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ABSTRACT 

Incremental Compilation and Code Generation 

Robert E. Bruce 

Time sharing compilers are typically batch compilers 

that have been modified, via inclusion of a symbolic 

debugger, to "emulate" an interactive environment. The 

trend is away from interaction with the language processor 

and toward interaction with a common symbolic debugger. 

There are several problems with this approach: 

1) It causes great time delays when a problem is 

isolated and a source change is necessary to 

correct a "bug". The use of an editor, 

compiler, and linkage editor is required to 

get back to the symbolic debugger. 

2) Using a symbolic debugger requires knowledge 

of yet another language (the debugger's 

language). 

3) Typically a symbolic debugger is written to 

work with more than one language and 

therefore has to house (sometimes 

incompatible) constructs for all of the 

languages it supports. 
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The incremental compiler on the other hand has a rapid 

response to source changes. There is no need for a complete 

recompilation and linkage edit in order to re-execute the 

program after a change is made. The time required to make a 

change is proportional to the size of the change and not to 

the size of the program. 

The BASIC language processing system discussed in this 

work can operate as an incremental language processor as 

well as a Link-Ready (LR) code generating compiler. The 

term 'link-ready' denotes a type of relocatable object code 

that is suitable for linking with the BASIC library as well 

as with other user-written routines that have been 

separately compiled by BASIC or any other language 

processor. The compiler system operates in two modes, a 

link-ready code generating mode commonly called a batch 

compiler and an incremental or interactive mode that allows 

the user to enter source code lines in any order receiving 

error messages (if the source line is in error) as each line 

is entered. A BASIC program is first developed using the 

incremental compiler. Once the program is "debugged", it is 

compiled using the batch compiler to produce a more 

efficient executable module. 
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CHAPTER I 

INTRODUCTION 

This thesis describes an implementation of a BASIC 

compiler system (BASIC-V) developed for Harris Corporation, 

Computer Systems Division (HCSD) to run on all of its 

machines that support the virtual memory operating system - 

VULCAN. 

The requirements for the HCSD BASIC-V system were: 

* A language processor that could provide 

immediate syntax error reports, immediate 

execution mode (PRINT A, etc.) and relatively 

fast execution. 

* A language processor that could generate 

Link-Ready (LR) code suitable for linking 

with a BASIC library as well as routines 

written in other languages. 

* A product that would compete with our 

competition's BASIC systems. 

We will address the solution of the first two 

requirements. 
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The two alternatives put forth for these two 

requirements were: 

* Two separate language processors, a compiler 

and an interpreter. 

* An incremental compiler that produced 

executable code to memory or LR code suitable 

for linking. 

The first alternative was dropped because the high cost 

of maintaining two separate products would have been 

prohibitive. In addition, keeping the two systems so that 

they produced the same actions for the same source code 

would have been difficult. 

BASIC-V is therefore a conversational, incremental 

compiler system that operates in two modes: 

* The incremental compiler mode that generates 

code to memory thus saving a linking and 

loading phase when executing the program. 

The benefits of an interpreter are also 

available; i.e., the ability to interrupt, 

trace, or monitor execution. 

* The "Link Ready" (LR) generating mode that 

generates link ready code suitable for 

linking with the BASIC runtime library and 

with separately compiled routines written in 

BASIC or other languages. This LR mode of 
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the compiler system produces code that 

executes significantly faster than the code 

produced by the incremental mode. 



CHAPTER II 

BACKGROUND 

Time sharing compilers are typically batch compilers 

that have been modified, via inclusion of a symbolic 

debugger, to "emulate" an interactive environment. The 

trend is away from interaction with the language processor 

and toward interaction with a common symbolic debugger. 

There are several problems with this approach: 

1) It causes great time delays when a problem is 

isolated and a source change is necessary to 

correct a "bug". The use of an editor, 

compiler, and linkage editor is required to 

get back to the symbolic debugger. 

2) Using a symbolic debugger requires knowledge 

of yet another language (the debugger's 

language). 

3) Typically a symbolic debugger is written to 

work with more than one language and 

therefore has to house (sometimes 

incompatible) constructs for all of the 

languages it supports. 
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The incremental compiler on the other hand has a rapid 

response to source changes. There is no need for a complete 

recompilation and linkage edit in order to re-execute the 

program after a change is made. The time required to make a 

change is proportional to the size of the change and not to 

the size of the program. 

Incremental compilation has been established as a very 

effective software development technique [11,16], It has 

been successfully implemented in several existing compilers 

and time sharing systems [16,17,4]. The incremental 

compiler has a dramatic effect on the performance factors of 

software development [11,16,4]. User productivity, response 

time, program debugging, and programming costs are the 

factors affected in the interactive program development 

environment generated by the incremental compiler. 

