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PREFACE
AEEEEEEREEEM

This manual tells how to use the Green Hills C compilers for the following iSC products: iPSC®/2,
iPSC®/28, iPSC®/860, iPSC®/860S, and iPSC®/860Plus.

NOTE

This manual uses the term “iPSC system(s)” to refer to these
products.

This manual assumes that you are an application programmer proficient in the C and Fortran
languages and the UNIX operating system. The manual provides you with enough detail to begin
using your iPSC system.

ORGANIZATION

Green Hills Software C-386 User's Guide
Describes the C compiler for the iPSC/2 systems.

Green Hills Software C-860 User's Guide
Describes the C compiler for the iPSC/860 systems.

Green Hills Software User's Manual C Library
Describes the C Library.
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APPLICABLE DOCUMENTS

For more information, refer to these iPSC, Intel and other manuals:

IPSC® System Manuals

iPSC®12 and iPSC®/860 Math Libraries Reference Manual
Describes the math libraries available on the iPSC system.

iPSC®12 and iPSC®/860 Programmer’ s Reference Manual
Describes iPSC system commands and system calls (both C and Fortran).

iPSC®/2 and iPSC®1860 System Acceptance Test User’s Guide
Tells how to use the System Acceptance Test.

iPSC®/2 and iPSC®/860 System Administrator's Guide
Describes the system administration tasks related to operating and
maintaining an iPSC system.

iPSC®12 and iPSC®I860 User’s Guide
Overviews the iPSC system, including hardware and software architectures.
Tells how to develop and run programs.

iPSC®12 and iPSC®/860 VME Interface Reference Manual
Describes the installation and development of software drivers for the VME
Interface Adapter board.

iPSC®12 DECON User's Guide
Tells how to use DECON, the iPSC/2 concurrent debugger.

iPSC®12 DECON User’s Guide RX Beta Change Notice
Describes RX Beta Changes to DECON commands.

iPSC®12 Simulator Manual
Tells how to use the iPSC/2 Simulator for software development.

iPSC®12 VAST2 User's Guide
Tells how to use the iPSC/2-VX version of VAST2 software.

iPSC®12-VX User's Guide
Describes development of programs for the iPSC/2-VX processing system.
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Intel® Manuals

Other Manuals

Intel® NFS for System VI386 Programmer' s Guide and Reference
Describes the NFS programming environment and tools.

Intef® NFS Jfor System V386 User’ s/System Administrator's Guide and Reference
Describes the NFS programming environment and provides user and system
administration information.

Intel® TCPIIP for SYSTEM V/386 Administrator's Guide and Reference
Describes TCP/IP Network administration.

Intef® TCPIIP JSor SYSTEM V/I386 Programmer' s Guide and Reference Manual
Describes the TCP/IP Network programming environment and provides
information on programming tools.

Intel® TCPIIP Jor SYSTEM V/386 User's Guide and Reference
Describes the TCP/IP Network programming environment and provides user
information.

i860™ 64-Bit Microprocessor Assembler and Linker Reference Manual
Tells how to use the i860 assembler and linker.

i860™ 64-Bit Microprocessor Programmer’ s Reference Manual
Tells how to use the i860 microprocessor.

SYP301 Installation and User’ s Guide
Tells how to install and start the System Resource Manager. Also provides
hardware technical data.

C: A Reference Manual - Harbison and Steele
Describes the C programming language.

The C Programming Language - Kernighan and Ritchie
Describes the C programming language.

UNIX System V Manual Set
Describes UNIX System V.

vii
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CHAPTER 1

Overview

1.1. How to Use This Manual

Each Green Hills compiler is specified by three components: the Language, the Tar-
get, and the Host. The Language, in this case C, is the computer language that the com-
piler translates. The Target, in this case the 80386, is the machine on which your program
will run. The Host is the computer system on which the compiler runs. The organization
of this manual is given below.

Overview

The Overview describes the structure of the documentation for C-386.
The C Language

The C Language section specifies the C language features and extensions that are
supported. It also explains restrictions and indicates how closely C-386 matches
other C compilers.

80386 Target
The 80386 Target chapter describes the target processor and operating system
environment in which your program will operate. It describes calling conventions,
register allocation and memory allocation strategies. It describes restrictions

imposed on the compiler by the target system. It also tells how to modify the out-
put of the compiler to be compatible with different target environments.

Optimization
The Optimization chapter gives detailed information about the optimizations used

by C-386 to improve program performance. It also gives you general ideas as to
how to get the best performance out of your program.

Porting Programs to C-386

This chapter tells you about difficulties that you may encounter in moving a pro-
gram developed with another compiler to C-386. It gives specific examples of
difficulties that may be encountered and how to resolve them.

Compile Time Options

This chapter describes how to adjust the output of C-386 to accommodate your
needs by using the many variations that have been implemented.

1.2. Related Documentation

You will need documents in addition to this manual in order to use C-386. These
documents will tell you how to install C-386 and how to compile, link, execute, and debug
C-386 programs. You may also need documentation describing your 80386 assembler and
linker, and the 80386 architecture.

C Language Reference Manual
This manual assumes that you have a standard reference text on the C Language.

Overview 1



2 Overview

If you do not have such a text, the C Language section will refer you to one.
C Library Documentation

This manual does not contain a description of the C library functions which can be
called with C-386. The availability of runtime library routines depends on the tar-
get environment. On the iPSC/2, the C library is the ATT SYSTEM V release 3.0
and is documented in the UNIX System V/386 Programmer’s Reference Manual.

