, and CLUNITS. Finally the rest of 

the elements are listed. 
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Figure 7.3. Stage 2 Abstract Element Linked List. 
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b. I0LIST. 



12^ 

uAf i  L l sT  

J  A  \  t  r rPc  i  I  i  ft<  OL lNK SYr tLNK S I6 INP  51GLNK 
<.  . rw  ? i n?  1  h4  -*  0  

1 . . i  .  570  24  03W o  r  
U2  IWvW 47  3  46  6 i»9  30  1  
lOJ  4009  70  5d6  69  064  592  
104  4 \>u9  9  2  594  91  669  0  
*03  400*  i i ;  602  114  674  0  
lOo  40G^  137  610  13o  709  0  
107  4009  10O 319  159  714  0  
10  a  4  J  0  9  i o2  626  l o l  719  0 '  
i 09  H 009  203  634  204  724  0  
110  400s  I t  7  o42  226  729  0  
U i  HULV 230  o50  249  734  0  
4U  4u09  272  653  271  769  0  
1X3  4uwt  c  *y  3  000  294  774  5oo  
114  • *0u9  317  o  74  316  779  5d l  
l i d  t009  3*»0  632  339  784  0  
l lO  40  09  3o2  690  361  7o9  0  
U  7  4009  303  10o9  3o4  794  0  
Ho  tuO*  iQ7  1010  40o  329  u  
119  4009  430  1012  429  834  0  
120  su09  432  10  i  4 431  1024  0  
U *  4« ld  0  12o9  474  0  125  
123  4O l0  0  6  475  0  j  
12b  4u ld .  J  699  476  0  124  
U7  40  1  d  0  an 477  0  126  
i 2d  40  A J  0  820  479  0  127  
129  401d  0  834  479  0  12b  
*30  4010  0  341  430  0  129  
131  40  1  0  0  34  6  461  0  130  
u i  4O10  0  333 462  0 131  
133  40  10  0  602  483  0 132  
i 34  4<J i . 3  1237  0  484  117  428  
i . 35  4013  1203  0  485  3o3  0  
13o  40  A J  1290  0 486  100  0  
137  4013  1293  0  487  101  0  
4  3o  4^1  J  1290  0  4  08  102  0  
139  40  13  1299  0  489  103  0  
140  4013  1302  0  490  104  0  
14±  4013  1303  0  491  105  0  
220  4001  1050  1053  0  357  0  

Ili 4O02  1052  1056  0  220  0  Ili 4001  103  3  10  77  0 218  0  
223  4001  1004  10o6  0  220  221  
224  400±  10o5  1093  0  222  0  
223  40u l  lOoO 11  J2  0  224  0  
220  4001  1007  1109  0  22o  0 
227  40o i  1068  1118  0 228  0  
240  4002  1070  1072  0 127  494  
2o2  4003  530  3  14  1961  0  
204  4003  339  d  I d  1375  0  
2o7  4003  304  26  36  1999  0 
272  4003  572  43  59  2009  0  
277  4O03  300  71  61  2019  0  
2B2  4v j03  300  93  104  2029  0  
2 t>7  400  J  3  9  O 116  126  2039  0 
292  40w J  604  136  149  1464  0  
294  4003  007  143  153  2045  0  

Figure 7.3a. 



125 

7  327  'J 2  o  
72  

o l j  
0  
o  8  /?  4  ri 

327  'J 2  o  
72  

o l j  
0  
o  8  

'  J ^7  i  /r  3  29  k  3 a i  louOO 0  
20  0  \  3  J  J  i ou  123  334  
27  1 U • o  0  J 331  J7V  0  0  
? n  .  •  a  0  n  /  3  32  - iOOa .  VJ 0  

1 ^  -  1 n ! f  ; i j  3  t - i  3b  j  13^7  
JU  IWi •  1  J2  i 79o  \  3 j t  - I  - i  53d  
3  i  i Oi o  0  1  333  - 1  jO t  0  0  
Ji. . 1  n  J  3  3  o  J7V  0  0  

- 1  ) n i *  337  -J ,  005  0  1751  
i t  lU i  'j u  33b  JO 'V  0  0  
J  3  0  0  339  j 7y  3  o  3  0  
3o  "A  JO!  0  37  3  * •  U  -c  0  0  
3  ?  <1  1  0  341  o 1J  0  0  
J  0  -10u^  0  39  342  i, 20000  0  
3  v  2  4 a 343  3  51  125  546  
40  - iQOJ  0  17  9d  3  n  4  J  0  J  0  0  
41  > i 0  3  * t  3  - l uu . * .  0  0  
42  - l uO^  0  43  3  4  Q - 1  -1 350  
43  2  i 0  3 *7  -  i  J u-»  V 0  
*•»» - i  003  0  45  34  0  JO-5 0  0  
4  3  £ 1  0  34  V  - 1JU3  u 0  
4  O 2  2  J 350  3ov  J 0  
47  l i t  123  52  3  3  1  3o i  0  0  
40  l u2  0  0  352  -<L 0  0  
H  9  j .  u2  0  0  333  o 10  a  0  
50  J .23  0  0  3  3 * *  - 2  3o  7  0  
3 l  lU i  i u4  96  333  2o t  0  3 *3  
92  cdn  - 1  5  6  3  3  O  379  0  o f  a 
33  J.U4 103  1794  337  2o2  0  0  
3  H  j . 02  0  o 35d  3o  7  J 0  
53  -2  a  Q 359  367  371  331  
SO - i  0  0  360  2o4  2o  v  14d  1  
3  7  l u2  o  o 361  100  42a  0  
3d  -2  u  0  302  3o  v  4d  1  1223  
39  - x  JOx  0  60  303  J  0  571  
60  2  2  0  3  O 4  3o  9  471  1136  
9  i  - lou*  j  o2  305  267  0  0  
62  2  ; 0  360  3o  7  0  0  
oa  -1U03  3 1793  367  3o  7  371  3  3a  
6  * •  2  2  0  300  209  274  1473  
33  - l uo4  0  oo  Mil i v i  0  
60  2  2  0  10  7  J  J9 i  •»o  - i  i  4 MY 
0  /  - 1003  0  69  3  7  i  J 0  
6d  2  2  o  372  39 i  473  1144  
o  9  2  3  o  373  2  72  0  0  
70  277  123  74  574  367  0  0  
71  IUJ 0  0  5  73  6 o f  371  845  
72  10J  0  0  5  75  27 i  279  146o  
73  123  0  o  377  l u2  428  0  
74  264  - 1  7b  37d  39 i  405  123o  
75  l o3  104  1792  579  0  294  5  d  7  
7o  10  j  0  0  3  0  0  393  475  1153  
77  0  o  301  277  0  0  
7o  - i  0  o  362  367  0  0  
79  iO j  0  o  3  0  J  do  7  371  652  
60  -2  0  0  3d*  27 t  2  o4  1439  
d l  -1001  0  32  363  10  J 420  0  
62  2  3  0  300  393  40  7  12 t2  
d  j  -1002  0  84  30  7  0  0  5  v5  
04  2  3  0  300  393  477  1161  
83  - i .OQ j  0  1793  30  V  2  C2  0  0  