The concept of incremental compilation is not new; it 

was introduced in 1965 by Lock [14], then with the 

California Institute of Technology. Rishel [16] shows how 

the systems by Ryan et. al.[17] were successful in 

implementing Lock's ideas, and Katzan even goes so far as to 

state: 

"Some form of incremental compilation, 

therefore, seems to be the only answer 

in sight to questions regarding the 

development of algorithms in an 
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interactive computing environment. The 

ability to execute a program as it is 

being compiled may be the optimum from a 

development point of view." [11] 

In an incremental compiler each line of source code is 

translated into some form of executable code; either machine 

language or a code amenable to interpretation. Therefore, 

the user is immediately alerted to syntax and to some 

semantic errors so that they can be corrected. The 

increment of compilation is one line of source code. The 

lines of source code are independent of one another 

semantically at compile time. The interstatement semantic 

dependencies will be checked when an execution of the 

program is requested. 

Incremental compilation is interactive by nature since 

immediate syntax and semantic errors are noted as lines are 

entered; code is generated for each line when it is 

correctly entered and modifications to source code lines do 

not force recompilation of the entire program, only the 

lines affected. 'User' time is saved while sitting at a 

terminal. 

The incremental compiler requires an intelligent symbol 

table, a GOTO, FOR, WHILE, and REPEAT list, and a line 

number list that points to the source and object code for 

each statement in the source program. The loop list keeps 
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track of all runtime bindings. This list is traversed and 

all bindings are satisfied just before an execution is 

requested. Any errors in the traversal of this list are 

reported to the user and the execution is terminated. 

Thus, the code produced by an incremental compiler can 

be viewed as individually compiled subroutines whose 

parameters are supplied through the symbol table. 

Transfers of control, either explicit such as GOTOs or 

RETURNS, or implicit such as the transfer from one source 

line's object code to another's; hinder the speed of the 

code produced by the incremental language processor most. 

These transfers are handled by a run-time execution monitor 

which transfers control to the next source code line's block 

of code or to the block of code specified in an explicit 

transfer of control from a source code construct such as 

GOTO or RETURN 



CHAPTER III 

OVERVIEW 

This BASIC language processing system can operate as an 

incremental language processor as well as a Link-Ready (LR) 

code generating compiler. The term * link-ready' denotes a 

type of relocatable object code that is suitable for linking 

with the BASIC library as well as with other user-written 

routines that have been separately compiled by BASIC or any 

other language processor. 

A flow diagram of the system with assorted utility 

routines is shown in Figure 3.1. The main routine of the 

system is the syntax recognizer (SYNTAX). The module STREXP 

handles all code generation necessary for string 

expressions. The module NUMEXP handles all code generation 

for numeric expressions. Each of these routines as well as 

the semantic routines of SYNTAX call the routine MEMREF to 

construct all memory referencing instructions. The routine 

CODER puts the actual machine instruction together and, in 

the incremental compiler, places the instruction in a memory 

block for the current source line's code or, in the LR 

compiler, writes the instruction to the Link-Ready (LR) file 

along with all of the necessary relocation information. The 
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LR file can then be processed by the linkage 

(VULCANIZER) to create an executable module. 

editor 
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The compiler system is actually two executable modules; 

the incremental compiler with all of its runtime support 

routines and the Link-Ready generating compiler. The source 

code of the two compilers is almost identical. The main 

difference between the compilers is that the incremental 

compiler writes its code to memory and does some extra 

bookkeeping and the LR generating compiler writes 

relocatable code to the LR file. The tables that hold 

information for library calls are constructed differently in 

the two compilers, but no routine except CODER is affected 

by this. In the incremental compiler this table contains 

the actual 'BRANCH AND LINK' instruction necessary to get to 

the library routine, and in the LR compiler the table 

contains the ASCII name of the library routine. 



CHAPTER IV 

THE SYNTAX RECOGNIZER 

Syntax analysis for this compiler system is handled by 

a deterministic, top-down, backup-less table driven parser. 

The idea is to start with the distinguished symbol, which in 

an incremental compiler is <statement>, and apply 

productions judiciously until the input string matches the 

frontier of the parse tree.[1,6,12] 

The tables for this parser are generated by a set of 

assembly macros (described later). Actually, the macros 

generate calls to routines that simulate a parsing machine, 

so the macros (routines) can be used to encode a program to 

be executed on that machine. Such a program can try to find 

a language construct and either succeed in its task and keep 

on executing or fail and take an alternative path to check 

for another case or call an error routine to put out an 

error message. 