C-386



CHAPTER 2

The C Language

2.1. Introduction

C-386 is a complete implementation of the C programming language. The basic C
language is defined in ‘“The C Programming Language’’ by Kernighan and Ritchie
(Prentice-Hall, 1978). This specification is very terse, often imprecise, occasionally
misleading, and far from complete. There is an ANSI standardization committee working
on a standard definition of C, but at this time there is no other authoritative definition of
the C language. The Portable C Compiler (PCC) is the most widely used implementation
of C. Itis the compiler that is used to implement and maintain UNIX, the largest and most
important body of C code. Therefore, Green Hills has chosen to use PCC, and in particular
the Berkeley 4.2BSD VAX implementation of PCC, as our definition of the C language.

C-386 contains everything in the basic C language, as well as all of the documented
Western Electric extensions, and all of the undocumented features of the Berkeley compiler
used in implementing UNIX. There are hundreds of extensions to the basic C language
which are implemented in all versions of PCC. Without these extensions it is impossible to
compile UNIX and many existing C applications programs. Several of the most important
of these extensions are listed below, but this is by no means a complete list.

If you have a UNIX version of this compiler, the documentation provided with UNIX
(Kernighan and Ritchie and the Western Electric extensions), and this document constitute
the user documentation of C-386.

If you have any other version of C-386, the user documentation consists of Kernighan
and Ritchie (which may be obtained from Green Hills) and this document.

2.2. Additions to the basic C Language

2.2.1. Preprocessor

C-386 includes a preprocessor which is functionally identical to the UNIX C prepro-
cessor. The basics of the preprocessor are explained in Kernighan and Ritchie, but as with
the compiler, the actual preprocessor is far more complex. Unlike PCC which depends on
an initial text processing pass by a preprocessor program, C-386 preprocesses the input pro-
gram in the compiler itself. This makes the compilation process faster because the source
program is read only once and one less process is run.

2.2.2. Backslash v

Lower case v is a special backslash character denoting vertical tab.

2.2.3. void type

There is a type named void. There are no operations defined on the type void. Void
is used as the return type for functions which do not return a result.

The C Language 3



4 The C Language

2.2.4. _LINE__

—LINE__ is a predefined preprocessor symbol whose value is a character string which
consists of the ASCII representation of the current line number within the current file.

2.2.5. _FILE__

—FILE__ is a predefined preprocessor symbol whose value is a character string which
consists of the ASCII representation of the current file name.

2.2.8. Structure and Union Extensions

Two structures or unions with the same type may be assigned or compared for equal-
ity or inequality. Assignment of two structures or unions is done with a memory copy of

the data. Comparison is done on a bit by bit basis of the total size of the structure or
union.

If there are holes between fields or members of a structure or union due to memory
alignment requirements, those holes cannot be accessed. Global variables will always be
initialized to zero so the holes will always be zero, but local variables may have random
data in the holes. Therefore, two structures or unions with the same values for every field
may not be equal when compared! For structures or unions that will be compared, it is
important to either have no holes in the memory representation or for each such variable to

be explicitly initialized with a structure assignment from a global variable known to have
zeros in the holes.

A structure or a union may be passed as an argument to a function without restric-
tion. The structure or union is copied when it is passed, so passing a very large structure or
union is not recommended.

2.2.7. Enumeration Type

There is an enumeration type similar to that of Pascal. Its syntax is similar to that of
the struct and union declarations.

<enum-specifier>:
enum { <enum-list> }
enum <identifier> { <enum-list> }
enum <identifier>

<enum-list>:
<enumeration-declaration >
<enumeration-declaration> , <enum-list>

< enumeration-declaration >:
<identifier>
<identifier> = <constant-expression >

Example:
enum color {red, white=4, blue};

The enumerated type name may be the same as the name of a variable in the same
scope but may not be the same as the name of any struct or union in the scope. Each
enumeration-declaration declares a scalar constant of the enumeration type. If a constant-
expressions appears in an enumeration-declaration it specifies the ordinal value of the con-
stant. If no constant-expression is given in an enumeration-declaration, the value of the
constant for the first enumeration-declaration is zero, and for subsequent enumeration-
declarations the value is one greater than the value of the previous enumeration-

C-386



The C Language 5

declaration.

Enum types are signed by default for compatibility with PCC. A compile time option
is described below which changes the definition of enum types to unsigned, which is a more
rational form.

2.2.8. The VARARGS(3) Facility

C-386 supports the UNIX VARARGS(3) facility. The VARARGS(3) facility allows a
function to access its parameters in left to right order even if the number and/or types of
the parameters are not known until run time. To use the VARARGS(3) facility:

(1) The line ‘“‘#include <varargs.h>’’ must appear before the first function definition.
(2) The last parameter to a variable argument list function must be named ‘‘va_alist”.

(3) The last parameter declaration of a variable argument list function must be
““va_dcl””. There must not be a semicolon between ‘‘va_dcl’’ and the initial left
brace(‘‘{’’) of the function.

(4) There must be a variable declared in the function of type ‘‘va list’’.

(5) The VARARGS(3) facility must be initialized at the top of the function by passing
the variable of type ‘‘va_list’’ to a call of the macro ‘‘va_start’’.

(6) To obtain the variable arguments to ‘the function, in left to right order, the macro
‘“‘va_arg’’ is invoked once for each argument. The first argument to the macro
“‘va_arg’’ is the variable of type ‘‘va_list’’. The second argument is the type of the
current argument of the function. The ‘‘va_arg’”’ macro returns the value of the
current argument of the function.

