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C Compiler Overview

1 C Compiler Overview

Since C language is the most common programming language for embedded systems, this document
assumesthe reader isfamiliar with interpreting C code. To write efficient C code, programmers should be
aware of the following issues:

* Areaswherethe C compiler hasto be conservative

» Thelimits of the processor architecture the C compiler is mapping to

» Thelimits of a specific C compiler vendor.
The examplesin this document have been tested using armcc from the ARM developer suite using the
following command line:
arncc --c90 --cpu=ARW26EJ-S -0

which means that the armcc compiler for 1SO standard C (1990) source language is used with no space or
time optimizations. The processor target is the ARM926EJ-S™ with little endian byte order.

2 Basic C Data Types

The ARM processors have 32-bit registers and a 32-bit Arithmetic Logic Unit (ALU). The ARM
architecture is a RISC |oad/store architecture which means that values are loaded from memory into
registers before they are used. The armcc compiler uses the data type mappings shown in Table 1. For
ARM microprocessors, the char type isunsigned for ARM compilers which can cause problems when
porting code from other processor architectures.

Table 1. Data Type Mapping

C Data Type Implementation
char Unsigned 8-bit char
short Signed 16-bit (halfword)
int Signed 32-bit word
long Signed 32-bit word
long long Signed 64-bit double word

2.1 Local Variable Types

Most ARM data processing operations are only 32-bit. Thus, it isrecommended to use a 32-bit data type,
int or long, for local variables wherever possible. To see the effect of local variable types, consider
Example 1.
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Basic C Data Types

Example 1. Char Type Local Variable

wolid LocalVariableVl{woid)

d
char 1;
for(i=0;i<0=ff;i++)
S« D SOMETHING
b
¥

At first, it looksasif declaringi asachar isefficient and that char uses|ess register space or less space on
the ARM stack thanint. Unfortunately, both of these assumptionsareincorrect sinceal ARM registersare
32-bit and all stack entries are at least 32-bit. In addition, to implement i ++, the compiler must account for
the case when i isequal to OxFF. The compiler output for this function is shown in Example 2.

Example 2. Char Type Local Variable Compiler Output

LocalVariableVl

Sa

Ctext
Q=z00000000:; edal0ooo o HOW ro. #0
O=00000004 : eall000nl . B fpct + 0O=c  ; 0O=x10
Q=00000008:; 22801001 o ADD rl.x0,#1
0=z0000000c: e20100ff o AND ri,rl, #0=xff
0=00000010; e35000£ff P CHFE r0, #0=ff
0=00000014: bafffffb o ELT {fpct - Oz O=B
O=z00000018: elzffile L BX rid

The compiler incrementsi by 1 and inserts an and instruction to reducei to the range O to 255 before the
comparison with OxFF. Example 3 shows what happenswheni is declared as short type.

Example 3. Short Type Local Variable

void LocalVariableV{woid)

{
short 1i;
for(i=0;1<0=ff i++)
< DD SOMETHIHG
h
b

The result (shown in Example 4) isalittle less efficient since the compiler inserts|s and asr instructions
toreducei to the range O to 65535 before the comparison with OxFF.
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Basic C Data Types

Example 4. Short Type Local Variable Compiler Output

LocalVariableVz

Ox0000001c:
0=z00000020:
0=00000024 :
Ox00000028:
N=z0000002c:
0=00000030:
Ox00000034:
0=00000038:

e3a00000
eal000oz
=2801001
=1a01801
=lal0B841
e35000ff
bafffffa
el2fffle

Moy
B
ADD
ISL
ASR
CHF
ELT
EBX

r0, 0

fp=t + 0O=10  ; 0=30
rl. r0,¥1

rl.rl.¥#¥l6

rl.rl.#¥16

ri, #0=ff

{pc} - 0=x10 ; 0O=x24
rld

Example 5 showsi declared asint type.

Example 5. Int Type Local Variable

wvold LocalVariableVi{woid)

d

int 1i:

for{i=0;i<0=ff:i++)

S D SOMETHING

i
F

Theroutinewithi declared asint type, shown in Example 6, is more space efficient because it requires
only six assembly instructions instead of seven for char type or eight for short type.

