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This worksheet describes how stacks and registers are used in high level languages to implement features such as parameter passing.  Writing applications that use both C and assembler source files is introduced and showing how to call C and assembler code from each other.  Finally some ways to optimise code both automatically and by using knowledge of the underlying machine.

Run-time stacks in high-level languages 

Stacks are used extensively by high-level languages to manage run-time storage issues.  Local variables, important registers and parameters all use the stack.  In this worksheet we will look at the ARM Procedure Call Standard (APCS).   APCS nominates registers for certain roles.

	Register No.
	Alternate name
	APCS

	R0
	A1
	Return value & argument 

	R1
	A2
	register. Used for first 4

	R2
	A3
	Function parameters. Also 

	R3
	A4
	used as scratch registers.

	R4
	V1
	General variable registers 

	R5
	V2
	Saved and restored on

	R6
	V3
	function entry

	R7
	V4
	 ..

	R8
	V5
	 ..

	R9
	V6/SB
	Base addr of RW data

	R10
	V7/SL
	Stack checking limit 

	R11
	V8/FP
	Frame pointer

	R12
	IP
	Intra-procedure call register

	R13
	SP
	Stack pointer

	R14
	LR
	Link register return address

	R15
	PC
	Program counter


APCS Register usage

It is worth noting that APCS is only a recommended standard and can be ignored or re-interpreted by compiler writers!

The first 4 parameters are passed via the registers r0-r3 – although if the parameters are larger than 32 bits they may be used for fewer than 4 parameters.   R0 is also used for the function return value – if more than 32 bits are required then r1 can also be used.   If more than 4 (128 bits) parameters are required then the other values are placed on the stack and can be referenced by the frame pointer.


[image: image1]
Passing parameters with APCS and the stack.

Below we can see a simple program that passes 4 parameters – it also illustrates the use of the stack for local variables and return values.

/* a program to see how ARM assembler implements

 * parameter passing - Craig 12/10/04

 */

int  do_it(int, int, int, int);  

main()

{

  int i,j;

  i = 10;

  j = 20;

  do_it(1,2,3,4);

}

int do_it(int a, int  b, int c,int d)

{

  int i,j;

  i = 10;

  j = a + b + c + d;

  return -1;

}

Compiling this with the ARM cross compiler with the flags –S –fverbose-asm we get the following .s file.

@ Generated by gcc 2.95.3 20010315 (release) for ARM/elf


.file
"ex2.c"

@ GNU C version 2.95.3 20010315 (release) (arm-linux) compiled by GNU C version 2.95.2 20000220 (Debian GNU/Linux).

@ options passed:  -fverbose-asm

@ options enabled:  -fpeephole -ffunction-cse -fkeep-static-consts

@ -freg-struct-return -fsjlj-exceptions -fcommon -fverbose-asm -fgnu-linker

@ -fargument-alias -fident -mapcs-32 -mshort-load-bytes

@ -mno-short-load-words

gcc2_compiled.:

.text


.align
2


.global
main


.type
 main,function

main:


@ args = 0, pretend = 0, frame = 8


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


sub
sp, sp, #8


mov
r3, #10


str
r3, [fp, #-16]


mov
r3, #20


str
r3, [fp, #-20]


mov
r0, #1


mov
r1, #2


mov
r2, #3


mov
r3, #4


bl
do_it

.L2:


ldmea
fp, {fp, sp, pc}

.Lfe1:


.size
 main,.Lfe1-main


.align
2


.global
do_it


.type
 do_it,function

do_it:


@ args = 0, pretend = 0, frame = 24


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


sub
sp, sp, #24


str
r0, [fp, #-16]


str
r1, [fp, #-20]


str
r2, [fp, #-24]


str
r3, [fp, #-28]


mov
r3, #10


str
r3, [fp, #-32]


ldr
r3, [fp, #-16]


ldr
r2, [fp, #-20]


add
r3, r3, r2


ldr
r2, [fp, #-24]


add
r3, r3, r2


ldr
r2, [fp, #-28]


add
r3, r3, r2


str
r3, [fp, #-36]


mvn
r0, #0


b
.L3

.L3:


ldmea
fp, {fp, sp, pc}

.Lfe2:


.size
 do_it,.Lfe2-do_it


.ident
"GCC: (GNU) 2.95.3 20010315 (release)"

Notice:

1.  The main function puts the parameters into the registers r0-r3.

2.  As no optimisation was used the compiler treats the passed parameters as local variables and stores them on the stack.  Later we will see how this is dealt with in optimised code.

3.  Both the main program and the function, doit(), stack (stmfd …) and unstack (ldmea …) important registers.

Exercises

1 Re-code your put character and put string routines into routines that can be called from C.  Build them with a small C main program that prints out some messages.  You will need to use the c-boot.s program from the previous worksheets – be careful not to include the library routines, as they may already have a putchar and a puts routine declared.