Figure 7.3b. 



• • • 

•  mi' 001  -  Ar t  1 *1  * i * cL la I  
«  «  *  

A  i i  r  L  1 u  J  o  u  c ;  r t u i f l - iH i r r  

I «H I  - i  1 «  y» -C  - I  i  » 0 *0  -4  -  r lOAT  

• • • • • ww.H | . \ J  I .  j  C U  r  i  l ] i 1  »¥ *•« 
l l  J  u •  J  T i f  »  ;  l t . 1»  f  t » *  c  0  c  t  i  A 

X 1  3o  7  Or  w 4od  125  3o9  - I  

k  2  J / 1  Or  C < *25  123  - 1  4o9  
t  j  3 /3  UJ-C  t 2  3  12?  - 1  3b9  

1  i  37}  OHc  4d0  123  - 1  469  

- 3  J04  OhC 53  1  1L3  " "  L  •™ i  469  

* • » * * I ' . s r t ux i  •  
.%AMc C  Rc j> t  C  o i  t l f c .1 *  f  r  r»  t  0  C c  S  *  

s  M>  I  J lUJ  .16 /1  2o2  125  iC t  •  1  -
< I  lO i  rtfcrt 2o7  123  2b4  -

; 0>C i J  102  f i t n  272  125  2o4  - 1  -
< I  J J  j . 0  j  • i t n  277  12b  2o4  -
< 0> l  - t J  104  i t r t  2o2  125  2b4  -

3  J  AOJ  . lEM 2d7  125  2b4  -
< 0>  l  0 iOo  «c r t  2 ^2  125  294  - 1  -
< VJ>1  73  xu7  r t c r t  2 *7  125  294  - 1  -
< 0  >L  d  i  lOd  i i c t i  302  i  25 294  -
< 0> l  * J  lu -J  • i  c  i i  JO  7  125  294  - 1  -

<» u>C i J J  113  r t cM JJ .2  12 i>  294  - 1  -

s  0> i  i l J  U l  Mcr t  J  17  125  244  - 1  -
< 0> tx2J  U2  .1£ f l  422  125  324  - 1  -

< J>1 i4J  114  r t uM 327  125  324  - 1  -

( g>U4  J  i i *  . I t r t  442  125  324  - 1  -
<» 0> l  *5  J U?  i l f c i l  347  125  32<»  - 1  -
< on  *3  J  l i s  rtfcrt 4  4  2  123  324  - 1  -

< On 173  117  .TcM J47  125  324  " 1  • 

c
 

V
 

c
 

Ud  t t t n .  3  52  125  33*  - 1  -

< 0  >  I  1  l i v  i l cM 437  125  43  4  - 1  -
< 0>l  d i  120  J l tM  3  4  7  125  354  • 1  -

•  UOlH j f  i  
NAnt  <KU>tCGJ  t  L  L11  •  T f  P  E  INPUf  L IST  

s  u> l  O i  1  34  wUT 117  

Figure 1 .k. Stage 3 output. 



127 

j>l oj  139  j u r  3d 3 

s Jy I J i 1 Jo j j  r  100  
< u/» (. t  j  1  1? U u l  1u1  
< VJ> i  <: ] 1 JO ju  r  l 02  
•s  u>L j j  i  jv  • j j  r  uj  
< u> L ^ 3 m o  u u  r  10^ 
s  o >  C  J  J  1st o u r  103 

••••• iHr'ufi « t A 1N H u T S ***** 
itAftc sKu^LCjJ tLc1» TfHc L'iP J f LIST 

< UM J J Ui CXl 

< 0> I J J ' 123 c X I 

> I OJ i cz  c X I 

Oi i l l  c X I 

\ 0>L Ji 12d c Xi 
< 0>l 1 J U* CXl 
< v>L I  J 130 ex  i  
< o>C J i i31 cX l 
s w> l  «»J 132 C A I 
< Ot 3 J 133 t A 1 

n#  ;i- i 1c  LUwAu  NAr t c  ujcJ In  INPUT OUTPUT INTERNAL ST3PA*  

In-a INc .lULfUrUFT STEP* <» 532 - 53<» 535 - 537 >3d - 5*2 

***** vATc i  ***** 
s i+ l  c  *  T^c INPuT L IST  

«.2u ANO iid 12 J 
h J i NAN J 2-0 
w J J ANU i.l*i 1 vo 
»wj AN U 113 107 
C b t AN U lit lOd 
s-tL'J AND ll3 1.09 
C2J ANU 113 no 
w* / AN U 117 in 
klJ i* AN J 12 7 
„ 0. UK J H 1 Q-i POO 5o7 
u Oi J K Sot  371 375 379 
2o? wK JOV W1 3<>9 57J 
<.11 uh JSli -.7 3 37i 573 
cH UK 3>y3 i73 J 75 3 7O 
ta- J* i-i'J *7/ 37a 3 7S» 
. o 7 U IV i l l  *t79 361 Jd2 

Figure 7 . k .  Cont i  nued 



128 

OK J 99 Hoi 3 0 H 
t « VI * ) a 7 i?L J 73 j 7'/ 'J 3 3 
* t U K io i to i J no 

w * to J H 03 3du 
0/ UN -*03 Ho 7 390 
4 ur. <t07 <»b9 592 
W JN nU* •»91 3 9 H 

jK "til 3*0 
£ f UK Jo 7 j7I J 79 333 
_ / UK wl3 396 
J w an H 1 3 OuU 
.» /  aA -.17 002 
1 L •» 1 -i 3Ui 
1 i UlN n2i 500 