Example 6. Int Type Local Variable Compiler Output

LocalVariablell
0x0000003c:
0=z00000040;
Ox00000044 :
0x0000004%8
0x0000004c:
0=x00000050;

e3a00000
eal00ooon
2800001
350001 £
bafffffc
el2fffle

P

Lo

Mo
B
ADD
CHP
BLT
BX

o, #0

{fpct + 0=8  ; 0O=48
i, 0. #1

O, #0=ff

{pct — 0=8 ; 0O=dd4
rld

By usingi aslong type, the output (in Example 7) issimilar to theint type version, sinceint and long are

both signed 32-bit word for the armcc compiler.

Example 7. Long Type Local Variable Compiler Output

LocalVariableld
0x00000054 :
Q=x00000058
0=x0000005:
0=00000060 :
Qx00000064 :
0=x0000006% ;

e3alioon
eal0000n
2800001
e35000f £
batfffic
el2fffle

Moy
B
ADD
CHF
BLT
BX

r0, #0

{pc} + 0=8 ; 0O=ed
i, 0. #1

ri, ¥o=ff

{pc} - 0=8 ; 0O=b5c
rld

2.2 Function Argument Type

The previous section shows that using int or long types as local variables increases performance and
reduces code size. The same istrue for function arguments. Example 8 shows a function using char type.
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Basic C Data Types

Example 8. Char Type Function Argument

char FunctionfirgumentVl{char a.char b)

!
¥

return a + b;

The input values aand b are passed in 32-bit ARM registers. The return value is also passed in a 32-bit
register. For the armcc compiler, function arguments are passed narrow and values are returned narrow.
That means the caller casts argument values and the callee casts return values. The armcc output for
FunctionArgumentV 1, shown in Example 9, demonstrates that the compiler casts the return value to char
type with an and assembly instruction.

Example 9. Char Type Function Argument Compiler Output

FunctionArgument¥l

0=000000ac: elalz2000 . MOV r2.x0
Q=z000000bL0:; el820001 o ADD rl.r2.rl
Q=z000000b4 ; e20000£ff o AND r0,r0, #0=ff
0=z000000LG ; elfffle L BX rld

Example 10 and Example 11 show the caller for FunctionArgumentV 1.

Example 10. Function Argument Caller

wold main {(woid)

!
¥

FunctiondrgumentV1({ 0zabocdef | lzabodef ) ;

The caller uses short parameters when the arguments are char type. The callee casts the input values since
the caller hasimplicitly ensured that the arguments are in the range of char type.

Example 11. Function Argument Caller Compiler Output

main

Q=z00000484 =52de00g S FUSH {fri14}

Dz00000488: e3alllef C HOV rl, #0=xef
0=z0000048z: e3alilef C MOV 0, #0=xef
0=00000490: ehfffife L BL FunctionArgumentVl
0=z00000494 =494f004 C FOF {pct

Example 12 shows the function arguments modified to short type.

Example 12. Short Type Function Argument

short FunctiondrgumentVZ{short a.short b)

d
}

return a + b

The compiler output (in Example 13) shows that the compiler insertsIsl and asr instructionsto casti to
the range of short type before returning the value through the r0 register.
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C Loops

Example 13. Short Type Function Argument Compiler Output

FunctionArgqument¥:

0=z000000bc: elalz000 Lo MW r.xr0
Qz000000=0: elgz20001 o ADD ri.xr2.rl
0=z000000cz4 ; elal0s00 o LsL ri,.x0, #l6
0=z000000z8 ; elal0s40 . ASH ri,.x0, #l6
0=000000cc: elZ2iffle L BX rld

Finally, Example 14 usesint type as the function arguments.

Example 14. Int Type Function Argument

int FunctiondrgumentVi{int a.int h)

d
¥

return a + b

The compiler output (in Example 15) shows that the arguments are passed to the function through the rO
and rl registers. Thereis no casting for the return value since the resulting sum matches the return type.
FunctionArgumentV 3 only requires three instructions.

Example 15. Int Type Function Argument Compiler Output

Functiondrgument¥3

0=x000000d0: elalzonon oo Mow rZ.rld
Ox00000044 : 0320001 C ADD ri.r2.rl
0=x0000004d8 : eliffile S BX rl4

Undoubtedly, char or short type function arguments and return values introduce extra casts. These extra
casts increase code size and reduce performance. It is more efficient to use int or long types for function
arguments and return values, even if only an 8-bit value is being passed.

3 CLoops

This section describes the most efficient ways to code for and while loops on the ARM architecture and
the specific implementations for the armcc compiler.

3.1 For Loop

Example 16 shows afor loop implemented on the ARM platform. This example uses the ForL oopV 1
function which has afixed number of iterations.