(7) The VARARGS(3) facility must be terminated by passing the variable of type
‘‘va_list’’ to a call of the macro ‘‘va_end’’ at the end of the function.

/* Sum returns the sum of a variable number of ‘‘int’’ arguments. */
#include <varargs.h>
Sum(x, va_alist)
int x;
va_dcl
{
va_list params;
int ret = 0;
va_start( params);
while (x '=0) {
ret + = x;
x = va_arg( params, int);

va_end(params);
return(ret);

}

2.3. Bit Fields

C-386 supports signed and unsigned bit fields. Unsigned bit fields are recommended' ff)r
most applications since they are more efficient to fetch on most machines. For f:ompat}bll-
ity with the VAX 4.2BSD implementation of C, a compile time option (-X5§), is provu%ed
which specifies that a field whose type is signed is to be interpreted as a signed quantity.
The consequences of having signed fields can be seen in the following example.

C-386



6 The C Language

{
struct {int x:2;} y;
yx =3;
i=yx;

}

In this example, if ‘‘x’’ is an unsigned field, ‘‘i’’ will have the value of 3 at the end of the

block. However, if signed fields are accepted, ‘‘i’’ will have the value -1 at the end of the
block.

2.4. Extern and Common

In PCC, the default storage class for a variable declared in the outer scope is ‘‘com-
mon’’. That is, the variable will be allocated separately from this module. It will be allo-
cated with the same initial address as all other variables of storage class ‘‘common’’ with
the same name declared in the outer scope of other modules. The size of the variable allo-
cated will be the size of the largest of the ‘‘common”’ variables of that name. In PCC, the
storage class ‘‘extern’ defines a variable to be a reference to the ‘‘common” variable of
that name. If there is an ‘‘extern’’ declaration for a name there must be at least one ‘‘com-
mon’’ declaration of that name in the program. There may be many ‘‘extern’’ and ‘“‘com-
mon’’ declarations of the same name. The PCC model for ‘“‘extern’” and ‘‘common’’ is
supported by all UNIX versions of C-386.

In some target environments ‘‘common’’ is not implemented, or it is implemented
very poorly. In those cases a different interpretation is made for the default storage class.
If a variable is declared ‘“‘extern’’ in one module there must be exactly one declaration of a
variable of the same name and type with the default storage class in exactly one module in
the same program. There may be many ‘‘extern’’ declarations for the variable. This

interpretation for the default storage class seems to fit the definition in Kernighan and
Richie better than the PCC definition.

If the second method is followed, a program can be ported to any implementation of
C. The first method is more convenient when using include files. It is the only method

used in UNIX. Most UNIX programs cannot be ported unchanged to target environments
that do not support ‘‘common’’.

2.5. Unsigned Char and Unsigned Short Int

The data types "unsigned char" and "unsigned short int" are not defined in the Ker-
nighan & Ritchie C manual. But they are supported by C-386 and by many implementa-
tions of PCC.

There appear to be numerous bugs and/or inconsistencies in the way different ver-
sions of PCC evaluate expressions involving unsigned char and unsigned short. Green
Hills has attempted to follow the VAX 4.2BSD compiler whenever possible.

2.6. asm Statement

The asm statement (for in line assembly code) in C-386 is somewhat different than
the asm construct in PCC. In C-386 the asm statement can be used anywhere a statement

can appear. In PCC, the asm construct is also allowed to appear in declarations and
between functions.

Since the code generated by C-386 is substantially different than the code generated
by other compilers it is usually necessary to modify most asm statements.

The asm statement is not supported in compilers which generate object code directly!

C-386



r The C Language 7

2.7. CRuntime Libraries

On UNIX systems, C-386 can use the standard C library. This is the recommended
approach because the UNIX libraries are very extensive.

C-386



CHAPTER 3

80386 Target

3.1. Introduction

This chapter describes the 80386 target environment for C-386. There are currently

two target environments: UNIX System V, and MS-DOS or cross development using Phar
Lap tools.

3.2. 80386 Characteristics

The 80386 memory is byte addressed with 32 bit addresses. Bytes are ordered with-
the least significant byte of a multiple byte value stored at the lowest address, as on the

DEC VAX, opposite of the IBM/370. Bits are numbered with bit zero as the least
significant bit.

Floating point is IEEE 754 format (32 and 64 bits), least significant byte at the lowest

address. The Intel 80287/80387 is supported by default; the Weitek 1167 coprocessor is
supported with the -X143 switch.

Character encoding is ASCII.

The stack is always four byte aligned. Bit fields are allocated starting at bit zero.
Every bit field is fully contained in four or fewer bytes. Each struct, union, and array is
aligned to the maximum alignment requirement of any of its components.

D ata Type Size Alignment
int 32 32
long 32 32

* 32 32
short 16 16
char 8 8

float 32 32
double 64 32
unsigned 32 32
unsigned short 16 16
unsigned char 8 8
enum (default) 32 32
enum (-X6) 8,16,32 8,16,32

3.3. UNIX System V Target Environment

The output of the compiler is UNIX System V 80386 Assembler Language by default.
Phar Lap code, for use under MS-DOS or other environments, can be generated with the
-X214 switch.

The -g option generates Common Object File Format (COFF) ‘‘.def”’ symbolic debug
pseudo-ops in the System V assembler language output. The assembler and linker under-
stand and process the symbolic debug entries in the object files. The ‘‘sdb” symbolic
debugger can be used with C-386 output.

80386 Target 9



10 80386 Target

3.3.1. Calling Conventions

Arguments are evaluated from right to left. Each argument is pushed on the stack
after it is evaluated.

The stack is always aligned on a four byte boundary.