Thus the macros are actually statements in a parsing 

language. Execution of programs in this language along with 

the appropriate semantics routines produces the machine code 

for the BASIC program. The macros are arranged so that they 

reflect the productions of the grammar; that is they are 
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arranged in such a way that they simulate the application of 

the productions of the grammar in a top-down manner. 

The whole parser can easily be understood if viewed as 

a computer and its program which accepts as data the lexical 

tokens from the lexical analyzer (LEXCAL). The computer 

would correspond to the interpreter routines that emulate 

the actions denoted by the macros. 

4.1 The Parser Instructions. 

The statements that make up the production language 

provide the functions necessary to recognize the language in 

a top-down manner. The construction of the statements is 

controlled by a set of macros that are invoked as follows: 

LEX <token>,<fail loc>[,<semantic routine>] 

MLEX <number tokens>,<fail loc> 
TOKEN <token>,<label>[,<semantic routine>] 

CALL <routine>,<fail loc>[,<semantic routine>] 
RCASE ,<fail loc> [ r<semantic routine>] 

GO SUCC% 
GO FAIL% 
GO <label> 

Generally, the macros take up to three parameters: 

1) The first parameter is the operand of the 

macro. 

2) The second parameter is the failure location 

to goto if the macro fails for some reason. 

3) The third parameter is an optional semantic 
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routine to execute if the macro succeeds. 

The LEX macro tests the current input token for a match 

with an expected input token. If the tokens are equal, 

execution continues in sequence and the semantic routine is 

executed if present. If the tokens are not equal, the 

parser machine branches to the failure location specified. 

The MLEX macro tests the current input token for a 

match with any one of a group of tokens. The operand field 

specifies the number of tokens in the group. The failure 

location is taken if no token matches the current lexical 

token. The TOKEN macro is used in conjunction with the MLEX 

macro and is used to specify the lexical token, next state 

label, and semantic routine to be executed on correct match 

of the current token to the token specified as the operand 

of the TOKEN macro. 

The CALL macro invokes a set of parser instructions 

that will search for some grammatical construct in the token 

input stream. 

The RCASE {Reserved word CASE) routine checks the 

current token to see if it is a reserved word that could 

appear as the first reserved word in a statement; if it is 

then a CALL is simulated to the recognizer for that 

statement type; if it is not, then a CALL is simulated to 

the LET statement recognizer. 
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FAIL% and SUCC% are important reserved labels in the 

parser. Whenever the parser programmer wishes to signal the 

success or failure of a parser routine, a transfer to the 

appropriate one of these labels is coded. 

The SUCC% label is the starting address of a routine 

that pops the CALL return stack and transfers control to the 

return address that was on the top of the stack. 

The FAIL% label is the starting address of a routine 

that pops the CALL return stack and transfers control to the 

failure address that was on the top of the stack. 

SUCC% and FAIL% are routines that have no return and 

can be the destination of a GO or a failure location. 

Syntax errors are labels in the parser of the form 'ERRnnn' 

that pass the error number 'nnn' to the error routine for 

processing. 

Syntax and semantics errors print out a message and 

line number along with an address where the error occurred 

(for compiler debugging) and a few characters from the 

source line before and after the error. 

All syntax errors are handled as jumps to an index 

table of labels of the form ERRxxx where xxx is the error 

number corresponding to the message required. 
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4.2 Example usage of the parser. 

As an example, consider the routine below, which is 

used to recognize a numeric variable. The BNF for the items 

to be recognized is located below the parser routines. The 

semantics routines (S.NV##) are omitted. 

NUMVAR MLEX 3,FAIL% 
TOKEN T.RLVAR,NV. 10,S.NV10 
TOKEN T.INVAR,NV.10,S.NV20 
TOKEN T.CXVAR,NV. 10,S.NV30 

NV.10 LEX T.LPAR,SUCC% 
NV.20 CALL NUMEXPR,ERR20,S.NV40 

LEX T.COMMA,NV.30 
GO NV.20 

NV.30 LEX T.RPAR,ERR21,S.NV50 
GO SUCC% 

<num var> —> <simple num var> / <array num var> 

<simple num var> —> <integer var> / <real var> 
/ Ccomplex var> 

<array num var> —> <simple num var> <lparen> <num expr> 
( <comma> <num expr> )* <rparen> 

The routine starts execution at the label NUMVAR. The 

first statement checks to see if the current token is a 

real, integer, or complex variable; if it is any one of 

these, the appropriate semantics routine gets executed and 

control is passed to label NV.10. For example, if the token 

is a real variable, the semantic routine S.NV10 is executed 

and control transfers to NV.10 where the routine is looking 
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for a left parenthesis to determine whether it has found an 

an array variable. Even if the left parenthesis is not 

found, i.e., the LEX command at label NV. 10 'fails', the 

routine branches to SUCC% since it has already found a 

numeric variable. The loop starting at label NV.20 picks up 

subscript expressions for an array. It is left to the 

semantic routines to verify that the array is properly 

defined and subscripted. Note that the only way this 

routine can fail, without an error condition, is by not 

finding a real, integer, or complex variable to start with. 