JK lOi 3 H 3 
J -t LK J 73 379 
3 f J* «»03 )1J 
<J o Un 371 H9 J 3 d J 
O r uuK 12* 
O J uK I93 3<t9 
O V LNu luO H<i J 
91 CNU Ul i ̂ d 

•9 J CNU • 102 <*2J 
* J - Nu lu J t«iO 

j h'j w L uJur 3**2 
11 C N U h2o / j j V LUJO( 3 H 0 
*1 Z h d  1J J I2U ^ J / v. L Uuu 1 3 J 0 
VJ i ON u luo •t2o J J sj NA.NO 3JH 
W 3 ,NU 1J I H2d Jlj AOH 3 3 H 3 J 3 
0 3 CNu lOd n2d 3 ** i 0 333 53t 
j t CNU 109 ->28 

> ̂  - JKUR 3 H 1 332 
w » C.Nu ilO Scd J cN 0 3 3 J 
* A \.Nu 111 Hid J 1 j 5 30 J /*i 
k J who i 12 ^td >•» 7 iftu 337 j 7 9 
* J wNu 1*3 •t2o 3-rV Wl<l) J7 9 221 
*•' WIH u 114 t2o 3 3 w NUN 221 
i / . fHU I J.3 H2d •J 3 i wNU 379 3 30 

iNu li.0 H2o 3 3^ Nh u 2ho 3o3 
2j *NU JO / 12b 33 j AUu 127 30J 
C - T  nU K i2o >Uu wNU &2» 332 
C J  CNu Jo 7 •»2t ^ a / CNu 1 Jo 353 
2 J JK J/1 Jo 7 379 3 U 4 uNU 22 3 352 
U J INU 12o J75 i7j tNb lu 7 353 
03 wiiu i2 7 375 37^ wNU 22n 332 
o -rf C It 0 *.<: J J 7 3 3 7 J CNu lud 53 3 
/ fc CNU 12 v J7 3 J J 'J s>n u 223 332 
/ J ,Nu xJO 373 3 7 0 CNu 109 3i<3 
73 <• N 0 Ul 373 3/j CNU 22o 532 
U LU J U2 J 73 3?-̂  : n u  110 3 3 J 
It uNu 1JJ 373 JO. wNu 227 332 
0 i. CNU luU J73 30̂  v. Nu HI 33 J 
0 J CNU 101 37& rst .NU 12a 3 o3 
0 3 CN u 102 ^73 3 0 J Cfi J 129 3d 3 
o 7 CNu 1J J J 7 ̂  3 0 J w«U 130 3o3 
0 1 CNU iOH J7b 390 C N 0 13i Jo3 
•* .  CNU *05 375 3 "il wNU 132 JO J 
9 J I hi/ 3 7'J 127 3 9-, vNu l3 J JO J 

.NUl< 127 3 *#0 CNU lOU 3o J 
"i 3 Lh J 375 H4<! J  9j Crt J 10i 3o3 
Jd CLUiH Ho JO J v N u 102 jb3 
3 J V LU IN 11"? J w U :NO 1 U 3 JdJ 
j t auii< 12o Ul U N L 10H 3o3 

«U J CNu 10 J Jd3 

o-l'ci aJLu »** 
: 1 o INMINU t 3 JK i  27  Q*CS t 0 

0r  C ;>  :  3  C S t )  J  o * r  

Figure 7-b. — Continued 



129 

Stage 3 output is easy to read. An explanation of one entry 

from each of the sections would suffice. Element #367 appears in the 

Control section. It is the Control flipflop for Step 1 of the Module 

Multishift. Its Data input is connected to Element #368, Element 125 

is the driving clock, and Element #369 is connected to its Set input. 

Reset and Enable input of the flipflop are connected to Vcc. As an 

example from the Memory section, consider element #101. The element 

has the symbolic name A<0>[0], its D, C, and E inputs are connected 

to .element number 262, 125, and 264, respectively. Its Set and Reset 

inputs are connected to Vcc. The output line Z<0>[0] appearing in the 

next section is assigned element #134 and its input is connected to 

element #117. Since the statement Z=A[17] appears in the non-procedural 

part of the module description (see Figure 7.1), the output line Z is 

permanently connected to the flipflop A[17]- The next section describes 

input lines. Only external inputs are used in this example. The 

externa] line RESET<0>[0] is assigned element #124; since it is an 

external signal it has no input. Details regarding the CLUNIT is given 

in the next section. The generic name of the CLU is I NCR, its local 

name is INC, it is invoked by the module MULTISHIFT in step #4. Ele

ments 532 to 534 are inputs to the CLU, elements 535 to 537 are its 

output, and elements 538 to 542 are internal to the Submodule. ST3PAR 

is 0, indicating that the CLU must be built and not connected as a black 

box. Details regarding CLU elements are given with the rest of the 

gatelist which follows. The gatelist simply lists the element number, 
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its type, and its input list. For instance, element #262 is an OR gate, 

elements 379, ̂ 69, 566, and 567 are its input. Gate elements of type 

CLUIN and CLUOUT may be treated as simple wires. Gate of type CND has 

only two inputs; the first one is the data input and the second one is 

the control. These gates may be replaced by AND gates in TTL tech

nology and by Pass transistors in MOS. 

As a visual aid to the reader, a partial network of the circuit 

is shown in Figures 7.5a through 7-5c. It is a simple matter to draw 

the rest of the circuit from Stage 3 output. 

Although each data element bit is individually represented in 

the Stage 2 Linked List, it is possible to form larger data blocks. 

Frequently a partition based on Enable input of data flipflop is desir

able. Such a partition can readily be formed by assembling all flip-

flops with common Enable control gate into a block. Similarly, parti

tions based on other criteria may be formed. 



Figure 7-5-  a  partial network for the example. 

a. A partial control unit. 

b. Transfer into a flipflop. 

c. The combinational logic unit. 
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CHAPTER 8 

A GUIDE FOR WRITING STAGE 3 

In most of the real-world applications, Stage 3 will be an 

interface between AHPL Stage 2 and already-existing software at the 

place of application. One such example is discussed in Section 9-1-l-

Although there is no such thing as a general-purpose Stage 3 processor, 

some useful guidelines for preparing a particular Stage 3 can be given. 