Each scalar argument is extended to a 32 bit value before it is pushed on the stack.
Each floating point argument is extended to a 64 bit value before it is pushed on the stack.

All other values are extended to a multiple of 4 bytes and pushed on the stack (the
extra bytes are at the high addresses).

Scalar values are returned in EAX. When the size of the return value is specified as
less than 32 bits only the required number of bits can be depended on in EAX.

Floating point values are returned in the top stack entry (FP0O) in the 80287 /80387
environment. They are returned in {2 or f2/f3 in the Weitek 1167 environment.

A call to a function uses the ‘‘call” instruction. The return from a function uses the
‘““ret’’ instruction.

A function is assumed to destroy EAX, ECX, and EDX. The Weitek registers FP1
through FP23 are also assumed to be destroyed. The condition codes are undefined at the

return of a function. All other registers are saved and restored by a function if they are
used.

The compiler has two options for generating the local frame for a function. By
default, no frame pointer is saved, all accesses to parameters on the stack are done with the
ESP relative addressing mode, and EBP is used as a scratch register.

If the -g or -ga compile time options is specified, or if there is local data space, the
function will save the old frame pointer and set up a new one on entry and restore the old

frame pointer on exit. Accesses to parameters or local stack storage will be made with EBP
relative addressing modes.

Following the return of the function, any arguments pushed on the stack are
removed. Parameters are removed from the stack by an add immediate to the stack pointer.
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CHAPTER 4

Optimization

4.1. Introduction

C-386 does many optimizations which are not available in other C compilers. These
optimizations can reduce the size of a program by up to 30% and increase its speed by up to
four times. C-386 performs all of the optimizations performed by most other C compilers.
It folds constant expressions, converts multiplications into shifts and divides into multipli-
cations when it is advantageous, and eliminates redundant jumps and unreachable code.

4.2. General Optimizations
General Optimizations always make programs smaller and faster.

4.2.1. Register Allocation by Coloring

Register allocation by coloring is used to keep the most commonly used values in
registers at all times. The entire function is examined to determine which local variables
and parameters are used most frequently. The most commonly used variables and parame-
ters are allocated to machine registers. No memory is allocated for them. This optimiza-
tion has a significant savings in execution speed and it saves a great deal of space.
Referencing a variable in a register usually takes one-third of the space and one-third of the
time of referencing a variable in memory.

The register allocator uses data flow analysis to find the lifetime of each variable.
Using this information, it increases the number of variables which are stored in registers by
using the same register for several variables in the same function. Two variables may be
allocated to the same register if there is no place in the program in which both variables
hold a value that will be used later on. Most of the time, all local variables are kept in
registers and none in memory.

By default, any integer, pointer, enum, float, or double automatic (or register) vari-
able is a candidate for allocation to a register, unless its address is taken with the ‘‘&”’
operator.

By default, all register candidates will be allocated to the available registers so as to
give either the fastest or densest code possible (as controlled by the -OL compile time
option). Most C compilers will allocate one register variable to each available register and
then allocate all other register variables and all automatic variables in the stack frame. C-
386 will allocate as many of the register variables to registers as it can. Then it will allocate
any automatic variables to registers if it can. C-386 is much better than most C compilers in
its register allocation.

In the following example, C-386 allocates i and j to the same register because their
lifetimes do not overlap.

Optimization 11
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proc()
inti, j;
for(i=1;i < 10;i++)
f();
for(j=1;j<10; j++)
g();
}
C-386 UNIX PCC
proc: proc:
pushl %esi pushl %ebp
movl %esp,%ebp
subl  $8,%esp
movl  $1,%esi movl $1,-4(%ebp)
.L7: .L17:
call f
incl  %esi
movl $10,%eax
cmpl  $10,%esi cmpl  %eax,-4(%ebp)
il L7 il L18
movl  81,%esi movl $1,-8(%ebp)
) jmp .L22
.L18:
call f
incl  -4(%ebp)
jmp .L17
.L4: .L23:
call g call g
incl  %esi incl  -8(%ebp)
.L22:
movl $10,%eax
cmpl  $10,%esi cmpl  %eax,-8(%ebp)
il L4 il L23
popl  %esi leave
ret ret
/i %esi  local
/i %esi  local
35 bytes 62 bytes
The savings by C-386 can be summarized as:
Put i and j in %esi 15 bytes
Improve enter/exit code 2 byte
Use cmpl $10 6 bytes
Rotate loop 4 bytes

C-386
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The improvement by the C-386 optimizer can be summarized as:

Puti and j in r25 2 memory references per iteration
Rotate Loop 1 instruction per iteration

4.2.2. Memory Allocation

C-386 allocates variables based on their size, frequency of use, and other factors.
Variables which are never used are usually not allocated. Variables are usually sorted to
allocate the smaller and more frequently used variables first, and the larger and less fre-
quently used variables later. This allows the use of small address offsets to access com-
monly used variables. If the compiler allocated some very large variable first, small address
offsets might not be able to access variables allocated after it. By putting the smallest and
most frequently used variables first, the compiler makes the greatest possible use of small
address offsets. Some variables which other compilers would allocate in memory are allo-
cated in registers as explained in the section ‘‘Register Allocation by Coloring’’.

4.2.3. Entry and Exit Code Optimization

Most compilers use a frame pointer register in each function. The frame pointer is
used to access local variables, to point up the call stack to allow stack traces to be printed
during debugging, and to unwind the stack for an exception mechanism. The frame pointer
is valuable but it is usually not necessary. By default, C-386 does not set up a frame
pointer in each function. C-386 will generate a frame pointer if the code is the same size or
smaller with a frame pointer, but otherwise it will not create a frame pointer and it will
access all local variables by using the stack pointer instead.