CHAPTER V 

CODE GENERATION FOR NUMERIC EXPRESSIONS 

Code generation for numeric expressions is handled 

exclusively by one routine (NUMEXP) with the help of the 

register allocator (REGALC). The isolation of all code 

generation for numeric expressions in these routines makes 

code generation an easier task. The module NUMEXP emulates 

a stack at compile time, but the code that is generated by 

the module will execute on any of the HCSD 6000 Series 

machines (see APPENDIX II), which are not stack machines. 

The 'stack' nature of the module makes it easy for the 

semantic routines of the syntax analyzer to call the 

appropriate entry point of NUMEXP. NUMEXP is then able to 

postpone the actual generation of code until enough context 

is attained to make an intelligent decision about the order 

in which the code will be generated. An example of this is: 

1% » 1% + 1 (* INCREMENT 1%. *) 

NUMEXP will be able to generate one instruction for this 

statement, since the 6000 Series machines have an "AUM" (add 

unity to memory) instruction. 
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5.1 The Register Allocator (REGALC). 

The register allocator (REGALC) is a global co-routine 

called by NUMEXP, STREXP, and the semantic routines of 

SYNTAX. 

This routine has the following functions: 

* To report which registers are currently 

available. 

* To generate the code to dump the registers to 

temporaries, if necessary. 

* To generate the code to dump selected 

registers. 

* To inform other routines that the item they 

think is in a register has been dumped to a 

temporary. 

There are certain problems this routine must handle. 

The most difficult problem arises because some registers on 

the HCSD-6024 overlap (see APPENDIX II). That is, the 'D' 

(double integer) register is made up of the 'E' and 'A' 

registers ('A' is the accumulator, 'E' is the extension of 

the accumulator), also the COMPLEX register is made up of 

the 'X' and 'D' registers. Therefore we have the registers 

as depicted in Fig. 5.1. 
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48 BITS 
< > 

X| Il 
Reg I j | 
  COMPLEX 
  Reg 

D | | II 
Reg I I II 

<  E > < A > 
<  24 BITS > 

Fig. 5.1 

Keeping track of these registers and deciding which 

register to dump when one of the smaller (or larger) parts 

is needed would be a nightmare if the functions listed above 

were not assigned to a single central routine. 

| REGLIST | COADDR 
1 1 TOKLIST 1 

I 
1   
1 1 1 

J 1 1 1 
K 1 1 1 
E | CX 1 1 1 
A | CX 1 1 1 
D | CX 1 1 1 
X | CX 1 1 1 

CX | CX I <addr> 1 <token> 1 

Fig. 5.2 
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The state of each register is maintained in a table 

called REGLIST. The co-routine's address is kept in the 

table COADDR and when an item is in a register its token 

identifier is kept in the table TOKLIST. The first table 

(REGLIST) imparts the information as to which registers are 

in use. Note from the example in Fig. 5.2 that the COMPLEX 

register is in use and it has its marker in each register 

which is a part of it. The other two tables will be 

explained later. Suppose that some routine had to have the 

'A' register to do some integer arithmetic. The steps taken 

are : 

(* regnum - register needed. 
token - passed back if reg dumped. 
corout - routine to call if reg dumped to temp. *) 

regused = reglist (regnum) 
IF regused > 0 THEN (* see if register free *) 

(* reg is in use, dump it to a temporary, 
then call the coroutine specified. *) 

CALL dumpreg ( regused ); 
routine = coaddr ( regused ); 
CALL routine ( toklist(regused) ) 

FI 
coaddr (regnum) = 
toklist (regnum) = 
reglist (regnum) = 
(* mark all registe 
CASE IN regnum; 
(* for the complex 

cx: reglist 
reglist 

(* for the double 
d: reglist 

reglist 
(* for all the res 
e,a,i,j,k: 

corout; (* set coroutine to call*) 
token; (* also the token *) 
regnum; (* mark register allocated *) 

r parts to denote they are in use *) 

register, set all parts: x,d,e, 
(x) = regnum; 
(d) = regnum; CONTINUE; 
register, set all parts: 
(e) = regnum; 

& a *) 

e & a. 
regnum; 

(aj = regnum; 
t, reglist is a 1 roailu 

ESAC 
RETURN (* > *) 
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The routine that dumps registers to temporaries uses 

the two tables COADDR and TOKLIST. COADDR contains the 

address of a co-routine to call if a register is dumped to a 

temporary. The token given to the register allocator when 

the register was requested is given to the co-routine to do 

with as it pleases, control is passed to the co-routine, it 

does whatever is necessary to denote that it no longer has 

the item in the specified register, then returns control to 

the register allocator to continue its processing. 