The person responsible for building a Stage 3 processor must 

be thoroughly familiar with Stage 2 data base and the front end of the 

local software (if any) with which AHPL Stage 2 is to be interfaced. 

However, it is not necessary for the designer to have an understanding 

of either the Stage 1 or the Stage 2 algorithms. 

8.1. Defining Local Parameters 

The first task of the designer is to decide what kind of local 

parameters are needed and how they are to be entered. 

Figure 8.1 gives a block diagram showing how the multistage 

compiler would be coupled with local CAD systems. Stage 3 parameters 

can directly be entered in the source code by using curly brackets, as 

discussed in Chapter 3- Parameters can also be entered, independent of 

the source code, to the Stage 3 compiler directly. For example, if the 

purpose is to build the circuit in some particular technology, then 
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Figure 8.1. Block diagram of a typical AHPL application. 
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some design rules will be needed to systematically convert the abstract 

network produced by Stage 2 into real hardware. Then rules can be 

stored in a file and invoked by the Stage 3 processor when needed. 

8.2. Accessing and Manipulating AELL 

Structure of the Abstract Element Linked List has been discussed 

in Chapter 5- Recall that a node of AELL has six cells. These are 

stored in six simultaneous arrays: GATTYP, SIGINP, SIGLNK, OLINK, 

SYMLNK, and ILINK. Thus, attributes of link list elements can be ac

cessed directly. For instance, type of element N can be accessed by 

the statement GATTYP(N). Stage 2 has a package of subroutines which it 

uses to access and manipulate AELL. The package consists of 2k sub

routines and functions and gives the user a good handle over the linked 

list. Depending on his need, the designer of a Stage 3 processor may 

choose to copy the entire package, to copy only a part of it, or to 

write a similar package of his own. 

Along with the linked list, Stage 2 outputs some Stage 1 tables 

as well as the CLUTB table. These tables can effectively be used to 

organize Stage 3 design. Refer to Table *f.l through k.3 and 4.1A for 

details regarding these tables. The symbol table and PINTAB table do 

not undergo any change. Columns 12 and 13 of the system table now give 

the rangeof nodes allocated by the stage 2 compiler for undeclared 

network points of the module. Column 9 of SDT now points to PINTAB 

table instead of pointing to TOTS. Stage 1 tables are still available 
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in the file STAGE I'OUT; they may be copied if needed. The tables 

will not grow dynamically, so a simple storage method may be employed. 

Stage 2 output is stored on a file called STAGE2-0UT. Refer to subrou

tine ST20UT to see how the data is arranged. A simple subroutine may 

be written to read the data back into the core. 

Whether these boundaries have any significance or not depends entirely 

on the application. SDT gives a convenient way to access individual 

elements of declared data symbols. Control elements have type DFCS 

or ORCS. These can conveniently be found by searching elements of the 

linked list; other circuit elements do not have any structural signifi 

cance and may be accessed directly. 

8.2.1. Building segments 

Each bit of a data element is individually represented in the 

abstract network produced by Stage 2. It is often desirable to combine 

several bits, based on certain criteria, into a larger block or seg

ment. This can easily be accomplished by making a segment table. Each 

row of the table will give the lower and upper bound of data elements 

belonging to the segment, as shown in Figure 8.2. 

The system table defines the boundaries of individual modules. 

Row # Lower Bound Upper Bound 

2 

3 

1 1 8  

100 

156 

117 

1 2 1  

1 6 2  

Figure 8.2. Building segment table consecutive nodes. 
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If elements of segments a r e  non-consecutive, then indirect accessing 

techniques may be used. This scheme is shown in Figure 8.3. Nodes 

5, 16, 7, 18, 2, and k are in segment #1. Nodes 8, 12, and 68 are in 

segment #2. 

Segment Index Table Segment Table 

Row # Low Seg Row Up Seg Row Row § Elements 

1 :  20 25 

2: 26 28 
20 5 

2 1  1 6  

22 7 

23 18 

2k 2 

25 4 

26 8 

27 12 

28 68 

Figure 8.3. Building segment table non-consecutive nodes. 

For certain applications, there may be more than one criterion for 

making segments. One or more columns may be added to the segment 

index table to store information regarding these criteria. 

As an example of segments, consider the module MULTISHIFT 

described on page 2^2 of reference [6]. Segments shown as destination 

group in Figure 7-16 of the text are based on clock enables. That is, 

all the bits of a register which are enabled by the same conditions are 

grouped together. Such segments can easily be made by examining enable 
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input of each element of a register and grouping the one with common 

enable signals into a segment. Notice that the book has assumed these 

bits to be consecutive. However, if the scheme of Figure 8.3 is used, 

then the assumption would not be necessary. 

8.2 .2 .  Changing node numbers 

Node numbers of network elements were allocated without regard 

to their type or any other criteria. This was done because criteria 

suitable for one application may not be suitable for another. 

Suppose that an already-existing local application program re

quires that all input/output nodes should be numbered from 1 to 50, 

control elements from 51 to 99, data flipflops from 100 to 200, and all 

the buses from 300 to ^00. Undoubtedly, the restriction seems somewhat 

artificial, but such arbitrary restrictions are not at all uncommon. 

Most of the local application programs were developed several years 

ago when modern programming techniques were still in their infancy. 

This is not to belittle these programs; they are excellent and do their 

job well. Nevertheless, trying to modify them or even to change their 

front end will not be an easy task. It is the task of the Stage 3 

designer to accommodate for all idiosyncrasies of the local software 

rather than trying to modify the software itself. 

Node numbers can be changed easily. The first step is to make 

an array which maps old node numbers into new ones. Old numbers are 

stored in the array and its index gives the new node numbers. a simple 

Fortran program can build the node map shown in Figure 8.4. a partial 

listing of the program is given below: 
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OLD NODE NUMBERS 

1 100 
2 101 ALL I/O 

50 286 
51 296 

ALL CONTROL ELEMENTS 

90 356 
100 357 

ALL DATA FLIPFLOPS 

300 
400 
401 

ALL BUSES 

•OTHER ELEMENTS 

Figure B.k. Node map. 