If it is necessary to have a frame pointer in every function the ‘‘-ga’’ compile time
option can be specified on the command line. This compile time option will guarantee that
there will always be a frame pointer, but it will increase the size of the program.

If a function is very short (a common occurrence in structured programming), the
entry and exit code may take a large fraction of the space and execution time of the func-
tion. If all of the parameters and local variables of a function are allocated in registers
(usually for a function of 20 lines or less), the compiler can often eliminate the subroutine
entry and exit code entirely. This optimization generates code much like the best assembly
language implementation.

See the example under Register Allocation by Coloring for improvements to the entry
and exit code.

4.2.4. Static Address Elimination

A valuable optimization performed by C-386 is to maintain frequently used static
addresses in registers. Since static addresses are 4 bytes long, if a static address is used just
twice in a function, it is faster and smaller to load the address into a register just once at
the beginning of the function and always use ‘‘register indirect’’ addressing to access it. In
this way, most static references are reduced to one-third of the space and less execution
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time.

()

{
f(1);
f(2);
£(3);
f(4);

}
C-386

p:
pushl %esi
movl  $f,%esi
pushl $1
call *esi
popl  Zecx
pushl $2
call *Oesi
popl Zecx
pushl §3
call *esi
popl  Zecx
pushl $4
call *Oesi
popl %ecx
popl  Zesi
ret
28 bytes

UNIX PCC
pushl Z%ebp
movl %esp,%ebp
pushl §1
call f
popl  Zecx
pushl $2
call f
popl  %ecx
pushl 83
call f
popl %ecx
pushl $4
call f
popl Zecx
leave

ret

37 bytes

The savings by C-386 can be summarized as:

Static Address Elimination
Simplified entry code

4.2.5. Register Coalescing

Register Coalescing organizes the computation of expressions to ensure that values
end up in the registers where they will be needed. This eliminates shuffling the values in
registers to get them set up as needed. Most microprocessor compilers will copy the argu-
ments of a computation into scratch registers; do the computation in the scratch registers;
then copy the result to the destination. C-386 will use the destination register in the com-
putation so as to save unnecessary copies of the source registers into scratch registers.

For example the C-386 compiler will compile the statement ‘‘i = i*100+ j;’’ as fol-

7 bytes
2 bytes

C-386

Optimization



Optimization 15

lows (iis in %edi and jis in %esi):

C-386 UNIX PCC
imull  $100,%edi, %edi imull $100,%edi, %eax
addl  %esi, %edx addl  %esi,%eax

movl %eax,%edi

4.2.6. Loop Rotation

In C, the ““for’’ and ‘‘while’’ statements specify the loop termination conditions at the
top of the loop. Therefore, many C compilers generate a termination test at the top of the
loop and an unconditional branch from the bottom of the loop to the top of the loop. The
loop will execute two branch instructions on each iteration of the loop.

A better way to generate code for loops is to place the test at the bottom of the loop.
This is called ““Loop Rotation’’. If it can be determined at compile time that the loop will
always execute at least once then the loop is entered from the top. If it cannot be deter-
mined that the loop will be executed at least once, then an unconditional branch to the ter-
mination test is placed before the loop entry. With the test at the bottom only one branch
is executed on each iteration of the loop.

4.2.7. Peephole Optimizations

Peephole optimizations are local improvements to the code which are certain to be
correct without further analysis of the surrounding code. An example would be two
machine instructions where the first moves the contents of register A to register B, and the
second instruction moves the contents of register B to register A. If the program code
never branches to the second instruction (i.e. both instructions are always executed
together), the second instruction can be safely eliminated.

All of the peephole optimizations which have been implemented are safe for device
driver code. Should there be any reason to suppress these optimizations, it can be done
with the -X9 compile time option.

4.3. Loop Optimizations

Programs which execute for long periods of time execute millions or billions of
instructions. Since most programs consist of tens or hundreds of thousands of instructions,
some instructions must be executed many times. To increase the speed of a program it is
necessary to identify which instructions are executed the most often and concentrate the
optimizations in these areas. Computer languages have two main constructs for repeating
the execution of instructions: loops and subroutines. By making specific optimizations for
each of these constructs it is possible to significantly improve the performance of most pro-
grams.

The loop optimizer is selected by the -OL compile time option. This compile time
options informs C-386 that most computation is performed in inner loops. When this com-
pile time option is specified, C-386 assigns most of the machines resources, registers in par-
ticular, to uses in the innermost loop. This can result in significant performance increases
in programs which do most of their computation in loops.

The loop optimizer draws resources away from other useful optimizations. If -OL is
specified for a program in which very little computation is done in inner loops, most of the
machine’s resources will be misdirected in attempting to optimize infrequently executed
loops. This can result in decreasing the total performance of the program. The -OL com-
pile time option should only be used on modules for which the programmer is certain most
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processing occurs in loops.

4.3.1. Loop Invariant Analysis

“Loop Invariant Analysis’’ is used to speed up loops. Each loop is examined for
expressions and address calculations which do not change in the loop. These computations
are moved out of the loop and the value is stored into a register. This optimization is par-
ticularly valuable for removing array subscripts from a loop when the subscript is a variable
or expression which is not modified in the loop. In a small loop, all invariant expressions
will be accessed with ‘‘register mode’’ and all invariant addresses will be accessed with
‘‘register indirect modes.”” This optimization usually eliminates all computations of invari-
ant expressions and addresses in loops.