5.2 The Numeric Expression Machine (NUMEXP). 

The numeric expression code generating machine used in 

the compiler generates very good code for a one-pass 

compiler. 

The module that makes up this machine is called NUMEXP. 

It has entry points as follows: 

* EiLOAD - loads a symbol onto the expression stack. 

* E:LDCN - loads a constant onto the stack. 

* E:LDIX - loads an indexed item. 

* E:ADD - adds top two elements. 

* EsSUBT - subtracts top two elements. 

* E:MULT - multiplies top two elements. 

* EJDIVI - divides top two elements. Top is denominator. 

* E:EXPN - exponentiation, top is exponent. 

* E:STOR - store top, next to top is addr of destination. 
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This machine simulates a "STACK" computer for the 

generation of "good" HCSD-6024 machine code. The primitive 

operations of the stack computer are exemplified in the 

entry points above. This module then delays the generation 

of 6024 code until it has a context to work within. The 

advantages of this approach are: 

* It 'hides' the architecture we are generating 

code for at the lowest level of the compiler. 

* It delays the generation of code to the last 

possible moment, so that more contextual 

information is available. 

* It centralizes the generation of arithmetic 

code (messy in itself) in one place. 

* It allows for the easy addition of more 

numeric data types. 

This approach also assigns to the lowest level of the 

compiler those routines that actually twiddle bits and 

decide what opcodes to use and in what order to use them. 

In these low level routines, decisions such as whether to 

use a 'FIX' or a 'FLOAT' are made. An example of one such 

low level routine would be the 'multiply integer by real' 

routine (note that multiplication is commutative and that 

the 'real by integer' routine will share the same code). 

Figure 5.3 shows the algorithm necessary to multiply an 
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integer OPl by a real OP2 (where OP2 was the top element 

popped off the stack and OPl was the next element popped 

off) . 
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(* opl is the address of a descriptor of an integer item *) 
(* op2 is the address of a descriptor of a real item *) 
IF opl = <integer constant> THEN 

IF op2 = <real constant> THEN 

(* two constants, one is real and the other is integer *) 
opl = FLOAT (opl); temp = realval(opl) * realval(op2); 
realdesc = enterreal (temp); 
CALL push ( descriptor (realdesc) ); 
RETURN (*  > *) 

ELSE 

(* opl an integer constant and op2 is something else. *) 
CALL forcereg (op2,x%reg) 

IF powerof2 (opl) THEN (* is opl a power of 2??? *) 

CALL setopcode (aow%opcode) 
(* add operand to exponent of "x" register *) 

ELSE 

opl = FLOAT(opl); 
CALL setopcode(opl,mmx%opcode) 

FI 
FI 

ELSE 

CALL forcereg(op2,x%reg) ; 
CALL forcereg(opl,a%reg); 
CALL setopcode(max%opcode) 

(* force op2 in "x" reg *) 
(* force opl in "a" reg *) 
(♦result in "x" register*) 

FI 

(* push a descriptor to say result is in "x" register. *) 
CALL push ( descriptor (x%reg) ) 
RETURN (*  > *) 

Fig. 5.3 
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Note that in order to add another numeric data type to 

the language (such as integer byte, double integer, or 

double real) all that needs to be done is to provide entries 

in the OPERATOR table and code the routines necessary to 

handle this data type. The only information that needs to 

be imparted to NUMEXP is how to do '0P1 <operator> 0P2' 

where 0P1 and 0P2 are two numeric data types and <operator> 

is some numeric operator. 



CHAPTER VI 

THE CODE WRITING ROUTINES 

The modules MEMREF and CODER build the machine 

instructions for the compiler system. These modules are the 

only modules that need to worry about different addressing 

modes and what the link-ready format looks like. This 

information is isolated in these routines by using an 

abstract descriptor called an ADI (Abstract Descriptor 

Item). 

MEMREF constructs the necessary relocation information 

vector from the ADI and passes that along with the opcode to 

the module CODER. 