Example 16. For Loop

wold ForLoopWl({wvoid)
1

unsigned int 1;

for(i=0;i<0=1fff; i++)

< D) SOMETHING
i
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C Loops

The compiler output is shown in Example 17. Thefirst line setsi to 0. Then, the output jumps to address
0x110 where two subs/subcs instructions compare if i islessthan OxX1FFFF. If the condition is true, the

code jumps to address 0x10C wherei isincremented by 1. If the condition is not true, the code returns
from the function.

Example 17. For Loop Compiler Output

ForLoop¥l
Q=z00000104: e3dalloon U MowT r0d, #0
0=z00000108: eal0Qooo U B {pc} + 0=3 ;. 0=x110
0=z0000010c: e2800001 U ADD r0,x0.#1
N=z00000110: e250cclf ..P. SUES rl2, r0,#0x1£00
D=z00000114: 225cclfif o SUBSCS rl2. rl12 #0=ff
Q=00000118: Jafffffb L BCC {pc} — O=c  ; 0=xllc
0=z0000011c: el2fffle L BX rld

This code can beimproved using aloop that countsdown to zero and uses the continuation conditioni !=0
as shown in Example 18.

Example 18. Improved For Loop

wold ForLoopWVZ2({woid)

1
unsigned int 1;
for(i=0=xlfff:il=0;1—"7

<7 D) SOMETHING
¥

F

The new compiler output (in Example 19) does not allocate memory or use aregister to store the
termination value. In addition, the comparison with zero only requires one instruction.

Example 19. Improved For Loop Compiler Output

ForLoopVe
Dz00000120: e59f 015 L LDE v, [pc, #¥348] ;. [0=284] = 0=1fff
Q00000124 : eal00000 . B {pct + 0=8  ; 0=xlZ2c
D=z00000128: e2400001 oL SUE i, 0. #1
Dz0000012c: e3500000 .. P. CHF r0, #0
QN=z00000130: lafffffc o ENE {pc)y - O0=8  ; 0O=xl128
D=00000134: el2iffle e B rld

The LoopV 2 function loads the iteration variable from memory address Ox1FFFF into the rO register.
Then, it jJumps to address 0x12C where compares the iteration variable with zero. If theiteration variable
is equal to zero, the code returns from the function. If the iteration variable is not zero, jumps to address
0x128 and decrements the iteration variable by 1. Using unsigned int iteration variables is more efficient
because it does not require additional casting.

3.2 Do-While Loop

The optimizations used in for loops can also be used for do-while loops. Example 20 shows asimple
do-while loop function called DoWhileL oopV 1.

Efficient Low-Level Software Development for the i.MX Platform, Rev. 0
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Example 20. Do-While Loop

wold DoWhileLoopWl (woid)
¢ un=signed int n=0;
do
<« DD SOMETHIHG

twhile(++n<255);

For the do-while loop that uses an iteration variable that isincremented by 1, the compiler output requires
seven instructions as shown in Example 21.

Example 21. Do-While Loop Compiler Output

DoWhileloopWl
D=z00000160: edaldioon L Mo r0, #0
O=00000164 : elalnoon S MO i, r0
D=z00000168: e2801001 L ADD rl,r0.#¥1
N=z0000016c: elall0iol L HOW rl.rl
Dz00000170: e35100£ff L CHF rl, #0=ff
D=z00000174: Jaffiffb oL BCC {fpc} — O0xc  ; 0x=168
Ox=00000178: el2fffle L BX rld

Example 22 decrements the iteration variable by 1 and uses the continuation condition n!= 0.

Example 22. Improved Do-While Loop

wvoid DoWhileloopVZ {woid)
¢ unsigned int n=255;
do
< D SOMETHING

twhile(——n!=03;

The first instruction in Example 23 moves the immediate value OXFF to the rO register. Then, the code
subtracts 1 from the rO register and stores the result in the rl register. The code movesrl to rO and setsthe
condition flags. If rO isnot equal to zero, the code jJumps to address 0x184. If rO isequal to zero, the code
returns from the function. The improved do-while loop requires one less instruction than the original
version since it does not store the compared value in memory.
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Example 23. Improved Do-While Loop Compiler Output

DoWhileloopV:

O=0000017c: e3alloff U Mow r0, #0=ff
Ox00000180: elabloon U Moy r0, x0
Ozx00000184: e2401001 Lo, SUE rl.r0.#1
Ox=00000188: elbo0onl U HOVS ri.rl
Ox0000018c: laffffic U EHE {fpc} — 0=8  ; 0=x184
Oz00000190: el2fffle L BX rld

4 Arrays

Fundamentally an array is simply an extension of the basic model of computer memory: an array of bytes
accessible through indexes. Thus an array of adatatype D is a data structure where each array itemisa
data container of the same datatype D and can be accessed through itsindex. Access to multi-dimensional
array itemsis performed according to the row-major access formula. This formulatransforms, for
example, areference x[i ][j ] to an indirection expression *(x + (i x n) +j ), where nisthe row size of x.