4.3.2. Strength Reduction

Strength reduction is found only in the most advanced compilers. It applies to loops
which have an index variable which is incremented by a constant on each iteration of the
loop. When a loop index variable is used as the subscript for an array, most compilers will
multiply the loop index by the size of the array elements and add this offset to the base of
the array. Each such reference will typically require at least three instructions. After the
application of strength reduction, outside of the loop, a register is loaded with the address
of the array element to be accessed on the first iteration of the loop. The array access is
replaced by an indirect register addressing mode. On each iteration, the element size is
added to the register so that it contains the address of the element to be accessed on the
next iteration of the loop. This optimization results in a four to twenty times speed
improvement.

Strength reduction also reduces multiplication of the loop index by a loop invariant
value to addition of a constant to a register.

C-386



CHAPTER 5

Porting Programs to C-386

Some programs which appear to compile and operate correctly when compiled with
other C compilers, may not operate correctly when compiled with C-386. The C Language
specifications define legal programs in such a way that legal programs will always work with
all C compilers, including C-386. The problem is that many programmers make illegal
assumptions about the machine or compiler that they are using. This chapter discusses
many illegal assumptions which can cause programs to fail when compiled with C-386.

5.1. Compatibility with other Green Hills Compilers

All Green Hills Languages use the same calling conventions for all subroutines, rou-
tines, procedures, and functions. Therefore, code from other Green Hills Languages can
be freely used with in your C-386 program.

The implementation of each Green Hills C Compiler is the same for each Green Hills

Target. Therefore, legal programs written in C-386 can be moved to any other Green Hills
C Compiler.

C-386 can be obtained on any Green Hills Host. It is exactly the same on every Host.
Therefore, program development can be done on more than one Host, and moving your
development to a new Host system is easy.

5.2. Word Size Problems

Some machines are byte addressable. That is, they have addresses which refer to 8 bit
bytes. They typically have operations which operate on 8, 16, 32, 64 and 128 bit quantities.
Other machines are word addressable. That is, they have addresses which refer to words of
a standard size varying from 16 to 64 bits. They typically have operations which operate on
multiples of the word size.

If two different machines have different word sizes or if one is word addressable and
the other is byte addressable, a program which operates on one machine may not operate
on the other machine for several reasons. The word size affects the range of numbers
implemented by the “‘int’’ data type. The word size also affects the precision and range of
the float and double data types.

The most common word size problems are (often undetected) integer overflows and
floating point underflows, overflows, and loss of precision. The layout of bit aligned data
structures will vary with the word size, so overlaying structures in memory (with union
types or pointers) makes programs difficult to port to another compile. Doing address
arithmetic in integer variables is often not portable. C provides portable pointer arithmetic
if it is used correctly.

5.3. Byte Order Problems

Since the success of the IBM/360, byte machines have been more popular than word
machines. The advantage of byte machines is their efficient processing of character data.
The general acceptance of byte machines has led to easier program portability between
machines.

Porting Programs to C-386 17
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There is, however, one major portability problem between byte machines. The first
successful byte machine, the IBM/360, placed the most significant byte of a multiple byte
integer value at the lowest address. Many byte machines such as the MC68000 and Z8000
have followed the IBM convention. The second successful byte machine, the PDP-11,
placed the least significant byte of a multiple byte integer value at the lowest address. Intel-
lectual decendents of the PDP-11, such as the VAX, 8086/88/286/386, NS32000, and
Clipper have followed the DEC convention. These two groups seem to be so well
entrenched that no agreement on byte ordering is possible.

Between machines with different byte ordering, programs which overlay characters
and integers in memory or which use character pointers to integer variables and vice versa
are often not portable. Programs that declare a variable as type ‘‘int’’ in one module and as
type ‘‘char’’ in another, may not work.

5.4. Alignment Requirements

C-386 always aligns multiple byte data items on appropriate address multiples so that
all accesses will be legal and efficient. The optimal alignment is the largest alignment
required by any data type for optimal access. It is typically the word size or the external
bus width. The alignment conventions for C-386 are defined in the 80386 Target chapter.
It is possible for the compiler to guarantee that there will be no illegal or inefficient refer-
ences if the programmer follows simple rules.

The size of all compound data types are rounded up to a multiple of the largest
optimal alignment of any component data type. The compiler always aligns parameters and
local variables within the stack at an optimal offset from the beginning of the frame. The
compiler always rounds up the size of the frame to a boundary of the largest optimal align-
ment of any data type on the 80386. If the stack pointer is initially aligned to this boun-

dary, and the program involves no explicit manipulation of the stack pointer, all stack refer-
ences will be optimal.

All variables within the global frame are allocated at an optimal offset from the base
of the global frame. If the assembler and/or linker allocates the global frame with the max-
imum optimal alignment of the 80386, all global data references will be optimal.

C-386 will always ensure that components of a data structure requiring alignment will
appear only at an optimal offset from the beginning of the data structure. If all allocation
routines always return pointers which are aligned to the maximum optimal alignment of the
80386 and the program does not use (or correctly uses) integer arithmetic for pointer com-
putations, all references to dynamically allocated memory will be optimal.

Variables within a frame or components within a larger data type are optimally packed
together in memory. When a data type has an alignment requirement, the least possible
unused space is left between the end of the previous item and the next item so that the
next item can be optimally aligned.

In satisfying different alignment requirements, complex data types may be allocated
differently on different machines. This will lead to the usual problems with programs which
rely on memory overlays. It will also lead to problems with programs which make implicit
assumptions about the size and offset of objects.