C Program to build the node map 

NEWNOD = 1 

DO 10 1 = 1 , GNEXT ! GNEXT gives the node number of the 

! last node in the linked list 

IF(GATTYP(1).NE.INPUTS.AND. 

GATTYP(I).NE.OUPUTS) go to 10 

NODMAP(NEWNOD) = 1 

NEWNOD = NEWNOD + 1 
\ 

10 CONTINUE 

NEWNOD = 51 

DO 20 I = 1, GNEXT 

IF(GATTYP(I).NE.DFCS.AND. 

GATTYP(I).NE.ORCS) go to 20 

NODMAP(NEWNOD) = I 

NEWNOD = NEWNOD + 1 
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20 CONTINUE 

Of course, more sophisticated algorithms may be developed to 

do the job in a single pass over the linked list. The old gate numbers 

may now be replaced by new numbers by a subroutine similar to REPLAC. 

However, a much quicker method would be to make another array with index 

corresponding to old gate numbers and entries corresponding to the new 

numbers. These two arrays can be used to translate old numbers into 

new ones and vice versa, without making any changes in the linked list 

itself. 

8.2.3- Assigning PIN Numbers to MS I Parts 

MSI parts used in a circuit may be described as functional 

registers or CL units. Their input and output lines are given symbolic 

names. These names are used as formal arguments and are connected to 

actual arguments when the submodule is invoked. At the final stage in 

the design process, it is necessary to have a mapping between the formal 

arguments and the actual pin numbers of the MSI part. This can be 

accomplished by establishing a library of MSI parts which will give the 

correspondence between the formal arguments and the pin numbers. The 

pin numbers of each device can be stored in a one-dimensional array 

according to a mutually agreed-upon convention. Since there will be 

several devices in the library, some mechanism to access the proper 

array index must be developed. A simple method would be to use the 

device name to give the displacement into the array. For a library 
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with several hundred devices it will be useful to employ hash table 

techniques [27] to speed up the search process. 

8.2.4. Minimizing the Number of Control Elements 

The control unit is implemented using one control element for 

each control state. However, it is possible to use only log^n control 

elements for n control states. At times such realization proves to be 

more economical. Furthermore, circuits which do not have reset lines 

must be realized using log2n control elements so that they assume one 

of the legal states after being turned on. 

Suppose that a module has the following control sequence: 

1 + a/1 

2 ^ b/1 

3 -* (c,c)/(2,4) 

( 1 ) .  

If four D-flipflops are used to implement the above control unit, then 

their excitation equation may be written as follows: 

CSL1 CSLl£a + CSL2Sb + CSU 

CSL2 CSLlSa + CSL3&C 

CSL3 CSL2&b 

CSU «- CSL3&C 

Left arrows are used instead of equal signs to symbolize the clock delay 

associated with flipflops. Above equations can be implemented by using 

four flipflops, six AND gates, 2 OR gates, and 3 Inverters. 
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It is possible to use only two fllpflops to generate four con

trol state levels (CSL). The above equations may be rewritten in terms 

of two flip CSM1 and CSM2. 

CSL1 = CSM1 & CSM2" 

CSL2 = CSM1 & CSM2 

CSL3 = CSM1 S CSfiT 

CSL4 = CSM1 & CSM2 

CSM1 *• CSL2&b + CSL3&C 

CSM2 CSLlSa + CSL3 

Above equations may be implemented by using two flipflops, 7 AND 

gates, two OR gates, and three inverters. No attempt was made to find 

the best state assignment. 

An outline of a procedure to convert a control unit with one 

element per control state to the one with log2n elements for n control 

state is given below: 

1. Allocate log^n flipflops where n is the number of control 

states excluding NODELAYS. 

2. Using log^n to n decoder or discrete gates, generate CSLI 

through CSLN. 

3. Input equations to the new flipflops will be OR of the input 

equation of properly selected old flipflops.' For example, in 

the above illustration the input to CSMI is OR of inputs to 

CSL3 and CSL^f. Similarly the input to CSM2 is OR of inputs 

to CSL2 and CSL.4. 
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k. Delete old flipflops. 

5. Realize NODELAY steps. 

6. Optimize the new control unit. 

Subroutines SETGAT, ADDIN, SEEIN, DELGAT and CMPOPT may be used to 

accomplish the above task. 

A note on the nature of AELL is in order. While at times it 

seems that the Stage 2 has produced the actual circuit, with very little 

room to make any modification, it is very easy to manipulate the linked 

list and come up with a different implementation. It is this flexibil

ity, the author hopes, which would allow the AHPL compiler to work in 

different environments. 

8.3. A Proposed Mask Generation System 

A system to automatically generate masks from the functional 

description of a chip is proposed in this section. The purpose here 

is to use the system as a vehicle to illustrate several aspects of 

Stage 3 design and to demonstrate how Stage 2 output can be 

used by already-existing application programs. For the purpose of 

illustration, it is assumed that the available mask generation system 

accepts NAND representation of a circuit and generates the mask. The 

complex algorithm of routing and placement to make the best use of 

available chip area is considered to be outside of Stage 3- It is 

awkward to design a large circuit in terms of NAND gates. The system 

proposed here would allow the user to design the circuit using AHPL. 

A block diagram of the proposed system is shown in Figure 8.5. 
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8.3.1. Meeting FAN IN FANOUT Requirements 

FANIN and FANOUT limits are based on the technology. These 

limits may be entered as Stage 3 parameters. FANIN criteria may be 

met by simply breaking up a gate into smaller ones as shown below. 

Suppose a gate Gx is to be broken up. If Gx is of type AND 

or OR, then the procedure is: 

1. Using the subroutine SETGAT, allocate n gates of the same type 

, . , , r# of INPUTS of Gx 
as Gx, the one being broken up. Where n =| FANIN limit 

2. Connect # of inputs/n inputs to each new gate, By calling 

subroutine ADOIN. 

3. Remove all the inputs from Gx, by using the subroutine DELIN. 

k. Using the subroutine ADDIN, connect the newly generated gates 

to Gx as shown above. 

Recursive application of the algorithm may be necessary if n is larger 

than the FANIN. 

Similar algorithms for other types of gates may be developed. 

Notice that the newly generated gates are connected as input to Gx. 

Thus, the rest of the linked list need not be changed. 