Example 24 shows an example of a two-dimensional array implementation.

Example 24. Two-Dimensional Array

wvold Arrav¥Wl{void)

t int =[100][1007];
int i=0;
int a=0;
for(i=0;1<10;:1i++)
2[i][1i]=a++:
¥

Because the array is two-dimensional, according to row-major access formula, two add and one mul
assembly instructions are required to cal cul ate the index address to be accessed as shown in Example 25.

Example 25. Two-Dimensional Array Compiler Output

Arravi¥l

fa
Nz00000274: ez2didd=9d .. H. SUE rl13.rl13. #0=x%400
Dz00000278: edaldioon . Mow r0. #0
Dz0000027c: e3dalbloon . Mow rl. #0
O=z00000280: elalioon . HOW r0.r0
0xz00000284 eallnloos o B {fpct + 0=20 ; O=xZad
Nz00000288: e3alz2019 .o HOow r2, #0=19
Dz0000028c: eld0z20290 . MUL r2.rl.r2
D=z00000290: e28d30c=0 0., ADD ri.rl3, #0=c0
0=00000294 : elf3zzoz M ATID r2. r3.r2, 151 #4
Dz00000298: e7az21100 . STR rl.[r2.x0,1L5L #2]
Nz0000029%: ez2811001 . ADD rl.rl. #1
Dz000002a0: e2800001 . ADD r0.x0, #1
Dz000002a4 : e350000a ..P. CHF r0,.#¥0=xa
N=z000002a8: bafffffe . ELT {fpc} — 0=x20 ; 0O=xZ288
Dz000002ac: e28ddc9d . ADD rl3.rl13. #0x9400
Q=z000002b0: elziffle L EX rld

Efficient Low-Level Software Development for the i.MX Platform, Rev. 0
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The overload becomes more significant when using three-dimensional arrays asin Example 26.

Example 26. Three-Dimensional Array

wold ArrawVe(woid)
{
int =[10][20][50]:

int 1=0;
int a=0;

for(i=0;:1<10;:1i++)

2[i][i][1i]=a++:

¥

Example 27 shows that the compiler calculates the index address according to * (X +i x 100 +i x 50 +1),
which requires three add and two mul instructions.

Example 27. Three-Dimensional Array Compiler Output

ArrayVZ
D=z000002b4: e2dddc9d .. H. SUE rl3. r13, #0=x9d400
N=z000002b8: e3alloon U MOV rd, #0
N=z000002be: e3dallonn U MOV rl, #0
N=z000002c0: elalloon U Mov rl,.x0
0=000002c4 : eal00009 o E {pc} + O0=2c  ; 0O=x2f0
Nxz000002c8: e3alz0?d o MoV r2, #0=x7d
0=000002cc: 0020290 C MUL r2,r0d.r2
N=z000002d0: e28d30c0 I ADD r3.rl3, #0=c0
D=z000002d4 : ela3zzaz2 R ADD r2,rd.r2 . LSL #5
N=z000002d8: e3al3iil9 I MOV r3, #0=x19
D=z000002de: el030390 U MUL r3.rl.rd
N=z000002e0: elaz22183 o ADD r2,re.r3 . LSL #3
Nz000002e4d: e7az21100 U STE rl,[r2.x0,L5L #2]
Nz000002e8: e2811001 U ADD rl. rl.#1
Nz000002ec: e2800001 U ADD 0.0, #1
D=z000002£0: e350000a ..P. CHF r0, #0=xa
D=z000002£4: bafffffil U ELT {fpc} — 0=x2c  ; O=2ch
D=z000002£8: e28ddc9d U ADD rl3. r13. #0=x9d400
Dz000002fc: el2ffile L BX rld

Example 28 shows asimplified one-dimensional array implementation of the same size asthe arraysin
Example 24 and Example 26.