2 Modify the puts routine so that you can pass it 2 parameters – so


puts(1, string);

will send the string to port 1, or 


puts(2, string);

will send the string to serial port 2.  You will need to modify your code to look at the base address for the 2nd serial port.  These addresses can be found in the StrongARM manual, which is on my home page on Kenny.

3 Write an assembler routine called putnws(char * string), which outputs the characters with no white space – ie no spaces, tabs, carriage returns.  The routine that strips the white space should be a C routine that is called by the assembler.

Optimising C code
The C compiler can pass the code through an optimisation stage.  This is needs the -On flag, where n is a number between 1 and 3: 1 being the lowest level of optimisation to 3 being the highest.  Below is some code that passes 6 parameters and the un-optimised assembler.

/* a program to see how ARM assembler implements

 * passing 6 parameters - Craig 12/10/04

 */

int  do_it(int, int, int, int, int, int);  

main()

{

  int i,j;

  i = 10;

  j = 20;

  do_it(1,2,3,4,5,6);

}

int do_it(int a, int  b, int c,int d, int e, int f)

{

  int i,j;

  i = 10;

  j = a + b + c + d + e + f;

  return j ;

}

Here is the un-optimised assembler – note the wasteful way the parameters are copied back onto the stack as local variables.

@ Generated by gcc 2.95.3 20010315 (release) for ARM/elf


.file
"ex4.c"

@ GNU C version 2.95.3 20010315 (release) (arm-linux) compiled by GNU C version 2.95.2 20000220 (Debian GNU/Linux).

@ options passed:  -fverbose-asm

@ options enabled:  -fpeephole -ffunction-cse -fkeep-static-consts

@ -freg-struct-return -fsjlj-exceptions -fcommon -fverbose-asm -fgnu-linker

@ -fargument-alias -fident -mapcs-32 -mshort-load-bytes

@ -mno-short-load-words

gcc2_compiled.:

.text


.align
2


.global
main


.type
 main,function

main:


@ args = 0, pretend = 0, frame = 8


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


sub
sp, sp, #16


mov
r3, #10


str
r3, [fp, #-16]


mov
r3, #20


str
r3, [fp, #-20]


mov
r3, #5


str
r3, [sp, #0]


mov
r3, #6


str
r3, [sp, #4]


mov
r0, #1


mov
r1, #2


mov
r2, #3


mov
r3, #4


bl
do_it

.L2:


ldmea
fp, {fp, sp, pc}

.Lfe1:


.size
 main,.Lfe1-main


.align
2


.global
do_it


.type
 do_it,function

do_it:


@ args = 8, pretend = 0, frame = 24


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


sub
sp, sp, #24


str
r0, [fp, #-16]


str
r1, [fp, #-20]


str
r2, [fp, #-24]


str
r3, [fp, #-28]


mov
r3, #10


str
r3, [fp, #-32]


ldr
r3, [fp, #-16]


ldr
r2, [fp, #-20]


add
r3, r3, r2


ldr
r2, [fp, #-24]


add
r3, r3, r2


ldr
r2, [fp, #-28]


add
r3, r3, r2


ldr
r2, [fp, #4]


add
r3, r3, r2


ldr
r2, [fp, #8]


add
r3, r3, r2


str
r3, [fp, #-36]


ldr
r3, [fp, #-36]


mov
r0, r3


b
.L3

.L3:


ldmea
fp, {fp, sp, pc}

.Lfe2:


.size
 do_it,.Lfe2-do_it


.ident
"GCC: (GNU) 2.95.3 20010315 (release)"

Here is an optimised version – using –O3 in the compilation.  Note the order of declaration has been changed and that all the redundant code has been dropped.

@ Generated by gcc 2.95.3 20010315 (release) for ARM/elf


.file
"ex4.c"

@ GNU C version 2.95.3 20010315 (release) (arm-linux) compiled by GNU C version 2.95.2 20000220 (Debian GNU/Linux).

@ options passed:  -O3 -fverbose-asm

@ options enabled:  -fdefer-pop -fcse-follow-jumps -fcse-skip-blocks

@ -fexpensive-optimizations -fthread-jumps -fstrength-reduce -fpeephole

@ -fforce-mem -ffunction-cse -finline-functions -finline

@ -fkeep-static-consts -fcaller-saves -freg-struct-return -fgcse

@ -frerun-cse-after-loop -frerun-loop-opt -fschedule-insns

@ -fschedule-insns2 -fsjlj-exceptions -fcommon -fverbose-asm -fgnu-linker

@ -fregmove -foptimize-register-move -fargument-alias -fident -mapcs-32

@ -mshort-load-bytes -mno-short-load-words

gcc2_compiled.:

.text


.align
2


.global
do_it


.type
 do_it,function

do_it:


@ args = 8, pretend = 0, frame = 0


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


add
r1, r0, r1


add
r1, r1, r2


ldr
r2, [fp, #4]


add
r1, r1, r3


ldr
r0, [fp, #8]


add
r1, r1, r2


add
r0, r1, r0


ldmea
fp, {fp, sp, pc}

.Lfe1:


.size
 do_it,.Lfe1-do_it


.align
2


.global
main


.type
 main,function

main:


@ args = 0, pretend = 0, frame = 0


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


mov
r3, #5


sub
sp, sp, #8


str
r3, [sp, #0]


sub
fp, ip, #4


mov
r2, #6


str
r2, [sp, #4]


mov
r0, #1


mov
r1, #2


sub
r2, r2, #3


sub
r3, r3, #1


bl
do_it


ldmea
fp, {fp, sp, pc}

.Lfe2:


.size
 main,.Lfe2-main


.ident
"GCC: (GNU) 2.95.3 20010315 (release)"

However you will notice that despite its best attempts the compiler can do nothing about the excess of parameters – it still must do expensive load operations from the stack to get the parameters.  In fact the optimisation has made no difference to that bit of code.

Manually optimising code
In order to get further increases in either space or performance we must adapt the code before it gets to the compiler.  One thing a programmer can attempt to do is to make sure that parameter lists never (or at least rarely) exceed 4 variables.  If your function requires more than 4 parameters it may be possible to put the parameters into a structure and pass a pointer to the structure.

As the ARM registers are all 32 bits long it is rarely a good idea to pass parameters in sizes less than 32 bits – sending them in smaller amounts will increase the code size as it will have to clear out the higher order bits before using the registers.  So if you had a function that required 4 single-character parameters, as in the code below, the resulting assembler is quite wasteful. 

void puts4chars(char, char, char, char);

main()

{

    puts4chars('a','b','c','d');

}

void puts4chars(char c1, char c2, char c3, char c4)

{

    int sum;

    sum = c1 + c2 + c3 + c4;

}

Passing 4 single-character parameters

Here is the resulting assembler code.

@ Generated by gcc 2.95.3 20010315 (release) for ARM/elf


.file
"charparam.c"

@ GNU C version 2.95.3 20010315 (release) (arm-linux) compiled by GNU C version 2.95.2 20000220 (Debian GNU/Linux).

@ options passed:  -fverbose-asm

@ options enabled:  -fpeephole -ffunction-cse -fkeep-static-consts

@ -freg-struct-return -fsjlj-exceptions -fcommon -fverbose-asm -fgnu-linker

@ -fargument-alias -fident -mapcs-32 -mshort-load-bytes

@ -mno-short-load-words

gcc2_compiled.:

.text


.align
2


.global
main


.type
 main,function

main:


@ args = 0, pretend = 0, frame = 0


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


mov
r0, #97


mov
r1, #98


mov
r2, #99


mov
r3, #100


bl
puts4chars

.L2:


ldmea
fp, {fp, sp, pc}

.Lfe1:


.size
 main,.Lfe1-main


.align
2


.global
puts4chars


.type
 puts4chars,function

puts4chars:


@ args = 0, pretend = 0, frame = 8


@ frame_needed = 1, current_function_anonymous_args = 0


mov
ip, sp


stmfd
sp!, {fp, ip, lr, pc}


sub
fp, ip, #4


sub
sp, sp, #8


mov
ip, r0


strb
ip, [fp, #-13]


strb
r1, [fp, #-14]


strb
r2, [fp, #-15]


strb
r3, [fp, #-16]


ldrb
r3, [fp, #-13]
@ zero_extendqisi2


ldrb
r2, [fp, #-14]
@ zero_extendqisi2


add
r3, r3, r2


ldrb
r2, [fp, #-15]
@ zero_extendqisi2


add
r3, r3, r2


ldrb
r2, [fp, #-16]
@ zero_extendqisi2


add
r3, r3, r2


str
r3, [fp, #-20]

.L3:


ldmea
fp, {fp, sp, pc}

.Lfe2:


.size
 puts4chars,.Lfe2-puts4chars


.ident
"GCC: (GNU) 2.95.3 20010315 (release)"

Exercises

1 Write a function that receives 8 integer parameters and then returns the sum of them.  Check the un-optimised assembler.  Then rewrite the code passing a pointer to a structure that contains the 8 values and compare the resulting assembler code.

2 Write a simple byte packing routine.  This will allow up to 4 characters to be stuffed into an integer and then passed as an integer parameter – thus saving 3 registers.  Write the byte un-stuffing routine at the receive end, not forgetting that the integer may contain less than 4 bytes – so an ASCII NULL means nothing sent.

3 Write a number of byte packing macros and functions – puts4(int PackedChar), puts8(int PackedChar1, int PackedChar2), up to puts16(int …).   These functions are to be called whenever a puts() function would be used with 1 to 4 characters, or 5 to 8 characters, and so on.  The macros should pack the characters into the integers and then call a routine with the integers as parameters.  This routine will then call the putchar() function with each character in turn.
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