FANOUT limits can be met simply by using buffers, or parallel 

gates, as shown below. 
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Figure 8.5. The proposed mask generator system. 
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a 
b 
c-̂ E> 

G1 

G2 
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Figure 8.6. Meeting FANOUT requirements. 

An algorithm using parallel gates is given below: 

c _ „ # of outputs of Gx 
1. Allocate n gates of type Gx where n = FANOUT limit 

2. Connect all the inputs of Gx to these gates also. 

3. Divide the output equally, as shown above. 

8.3-2. Converting into NAND Gates 

AND/OR logic may be converted into NAND by changing all AND/OR 

operations into NAND operations and inverting signals at odd levels. A 

simple AND/OR logic and its NAND equivalent is shown in Figure 8.7. 

In order to prove that the two circuits are equivalent, consider 

the boolean equation of the circuit on the right-hand side: 

a.b . c.d . e.f • g . h 

Simpli fying: 
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a+b . c+d . e+f . g . h 

a+b . (c.d + e.f) . g . h 

a+b . ((c+d) . (e+f) + g) . h 

= ab + (cd + ef) . g + h which is the same as the left-hand side. 

Figure 8-7- A logic circuit and its NAND equivalents. 

Dealing with equations and trying to find out whether a signal 

must be inverted or not is a difficult task. A much simpler approach 

which would yield the same result is to replace individual gates with 

their NAND equivalents. 

9 
h 

{>> 

a. b = a. b 

a+b = a. b 

a+b = a. b 

a ® b  = a . a . b . a . b . b  
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Using these equations, a circuit may be easily be transformed into its 

NAND equivalent. The result of applying the first two equations on 

the circuit of Figure 8.7 is shown in Figure 8.8. 

9-
h-

d> 

CD- — 

T>—£>— 

-On 
-{T̂ O ~6̂ )o-

rl>-' 

Figure 8.8. Replacing gates by their NAND equivalents. 

The only task remaining is to eliminate redundant gates. This 

can easily be done by a simple optimizing routine which wouHd remove 

two inverters connected in series. It can be seen that gates 8 and 

18, 9 and 11, 10 and 12, ]k and 15 would be eliminated by this scheme. 

Note that inverters in parallel must be used for fanning-OUT AND gates. 

8.3.3. Converting Flipflops into NAND Gates 

First a suitable NAND representation of a flipflop should be 

developed. The circuit given on page 536 of reference [26] is a valid 

candidate. The JK flipflop is modified into a D flipflop. In addition, 

provision is made for Enable, Set and Reset inputs. The-modified cir

cuit is shown in Figure 8.9. 

A simple subroutine may be written which could convert all flip-

flops used in a circuit into their NAND equivalents. The subroutine is 
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given flipflop number, and the five inputs—D, C, E, S, and R. It 

builds the NAND equivalent. An outline of the algorithm is given below. 

SET 

CLOCK 

DATA — 

ENABLE 

RESET 

2 .  

3. 

k .  

Figure 8.9. NAND representation of a D-flipflop. 

Allocate 10 NAND gates G(l) through G(10). 

Add R, G(8) and G(9) as input to G(10). 

Add S, G(7) and G(10) as input to G(9). 

Add G(6) and G(2) to G(8). 

10. Add D to Gl. 

And finally 11, Replace FFNO by G(9). 

All tasks described above can easily be performed by calls to appropriate 

AELL handling routines. Similarly, other circuit elements, for example, 

latches may also be replaced by their NAND equivalents. 
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8.3.^. Output Formatting 

The final task of the Stage 3 is to output the circuit in a 

format acceptable to the front end of succeeding programs. Components 

of a design automation system may be picked up from different places. 

In Figure 8.5 it is shown that Stage 3 is connected to a mask generator 

system as well as to a test system. Thus, two output formatting routines 

must be wr i tten. 

8.3.5. Conclusions 

Section 8.3 has illustrated how AHPL can be used effectively 

to enhance the power of already-existing CAD systems. The proposed 

system allows the chip designer to concentrate on a functional level 

rather than going down to NAND gates. An additional advantage of the 

unified approach to design automation is that several types of avail

able CAD systems may be attached. In the above example, since the 

mask generator and circuit testers are driven from the same descrip

tion, one is sure that the circuit being tested is the same as the 

one being built. 



CHAPTER 9 

CONCLUSIONS AND CURRENT APPLICATIONS 

9-1. Current Applications 

Three applications of the multistage compilers will be dis

cussed in this section. The author was closely associated with the 

first one, and had major design and implementation responsibility. He 

made some contributions towards the other two projects, but the major 

design responsibility rested with other researchers. These applica

tions illustrate the possibility of designing a comprehensive automa

tion system based on AHPL. Such a system can be expanded by adding pre

designed CAD software. 

9.1.1. Device Modeling System for Test Engineers 

In order to design test programs for a device it is necessary 

to prepare its model. The model is prepared from the documentation 

provided by the device manufacturers. Documentation for SSI and MSI 

usually include a detailed schematic. It is a simple task to prepare 

models from these schematics. A good model must be able to predict 

the behavior of the good device as well as the one with simulated 

internal failures. It is assumed that models derived directly from 

schematics would meet the criterion. This approach to modeling has 

been traditionally taken by automatic test equipment (ATE) manufacturers. 

151 
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Teradyne, Inc., is an ATE manufacturer. One aspect of its 

activity is to aid in testing printed circuit boards. A circuit board 

may have several IC packages. Each IC package is individually modeled. 

The model is then processed by LASAR[29] software. The software in

cludes a gate level simulator, a test sequence generator, and a diag

nosis and analysis package. The test sequence generator automatically 

generates input patterns which can deduce failure within the device. 

It is a fairly sophisticated program and can attain a very high percent

age of fault coverage for most MSI devices. These patterns generated 

for a model are used to check if the model is correct. The simulator 

gives the response of the model for the applied test sequence. The 

same sequence is also applied to an actual device. The two responses 

are compared to check if the model is correct. The whole board can then 

be tested by specifying interconnection of modeled devices and comparing 

the board's output with the simulator output for a wel1-designed test 

pattern. The system may be used for go/no-go test as well as for iso

lating faulty IC packages. 