5.5. Character Set Dependencies

Not all computer systems use the same characters. All computer systems recognize
letters, digits, and the standard punctuation characters. But there is considerable variation
among the less commonly used characters. Therefore programs which use the less common
characters may not be portable.
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C-386 uses the ASCII character set and the ASCII collating sequence. Some imple-
mentations of C use a different collating sequence such as EBCDIC.

Programs which manipulate character data, especially string sorting algorithms may be
dependent on a particular character collating sequence. The collating sequence is the order
in which characters are defined by the implementation. If one character appears before a
second character in the collating sequence, then the first character will be ‘‘less than’’ the
second character when they are compared. In the ASCII collating sequence, the lower-case

letters ‘‘a’” to ‘‘z”’ appear as the contiguous values 97 to 122. In other collating sequences
the lower-case letters are not contiguous.

To make character and string sorting programs portable, care must be taken to avoid
depence on the character collating sequence. If a program is designed to operate with a col-
lating sequence other that ASCII it may be necessary to modify string and character com-
parison code to operate with ASCII.

5.8. Floating Point Range and Accuracy

One of the most variable aspects of different machines is floating point. The range,

precision, accuracy and base vary widely. This can lead to many portability problems which
can only be addressed numerically.

5.7. Operating System Dependencies

Programs which access operating system resources, such as files, by their system
names are often not portable. The file and I/O device naming conventions vary greatly
among computer systems. In order to write portable programs it is necessary to minimize
the use of explicit file names in the program. It is best if these names can be input to the
program when the program is run.

If a program contains explicit file names it may be necessary to change the names to
names acceptable to the target system in order to get them to operate with C-386. Refer to
your target operating system documentation for a description of legal file names for your
environment.

5.8. Assembly Language Interfaces

Programs which use embedded assembly code or interface to external assembly will
require all of the assembly code to be redone when the program is transported to a new
machine.

5.9. Evaluation Order

The C Language specification does not fully specify the order in which the various
components of an expression or statement must be evaluated, but it disallows computations
whose results depend on which permitted evaluation order is used. Many illegal programs
have gone undetected for years because they have only been compiled with one compiler.
Since the C-386 evaluation order is not identical to the evaluation order of other C com-
pilers, some of these illegal programs which operate as expected with another C compiler
may not operate the same way when compiled with C-386.

Some implementations of the C Language evaluate the arguments to a function from
right to left, others from left to right. See the 80386 Target chapter for details of the C-386
calling conventions.

‘(--’1

Expressions with side effects, such as function calls and the operators “‘+ + ",
“4 =" etc., may be executed in a different order by C-386 and other C compilers. When
a va.na.ble is modxﬁed as a side effect of an expression and its value is also used at another
point in the expression, it is not defined whether the value used at each point in the
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expression is the value before or after modification. Potentially, different values for the
same variable could be used at different places in the expression depending on the order
the compiler chose for evaluation.

C-386 may allocate some pointer variables not declared ‘‘register’’ to registers. This
may allow C-386 to generate more efficient sequences for post increment operators than
other C compilers. These sequences may involve incrementing at a different position in the
statement than with other compilers. In particular, statements of the form ‘“‘*p++ =

< expression involving p>’’ often evaluate differently under PCC than they do under C-
386.

A particular case of evaluation order dependency is the use of the ‘‘?:’’ operator in an
expression which is an argument to a function call. C-386 evaluates the question-mark
operator before any other arguments, and keeps the result in a temporary. PCC evaluates
the ‘‘?:’ operator at its position in the argument list. The call““foo(b?i:i+1, i+ + )’ will
usually evaluate differently under PCC than under C-386.

5.10. C Preprocessor Incompatibilities

The C Preprocessor that is provided with PCC has many undocumented features.
Most of these undocumented features are implemented in C-386.

One little known feature of the C Preprocessor allows the results of two macro expan-
sions to be concatenated into a single token. For instance:

#define x /
#tdefine y *
x/**/y A comment */

The program above is preprocessed by PCC into the following legal program before being
compiled:

/* A comment */
int val;

Due to the one pass nature of C-386 it is not possible for its builtin preprocessor to
manufacture a token such as ‘‘/*’. In order to compile a program with such constructs it is
necessary to run C-386 in two passes. First compile the program with the -E compile time

option to produce the preprocessed source. Then compile the preprocessed source as you
would normally.

However as a special case the compiler can construct an identifier as:

#define O 1
int val;
main()

va/**/0 = 1;

Which becomes (in both PCC and C-386)
main()

val = 1;
}
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5.11. Illegal Assumptions about Compiler Optimizations

Some programs illegally depend on the exact code that some particular compiler gen-
erates. Such programs are particularly difficult to port to an advanced optimizing compiler,
such as C-386, because the optimizer makes major changes in the code in order to make
the program smaller and/or faster. Described below are some of the most common illegal
assumptions about code generation that some programs depend on to work. Please fami-
liarize yourself with the optimizations described in the ‘‘Optimization’’ chapter before read-
ing this section.