Example 28. Simplified One-Dimensional Array

vold ArravVi(woid)

¢ int =[100007;
int i=0;
int a=0;
for{i=0;1<10;1++)
x[1]=a++:
b
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In this case, the compiler calculates the index address according to * (x +i ), which requires only one add
instruction as shown in Example 29.

Example 29. Simplified One-Dimensional Array Compiler Output

ArrayVi
0z00000300; =24dde9d UL SUE rl13. rl3, #0=x9d400
0=z00000304 =3a00000 C MOV 0, #0
0z00000308: =3a01000 C MOV rl, #0
0=z0000030c: =1a00000 C MOV 0, r0
0z00000310: =a000003 C E {pcr + O0x14  ; 0O=x324
0z00000314: =28d20=0 .o ADD r2,rl3d, #0=zci
0z00000318: =7821100 C STR rl,[r2.x0, LS50 #2]
0x0000031c: e2811001 C ADD rl.rl.#1
0z00000320: 22800001 C ADD 0, r0. #1
0z00000324 =350000a LB CHFE 0, #0=xa
0z00000328: baffffif9 C ELT {pc} — 0=xl4  ; 0O=314
0z0000032c: =28dde9d C ADD rl13. rl3, #0=x9d400
0z00000330: el2fffle L BX rld

Example 30 shows two different examples of array indexing. The armcc compiler trandates the array
indexing expression x[i | into theindirection expression * (X +i ).

Example 30. Array Indexing

vold ArravVd{woid) wold ArrayW5{woid)
1 1
int =[10]; int =[10];
int * px = =; int * pE = =;
int 1i: int 1i:
for(i=0;1<10;1i4++) for(i=0;1<10;1i4++)
®[1]=1; *®{pHE+1)=1:
L T

Thus, both functions in Example 30 generate the same compiler output shown in Example 31.
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Example 31. Array Indexing Compiler Output

Arravid
0=z00000334: =24dd028 [M. SUE rl13.rl13, #0=x28
0z00000338; =1a0100d o MOV rl, rl3
0=z0000033c: =3a00000 o MOV r0, #0
0=z00000340: eal00001 o E fpct + O=c ; 0=x3ddc
0z00000344: =78d40100 o STE r0,[rl3.x0,1L5L #2]
Q=z00000348: 22800001 o ADD r0,x0.#1
0=z0000034c: 23500002 LB CHF r0, #0=a
Qxz00000350: bafffffhb o ELT {pct - O=c  ; 0O=x344
0=z00000354 =28dd028 [ ADD rl13.rl13, #0=x28
0=z00000358; el2ffile L BX rld

Arrav¥h
0=z0000035z: =24dd028 [M. SUE rl13.rl13, #0=x28
Q=z00000360: =1la0100d o HOV rl,rl3
0=z00000364: =3a00000 o MOV r0, #0
0=z00000368: =a000001 o E fpct + Oxc ;0 0=x374
0xz0000036c: 7810100 o STR 0, [rl.x0,.15L #2]
0=z00000370: 22800001 o ADD r0,x0.#1
0=z00000374: 23500002 LB CHFE rd, #0=a
0=z00000378: bafffffhb o ELT {pct - Ozc ;. O=x3bc
0=z000003%c: =28dd028 [ ADD rl13.rl13, #0=x28
Q=z00000380: el2fffle L BX rld

Multi-dimensional arrays are represented the same way as one-dimensional arrays: by a pointer holding
the base address of a contiguous statically allocated segment where array items are stored. The array
dimensionisalogical concept, not a physical one, and the compiler translates multi-dimensional accessto
the underlying one-dimensional array by using the row-major formula. Therefore, the fewer dimensions
in an array, the more efficient the code that is generated by the compiler.

5 Register Allocation

The compiler attempts to allocate a processor register to each local variable used in a C function. When
there are more local variables than available registers, the compiler stores the excess variables on the
processor stack. These variables are called spilled or swapped-out variables since they are written out to
memory. To ensure good register assignment, limit the internal oop of functionsto at most 12 local
variables. Example 32 shows a function that has 16 local variables.