The most basic building block with which a LASAR model can be 

prepared is the NAND gate. NAND models for several hundred devices are 

available in the LASAR library. Models of other building blocks, for 

example, flipflops, AND gates, OR gates, etc. are also available. A new 

model may be described in terms of NAND gates or in terms of available 

1ibrary models. 

LASAR provides a simple and direct way to build a model from the 

device schematics. The use of library facilitates hierarchical modeling. 
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Models of most MSI devices can be prepared with a few days of effort. 

However, it is not so easy to model an LSI or a VLSI device. The 

documentation available from the manufacturer for these devices does 

not include a detai1ed schemat ic. The modeling, therefore, becomes a process 

of re-designing the device from the functional descriptions. LASAR does 

not help in the design process. The whole design must be broken up into 

flipflops, gates, and other available 1Fbrary elements. Each element 

must be assigned a unique number and the whole model must be entered 

us.ing the format [30]: 

[element numberj [element type] / [input list]// 

To model a device of the complexity of a microprocessor using the above 

format is not very practical. It is tedious, time consuming, and prone 

to errors. Modeling a device like M6800 would require several man-

months of effort. Thus the need of a more sophisticated method to 

enter device model became evident. A method which would not only sim

plify the coding but would also help in the design process. 

Design languages provide a formal mechanism to express complex 

digital devices. It was deduced that with a design language as its 

front end, the LASAR system can indeed become a powerful modeling tool. 

Among the several design languages studied, AHPL was found to be the 

most suitable language for the purpose [30]. AHPL used by Teradyne 

is slightly different than the one discussed in Chapter 3- However, the 

basic characteristics are the same. With the new system, the model is 
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described in AHPL. The linked list output of AHPL compiler is converted 

into a format suitable for LASAR system. The program to convert linked 

list output into LASAR format is very simple and needed only a few days 

of programming effort. This clearly indicates that the AHPL compiler 

can be used on existing CAD software to meet the challenge of LSI and 

VLSI technology. Some advantages of the new system, as perceived by 

Teradyne are: 

1. It helps in design organization. Logical ideas can be ex

pressed with ease and flexibility. 

2. Actual coding of models becomes much simpler because of a high 

level of abstraction. 

3- Debugging is easier. Logical errors are accurately pinpointed 

and correction can be made easily. 

k. Maintenance of models, revisions and extensions are simpler. 

5. High level of abstraction improves communication among test 

engineers and models can easily be exchanged. 

It is debatable whether the model prepared from the functional 

description is as good as the one prepared from the detailed schematics. 

INPUT/OUTPUT behavior of both the models will be the same at functional 

level. But, what about non-functional behavior? Or behavior of a 

device with simulated faults? How valid is the percentage fault cover

age analysis given by the diagnosis program? These questions need a 

careful study and may be a topic of an interesting and useful research. 

One must bear in mind, though, that a detailed schematic is usually not 
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available. And even if it was available it would be a tedious and time-

consuming job to develop an LSI model from a detailed schematic. In 

the future, when LSI and VLSI manufacturers would themselves switch to 

design language based system, the discrepancy between the actual device 

and its model will no longer exist. 

9.1.2. Test Sequence Generator 

A device is said to be functioning properly if it produces the 

desired output sequence for a given input sequence for all acceptable 

input sequences. A sequence of 2n patterns is sufficient to test a 

purely combinational n-input device. Considerably fewer patterns will 
1 

be needed if special techniques are employed [32]. However, since the 

response of a sequential device depends on all previous inputs to the 

device, a very long test sequence may be necessary. Patterns generated 

manually are usually not adequate to test a highly sequential device. 

For this reason, attempts have been made to automatically generate 

these patterns. 

A fault is said to be observable if it can be propagated to 

the device output. Because most practical devices have some amount of 

redundancy, not all faults are observable. The purpose of a test se

quence, therefore, is to propagate observable faults to the output. 

Effectiveness of a test sequence is measured in terms of percentage 

fault coverage: 

Percent fault coverage = 

Number of faults propagated to the output j q q  

Total Number of Observable Faults 
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A device testing program usually consists of three parts: a 

test pattern generator, a simulator, and a diagnosis program. The test 

pattern generator produces a test sequence, the simulator gives the 

response of the device to the test pattern, and the diagnosis program 

analyzes which fau1ts have been propagated to the output. It also checks 

what percentage of fault has been covered and whether more test patterns 

are needed. For most large sequential circuits, it is not practical to 

achieve a 100% fault coverage. It must also be noted that most diagnosis 

program cannot make adjustments for the redundancy in the circuit and 

therefore overestimate the number of observable faults. In such cases 

it is not possible to achieve a 100% fault coverage. 

Three criteria are used to measure the performance of a test 

sequence generator: 

1. Percentage fault coverage. 

2. Length of the test sequence. 

3. CPU time spent in generating the sequence. 

Several methods have traditionally been used to test sequential 

circuits. These include: converting the sequential circuit into an 

iterative combinational logic network [33]; comparing the state table 

of unit under test with that of a good circuit [3^, 35]; and simultaneous 

simulation of all single fault versions of the circuit for user-supplied 

input. The hardware compiler can be used to support any of the above-

mentioned methods. However, the above methods are not adequate for 

highly sequential LSI devices with very few output pins. This 
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observation led to the search for a new method to generate test se

quences. This method is based on the design language AHPL. 

AHPL partitions a circuit into control sections and a data sec

tion. State table of the control section may be searched exhaustively, 

while only a small portion of the much larger data section needs to be 

exercised. Furthermore, the compact design language description would 

aid in guiding the hueristic test sequence generation operation. This 

is the approach taken by SCRITSS (Sequential Circuit Test Search System) 

designers [37~39l• Reference [31] gives an overview of this approach 

and details advantages of this approach over the others. 

Figure 9.1 shows a block diagram of the SCIRTSS system. The 

sensitization search (block k) finds an input sequence which will drive 

a particular fault into a memory element or to some circuit output. 

The propagation search (block 6) finds an input sequence to propagate 

a stored fault to one of the output. Concatenation of these sequences 

gives a test pattern. Heuristics are employed for both sensitization 

and propagation searches to reduce the search cost. 