5.11.1. Problems with Setjmp and Longjmp

Under the default configuration of C-386, an occasional problem surrounds the undo-
cumented subtleties of the ‘“‘setjmp’’ and ‘‘longjmp’’ functions in some UNIX programs.
Setjmp is a function which saves the contents of the registers, the stack context, and the
program counter into a ‘‘label’’ variable. The longjmp function restores the contents of the
‘‘label’”’ variable and continues executing after the call to setjmp. Under the portable C
compiler only variables specified ‘‘register’” will be allocated to registers and, therefore,
saved in the ‘‘label’’ variable, the other variables will remain on the stack. If a ‘‘register’’
variable is modified after the call to setjmp, a longjmp will restore the ‘‘register’’ variable to
the value saved in the ‘‘label’’ variable, so the modification will be lost. However if a
non-‘‘register’’ variable is modified after the call to setjmp, a longjmp will not affect the
value of the variable and the modification will be retained. Some versions of some UNIX
programs depend on whether a variable’s value will be restored by longjmp. Since the
Green Hills compiler may allocate automatic variables to registers and may allocate ‘‘regis-
ter’’ variables in memory, it is not predictable as to whether any modifications to a variable
which take place after a setjmp will be retained or lost after a call to longjmp on the same
‘‘label’’ variable.

The -X18 (dbnamemem) switch causes all programmer defined variables which are
not declared ‘‘register’’ to be allocated in memory as in the portable C compiler. The -X18
switch generates worse code than the default configuration, but in the few cases in which
the (undocumented) subtleties of setjmp and longjmp are depended upon, it will operate
consistently with the portable C compiler.

5.11.2. Implied register usage

Some programs rely on the exact register allocation scheme used by the compiler.
Such programs are completely illegal, and will never transport without modification.

For instance, programs relying on ‘‘register’’ variables being allocated sequentially to
pass hidden parameters will not work. Hidden returns (using ‘‘return;’’ and expecting to
return the value of the last evaluated expression) will not work either.

5.11.3. Memory Allocation Assumptions

Memory is allocated by C-386 in a different way than by PCC and other C compilers.
Therefore, there can be problems in porting programs which illegally depend on the
memory allocation peculiarities of other compilers. Some programs depend on the compiler
allocating variables in memory in the order that they are declared. C-386 will not neces-
sarily allocate variables in the order of declaration. Some programs depend on knowing that
the compiler will allocate all variables even if they are not used. C-386 may not allocate
unused variables. Some programs depend on knowing that certain variables will be allo-
cated in memory. C-386 will allocate certain variables to registers that PCC and other com-
pilers would always allocate to memory. Programs compiled with C-386 must not make
assumptions regarding the order of allocation of variables in memory (except where the C
language standard specifies it).
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5.11.4. -OM Restrictions

The -OM and -OLM compile time options should only be used in algorithmic pro-
grams, that is, programs in which memory cannot change except under control of the com-
piler. The -OM and -OLM compile time options tell the compiler that memory locations do
not change asynchronously with respect to the running program. In particular, if the com-
piler reads or writes some memory location, three instructions later it can assume that the
same value is still in the memory location.

This simple assumption is not true for many parts of operating systems, device
drivers, memory mapped I/O locations, shared memory environments, multiple process
environments, interrupt driven routines, and when UNIX style signals are enabled. The
-OM and -OLM compile time options MUST NOT be used in these cases.

For example, most UNIX device drivers use memory locations which are I/O registers
that can change at any time. In particular, a typical loop waiting for a device register to
change is:

while (lio_register);

If -OM is specified when compiling this loop, the compiler will read the value of io_register
only once. If io_register is zero when the loop is entered, zero will be loaded into a register
and on each iteration of the loop the register value will be tested instead of the memory
location. Whether or not the memory location is changed by an external device, under
-OM the loop will never stop

5.11.5. Problems with Source Level Debuggers

Once a variable is allocated to a register it will always reside in that register. How-
ever, since other variables may share the register, the register may not always contain the
value of that variable. This may cause a source level debugger to give incorrect results. If
you ask for the value of a variable at a point at which that variable is about to be assigned
into, the compiler may have temporarily allocated that register for some other purpose.
Always check results just after they are assigned, or when the current value is going to be
used later. Near the end of a function most of the local variables are no longer going to be
used, so the chance that the register has been reallocated is much higher.

5.12. Problems with Compiler Memory Size

C-386 is an advanced optimizing compiler. It is much better that the current genera-
tion of ‘‘optimizing’’ microprocessor C compilers. In accordance with its greater capability
it requires more memory. C-386 requires 300 Kbytes just for the program. It is designed
to work best when it has at 1 Mbyte or more of memory available. It will run in less
memory but with some degradation of performance or capability.

The compiler’s primary use of memory is for the program, static data structures, glo-
bal declarations, parse trees, and generated machine code. Global declarations consist of
the global constant, type, variable, and function declarations. This is a major use of
memory when large numbers of declarations are included into a compilation. Even unused
global declarations must be stored throughout the compilation. If memory size problems

exist try to reduce the size of the include files by including just the declarations that are
needed.

C-386 is a one pass compiler. That is, it reads the source program only once. Each
function is converted into a parse tree as it is read. When the end of the function is
reached the optimizer is called with the parse tree as input. The optimizer modifies the
parse tree and then passes it on to the 80386 code generator. The code generator produces
an internal representation of the 80386 machine code to be output for the function.
Another optimization phase is then called to modify this machine code. Finally the
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optimized machine code for the function is output. After the machine code is output, the
memory being used for the parse tree and machine code is reclaimed for use in compiling
the next function.

The memory usage for parse trees and machine code is determined by the size of the
largest function in the program. If memory size problems exist, turn off the optimizer and
reduce the size of the largest function. Simple functions of less than 100 lines should not
cause memory size problems. Procedures which are more than 1000 lines or contain very
complex statements can require more than a megabyte of memory to compile.

5.13. Detection of Portability Problems

Many of the problems associated with porting programs to C-386 from other com-
pilers can be detected with the UNIX utility program ‘‘lint’’. You should look for variables
used before definition, rou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>