CODER is actually two modules. The CODER for the 

incremental compiler takes the opcode and address together 

and sets the instruction in the memory block for the source 

code line. The CODER for the LR compiler constructs the 

relocation information for the instruction and writes this 

information to the link-ready file. 

The concepts of a Descriptor Item (DI) and an Address 

Descriptor Item (ADI) are used throughout the compiler to 

refer to certain items such as symbols, literals, value 

temporaries, and address temporaries. The DI and the item 
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it describes are taken together to be the ADI. An ADI is 

used as a 'token' to be passed from routine to routine as an 

abstract descriptor of an item. No module except for MEMREF 

'knows' (or cares) what this thing is. Any routine that 

wants to put out a memory referencing instruction presents 

this key (the ADI) to the module MEMREF along with the 

opcode to be used to do the actual makeup of the 

instruction. There are a set of macros used to create the 

ADI from the DI and the address/descriptor of the item to be 

represented by the ADI. 

The ADI is a one word token as follows: 

I DI | ITEM DI DESCRIBES | 

The DI (upper 4 bits) tells what the ITEM (low 20 bits) 

describe. Currently the DI takes on the following values: 

0 - address of symbol table entry. 
1 - string literal's id (passed from constant 

literal routines). 
2 - integer's id (passed from constant literal 

routines). 
3 - real number's id (passed from constant literal 

routines). 
4 - address of a temporary. 
5 - address of an address of something (ref ref). 
6-15 bit address in index register. 
7 - greater than 15 bit address in index register. 
8 - label's address (line number). 
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Now it is easy to see that all of the code necessary to set 

up memory referencing instructions can be localized in the 

routine MEMREF because MEMREF is the only routine that 

"knows" or cares about such things as literal tables, 

addresses, COMMON, and all of the associated relocation 

information necessary to construct the final instruction. 



CHAPTER VII 

INCREMENTAL RUNTIME 

The Incremental runtime is managed by the module 

RUNLNK. This module manages all of the runtime tables and 

controls the execution of an incrementally compiled program. 

The runtime flow of control and binding of all GOTO, GOSUB, 

FOR/NEXT, REPEAT/UNTIL, and WHILE/ELIHW constructs is also 

handled in this module. Three major data structures reside 

in RUNLNK. They are; 

* The line information list (LININF). 

* The runtime linkage list (RLINK). 

* The execution state block (XBLOCK). 

These structures play an important part in the preparation 

of the program for execution. 

7.1 The line information list (LININF). 

The line information list is a linked list of 

information blocks about each source statement in the 

program. The list is ordered in increasing line number 

order. A typical block is depicted Fig. 7.1. 
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link to next 

line number 

disc addr of source 

addr of code block 

+ 
I 
+ 
I 
+ 
I 
+ 

Fig. 7.1 

The list is a singly linked list ordered in increasing 

statement number order. The first word points to the next 

entry in the linked list. The second word contains the 

BASIC source line number. The third word contains the disc 

address of the BASIC source statement on a scratch file the 

compiler uses. The fourth word contains the address of the 

object code block for this line. The linked list is 

depicted in Fig. 7.2. 

The program's source is kept on a BASIC work file for 

use by the compiler when listing, saving, or editing the 

source. 

+ 
...  > 

+ 
H > • • • 

10 

disc 

:  + 
+ + 

+ + 
>: code : 
: for î 
: stmt : 

10 

: branch : 
+ + 

Fig. 7.2 
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7.2 The runtime linkage list (RLINK). 

The runtime linkage list is a singly linked list 

ordered by source line number of the source line the GOTO, 

etc. is on. The information block appears below: 

+ + 
I link to next I 
+ + 
I line number I 
+ + 
I destination line I 
+ + 
I type I offset I 
+ + 

Fig. 7.3 

The first two words of this structure contain the same 

information for all types of runtime linkages. The first 

word is the link to the next entry in the list, and the 

second word is the source line number the runtime linkage 

appears on. The third and fourth words are different for 

the different types of runtime linkages. They represent the 

same type of information, therefore an example using GOTO 

and FOR/NEXT would be representative of the rest of the 

runtime linkages. 

7.2.1 GOTO runtime linkage information 
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The code generated for the GOTO statement in the 

incremental compiler is as follows; 

BLJ GOTO BRANCH (LINK 'J' REG) TO GOTO ROUTINE. 
DAC <LINE> ADDR OF LININF FOR LINE TO BRANCH TO. 