The multistage AHPL compiler can be interfaced with SCRITSS 

software. Stage 1 output tables may be used to aid the sensitization 

and propagation searches. The output of Stage 2 may be used by the 

element simulator, by the D-algorithm program, and by the analysis pro

gram. Figure. 9.2 shows the block diagram of the proposed system. 

9.1.3- SLA Implementation of VLSI 

Very large-scale integration technology of 1980s would make it 

possible to manufacture devices with more than a million elements [41] 
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Figure 9-1• SCIRTSS flow diagram. 
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on a single chip. This means that highly complex special-purpose de

vices and super microcomputers may be fabricated on a single VLSI pack

age. Current ad-hoc methods empolyed by logic designers will not be 

adequate to handle devices of such compiex structure. Also, testing 

of highly sequential devices designed by ad-hoc method will not be 

easy. In order to make VLSI realization of specia 1-purpose low-volume 

devices feasible, it is necessary to automate the design process. A 

VLSI design system based on AHPL is under development. 

The Universal AHPL supports MOS technology. The Pass trans-

sistor has been implemented as a primitive function. Multiphase clocks 

are allowed. This helps in reducing the power consumption [kO]. A 

Stage 3 can be written to convert the linked list output of Stage 2 into 

physical hardware to be implemented as a VLSI chip. Such a program must 

perform the task of automatic routing and placement to make most effi

cient use of the available chip area. To write a good placement algo

rithm for a complex device is difficult. However, if some constraints 

are put on the circuit layout then the placement algorithm will be rela

tively simple. The storage logic array (SLA) [^2] constraints the layout 

by distributing logic between rows and columns of an array of memory 

elements. The constraints imposed by SLA simplifies the task of automa

tic layout with a relatively small penalty in chip area utilization 

[2^]. Figure 9-3 shows the block diagram of the process of converting 

AHPL description into SLA layout. 
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Figure 9-3-  Compilation of AHPL description into SLA layout. 

9.2. Evaluation of Accomplishment 

Applications discussed in the previous section have demonstrated 

that a design language-based hardware design automation system can meet 

the challenge of ever-increasing complexity of digital devices. The 

three systems developed separately can be combined together into a 

powerful design automation tool. Additional subsystems ma^; be developed 

and attached later. Thus the combined system will be able to support 

all phases of the design activity including testing, from a single AHPL 

description of the device. Such a system will surely make the task of 

digital design engineers much simpler and more rewarding. 

In designing the system the first task was to select a proper 

design language. For reasons explained in Chapter 1, AHPL II was chosen 

as a starting point. Requirements of a wide spectrum of design environ

ments was studied. AHPL II was updated to the Universal AHPL to meet 

these requirements. The syntax of the new language was rigorously 

defined using BNF notation. This assured that there was no syntactic 

ambiguity in the language. The BNF description also helped to make use 

of an automatic parser generator program. Care was taken to keep the 

Universal AHPL compatible with AHPL II to the extent possible. The 
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concept of hardware parameter was introduced. This feature allows 

specifications of technological details enclosed in curly brackets 

without affecting the rest of the language. Primitive functions are 

included to allow the user to express detailed logic in a compact way. 

At present there are six primitive functions. New functions can be in

cluded in the future with minimum programming effort and without affect

ing the language syntax. Many improvements have been made in the AHPL 

procedure mechanism. A distinction between local name and generic name 

allows the user to create several submodules from the same generic 

description. Variable dimensions are allowed in the submodule descrip

tion. This allows the user to create submodules of different dimensions 

from the same generic description. Several other features have been 

* added. A summary of these features is given in Section 2.3-

The language is implemented in a welI-structured and modular 

way. Confusing GOTOs have been avoided. Simplicity and clarity have 

been maintained throughout the program, even at the expense of additional 

coding. Compilation is done in stages, with each stage performing a 

well-defined task. 

Stage 1 consists of two modules, a syntax analysis module and a 

semantic module. Syntax analysis is done by a parser automatically gen

erated from the BNF description of the language. This assures that 

there is no ambiguity in the syntax. Also, since the parser was auto

matically generated it was easy to fix errors in the BNF. Future syn

tactic extension can easily be made by simply changing the BNF and 

recompiling the parser. The semantic module is also wel1-organized. 
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The main semantic routine does the simple semantic tasks itself and 

calls other subroutines for more elaborate tasks. New productions can 

easily be included. Tables generated by the Stage 1 compiler can easily 

be processed by subsequent programs. 

The Stage 2 processor produces linked list representation of 

the circuit from Stage 1 tables. The linked list data structure proved 

to be very useful. The method to remove redundant gates, discussed in 

Chapter 5, is unique-and has greatly reduced the cost associated with 

network optimization. As suggested by several examples discussed in 

Chapter 8, the linked list structure is easy to manipulate and will 

simplify the task of Stage 3 designers. 

Several applications within a short span of time indicate that 

the methodology followed was a useful one, and the system developed here 

will be able to meet the challenge of future technology. 

9.3- Future Research 

The present compiler produces two data bases from an AHPL 

description of a device. Output of the Stage 1 compiler is a tabular 

representation of the functional behavior of the device. Output of the 

Stage 2 processor is a linked list representation of the device in 

terms of memory elements and logic gates. It will be useful to go one 

step further and produce another data base representing the circuit in 

terms of transistors, resistors and other such elements. Obviously 

this data base will be technology-dependent and the processor to pro

duce it will be called a Stage 3 processor. Several such processors 
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may be written depending on the technology in which the circuit is to 

be implemented. Using these three data bases, a very comprehensive 

hardware design automation system, similar to the one proposed in 

reference [43], can be developed. Figure 3.k shows a block diagram of 

the proposed system. 

S . k .  Available AHPL Software 

Available AHPL software include a function level simulatoi— 

HPSIM [10], a compilei—HPCOM [25], and a CLU compiler [36]. HPSIM 

and HPCOM were written for AHPL1 I. The CLU compiler is for Universal 

AHPL. The CLU compiler has been incorporated in the main Universal 

AHPL Compiler [17] presented in this report. HPSIM is written in 

FORTRAN and is available on CDC, IBM and 0EC10. HPCOM is written in 

standard SN0B0L4. The Universal AHPL compiler is written in FORTRAN. 

The compiler is portable, only slight changes in the scanner will be 

necessary to transport the compiler to other computers. 
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Figure 9.k. A comprehensive digital design automation system. 
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