To set up the linkage for the GOTO statement two things 

are needed, the offset of the 'DAC' (data address constant) 

and the address that is supposed to be placed there. The 

offset is obtained directly from the linkage block. The 

address that is to be place there is obtained indirectly 

from the RUNLNK list by getting the destination line number 

of the GOTO and looking up the address of the line 

information block for that line. This process can error out 

if the destination line is not in the program at RUN. 

7.2.2 The FOR/NEXT linkage. 

The FOR/NEXT resolution requires the use of an internal 

stack. When the FOR linkage is seen, its address is pushed 

on the stack. The NEXT linkage POPs the stack and checks to 

see if it is matching up with a FOR, if not it errors out on 

a mismatch. The addresses of the code blocks of the FOR and 

NEXT statements are looked up and the proper branch 

instructions are created using the offset values. These 

instructions are then placed in their respective code 

blocks. 
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7.3 The execution state block (XBLOCK). 

Each of the execution states are denoted in a table 

that reflects the current execution state as: 

1) Flag: in execution or at keyboard level. 
2) Flag: can/cannot continue. 
3) Execution interrupted by: 

a) User interrupt. 
b) BREAK 

4) line number of interruption. 

The first word tells whether the program is in 

execution or at keyboard level talking to the BASIC 

compiler. The second word is a flag to tell if execution 

can continue from a BREAK or interrupt (initially no). The 

third word tells whether the program was interrupted by a 

user interrupt or a BREAK. The fourth entry holds the line 

number the interruption occurred on. 

7.4 Execution Flow. 

Each time a RUN is requested the routine RESOLVE checks 

to see if any runtime linkages have been modified, if there 

were any modifications to the RLINK list, all of the runtime 

linkages will have to be resolved. 
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The last instruction of each code block is a branch to 

a routine that updates a pointer into the LININF list and 

branches to the code block for the next line. 

GOTO's and GOSUB's are handled in much the same manner 

as the switch between sequential code blocks. The overhead 

to switch is eight (8) machine cycles (6 micro seconds). 

This overhead also updates the 'current executing line' 

information which is necessary for error reporting, tracing, 

or breaking. 

Execution is terminated by executing a STOP, an END, or 

the last line of the program. 

Execution is interrupted by a "user interrupt" being 

keyed or the program reaching a statement that has a BREAK 

set on it. 



CHAPTER VIII 

SUMMARY 

The compiler system discussed here operates in two 

modes, a link-ready code generating mode commonly called a 

batch compiler and an incremental or interactive mode that 

allows the user to enter source code lines in any order 

receiving error messages (if the source line is in error) as 

each 1 ine is entered. A BASIC program is first developed 

using the incremental compiler. Once the program is 

"debugged", it is compiled using the batch compiler to 

produce a more efficient executable module. 

We have tried to keep the source of the two compilers 

identical. They are identical in the lexical analyzer, 

syntax recognizer, and the numeric and string expression 

code generators. The semantic routines of the syntax 

recognizer and the modules MEMREF and CODER differ only in 

about 25% of the source code. 

We were able to obtain this high degree of common 

source code for the two compilers by using several abstract 

data items. The most important abstraction is the ADI 

(address descriptor item) described in chapter 6. The 

construction and maintenance of the literal tables are also 
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invisible to the code. In the incremental compiler, the 

absolute address of the literal is returned when an address 

is requested. In the batch compiler, the "address" returned 

is the relative address of the last instruction referencing 

the literal. This action creates a linked list of relative 

addresses with the end of the list pointing to itself. The 

linkage editor can then set all addresses to point to the 

appropriate literal. 

The size of the LR generating compiler (batch compiler) 

is about 33k bytes plus about 5k bytes of dynamic memory is 

needed to compile an average program. The incremental 

compiler system is about 60k bytes and needs about 15k bytes 

of dynamic memory to generate object code into and to hold 

all of the necessary compiler tables. The larger size of 

the incremental system is due to the runtime library and 

runtime monitor. Both of the compilers are reentrant (all 

VULCAN processors are reentrant) and can be shared among any 

number of users. 
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APPENDIX I 

DETAILED PARSER LANGUAGE EXAMPLE. 

Example usage of the parser macros. See Chapter IV for a 

detailed discussion of the syntax recognizer. 

BNF; 
<fn stmt> —> <numeric fn> | <string fn> 
<numeric fn> —> DEF FN<numeric simple var>[<arg list>] 

[=<numeric expression>] 
<string fn> —> DEF FN<string simple var> [<arg list>] 

[=<string expression>] 
<arg list> —> [<argument> [<comma><argument>] *] 
<argument> —> <string var>|<real var>|<int var>|<cx var> 

DEF MLEX 4 rERR30 
TOKEN T.RLFN ,DEF.10,S.RLFN 
TOKEN T.INFN,DEF.10,S.INFN 
TOKEN T.CXFN,DEF.10,S.CXFN 
TOKEN T.STFN,DEF.20,S.STFN 

DEF.10 CALL ARGS 
LEX T.EQ,DEF.30 
CALL NUMEXPR,ERR31,S.DEF1 
GO SUCC% 

DEF.20 CALL ARGS 
LEX T.EQrDEF.30 
CALL STREXP , ERR32 r S.DEF 2 
GO SUCC% 

DEF.30 SEMAN S.DEF3 SETUP FOR MULTI-LINE FN. 
GO SUCC% 

ARGS SEMAN S.ARG1 INITIALIZE # PARAMETERS. 
LEX T.LPAR,SUCC% 

ARG.10 CALL NUM VAR,ARG. 2 0, S.ARG 2 
GO ARG.30 

ARG.20 CALL STRVAR,ERR33,S.ARG3 
ARG.30 LEX T.COMMA,ARG.40 

GO ARG.10 
ARG.40 LEX T.RPAR,ERR34 
ARG.50 SEMAN S.ARG4 SET OUT CODE TO IMPORT ARGS. 

GO SUCC% 
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APPENDIX II 

THE HCSD-6000 COMPUTER SERIES 

GENERAL DESCRIPTION 

The Central Processing Unit (CPU) of the HCSD 6000 

Series computers is a single-address, 24-bit word processor. 

Operations performed by the CPU include data transfers, 

arithmetic, computation, and logical manipulation. These 

operations are defined by instructions stored in, and 

retrieved from, physical memory. The specified operation is 

performed on single-word, double-word, byte, or single bit 

operands stored in memory or contained in one of the CPU 

registers. 

In addition to the general and special-purpose 

registers, the CPU contains an arithmetic section that 

performs the actual computation and logical manipulation of 

operands, and a control section that retrieves and decodes 

instructions from memory and directs the functional 

processes of the system. The control section also includes 

the paging logic that implements the memory address 

translation and demand-paging operations. The CPU contains 

interface elements; e.g., memory, the I/O channels, the 

control panel, and the Scientific Arithmetic Unit (SAU). 
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PRINCIPAL CPU REGISTERS 

A and B Registers 

The A register has complete arithmetic and shift 

capability. Bits 7-0 (the rightmost eight bits) of A form 

an 8-bit pseudo register, termed the B (Byte) register. 

Both the A and B registers are accessible to the user. 

E Register 

Employed as an extension of the A register for 

increased arithmetic precision and shift capacity, the 

24-bit E register also functions as a general-purpose 

storage element during various instructions. 

D Register 

The D (Double) Register is a 48-bit pseudo register 

formed by combining E and A to provide double-precision 

arithmetic and shift capabilities. The E and A registers 

form the most and least significant halves, respectively, of 

the D register. For double-integer arithmetic, bit 23 of 

the A register is not used, thus reducing the significance 

of double-integer operations to 47 bits. 
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I, J, and K Registers 

The I, J, and K registers are independent 24-bit 

general-purpose registers that can be employed as index 

registers for address modification. 

The Scientific Arithmetic Unit (SAU). 

The Scientific Arithmetic Unit (SAU) provides 

concurrent double-precision floating-point capability. The 

SAU implements 47 additional instructions, or operation 

codes. Of these instructions, 28 permit concurrent 

computer/SAU operations, most of which provide for the 

prefetching of operands. 

The Scientific Arithmetic Unit (SAU) and CPU operate 

concurrently for one or more microcycles, depending on the 

SAU instruction being executed. In order to take advantage 

of the available concurrent time, CPU and SAU instructions 

must be intermixed. 

Addressing Modes. 

The 6000 Series has a wide variety of addressing modes 

available to the programmer. Direct addressing within 32K 

word maps is supported. Indexed addressing as well as 

indirection provide the ability to address up to one 
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mega-word of logical memory. The format of the typical 

instruction is: 

+ — — — — — — — — — — — — — — — — — — — — — — — —— — — — — — — — — — — — — — — — — — — + 

I opcode |*|index| 15 bit address I 
+ + 

The opcode field is a six bit field specifying the 

memory reference operation to do. The index field is a two 

bit field that specifies whether indexing should be done, 

and if indexing is to be done, which one of the index 

registers (I, J, or K) should be used. The field between 

the opcode and index fields is the indirect bit. This bit 

is one if the effective memory address specified by the 

address calculation is the address to be used as the 

indirect reference for the operand of the instruction. 
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