Example 32. Register Allocation with 16 Local Variables

int RegisteridllocationVl{woid)

!
int a2=10.b=11,c=12,d=13,=e=14.£f=15,g=16 h=17,1=17,3=19,k=20,1=21 m=22 n=23 ,0=24 ,p=25;

return a*bEcxd®cxf®gEh®] ®jx] %] enEnE0*n

The armcc compiler (see Example 33) insertsfour str instructionsfor storing thelocal variables a, b, c and
d on the processor stack and four Idr instructions for subsequently loading them into registers to be
multiplied. The result of the multiplications is returned through the rO register.
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Example 33. Register Allocation with 16 Local Variables Compiler Output

Register Allocation

FegisterdllocationVl
ODz000004£0: ed2d4fff
Oz00000414: e3alliia
O=000004£8: e58d000c
0D=000004fc: e3al00ib
O=00000500: ebadooog
0=00000504 : e3all0lc
0=00000508 : ebLidiong
0=0000050c: edallond
0D=00000510: e5adooon
0=00000514: e3allile
0=00000518: edalzong
0x=0000051c: e3al3010
O=00000520: edalclll
0D=00000524: eldalell
0=00000528: e3ald013
0=0000052c: e3alt0l4
0z=00000530: e3ale01s
0=00000534: e3al?0le
0=00000538: e3ala0il?
0=0000053c: e3ala0ila
0=00000540: e3dalall9
0z=00000544: 2594000z
0=00000548: e59dboog
0=0000054c: ele00ba0
0=00000550: =59db00d
0=00000554 : ele00ba0
0D=00000558: =59dbonn
0=0000055c: ele00ba0
0=00000560: el0ono9l
O=00000564 : el0onogz
0=00000568: e0l0ono93
0D=0000056c: el00009c
0=00000570: el0000%
0=00000574: el0on094
0x=00000578: 0000095
0=0000057c: 0000096
0=00000580: 000009z
0=00000584 : el0ono9g
0=00000588: e0l0ono99
0x=0000058c: 000009
0=00000590: e2add0oln
0Dx00000594 : efbdaffn

SO

PUSH
Mo
STR
MOV
STR
MoV
STR
Mo
STR
Mo
Mo
MO
Mo
MOV
Mo
Mo
MO
Mo
MOV
Mo
Mo
LLR
LIR
SHULEE
LIR
SHULEE
LLE
SHULEE
MUL
ML
MUL
ML
ML
MUL
ML
MUL
ML
ML
MUL
ML
ATD
FOFP

{r0-rll.rl4}
r0. #0=a

0, [r13. #0=c]
0, #0=b
r0,[x13.#8]
0, ¥0=c
rO.[r13. #4]
0, #0=d

rO, [r13.#0]
rl. #l=e

v, #0=f

r3, ¥0=x10
rl2, ¥0=11
rid, ¥o=x1?
rd, #0x13

5, #0=x14

rb, #0=x15

7. #0=xl6

rd, #0=17

9, #0=x18
rl0, ¥0=x119
v, [r13.#0=c]
r1ll,[rl3. #8]
rl.xr0.xrl1l
rll. [x13.#4]
r0.r0.rl1
rll, [x13,#0]
r0.r0.rl1
rl.rl.x0
rl.r2.x0
r0.r3.x0
rl.rl2.x0
r0.rld, 0
r0.rd,.x0
r0,.xr5,.x0
r0.r6.x0
rl.xr7.x0
r0.r8.x0
r0.r9.x0
r0,.xr10,.x0
rla,.r13. #0x10
fri—rll oc?t

Example 34 shows afunction that declares 12 local variables.

Example 34. Register Allocation with 12 Local Variables

int BEegiszterillocationVz {woid)

1

int a=10.b=11.c=12.d=13.e=14 £=15.g=16.h=17,1=18, j=19 k=20,1=21;

return a¥b¥cedecefegehelxjelie]

1

Thereareno str or Idr instructionsin the assembly code shown in Example 35. The compiler allocatesthe
12 local variablesinto registers and the stack is not used. The result of the multiplicationsis also returned

through the rO register.
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Example 35. Register Allocation with 12 Local Variables Compiler Output

FegisterdllocationV?
0=00000598: e92d47£0 G- FIISH {rd4-r10, 14}
0=0000059:; edallila o HOW rl. #0=a
0=000005a0: edal2iihb Lo HOW re . #0=h
0=000005a4: e3alililc L0 HOV 3, ¥l=c
0=000005a8: edalcind o HOW rlZ, #0=d
0=000005ac: eldalelle L MOV rld, ¥l=ze
0=000005kL0:; edal400f L HOW rd, #0=f
0=000005bL4 ; e3dal5010 B HOW 5, #0=x10
N=000005hL%: edalelll R HOW rb, #0x11
0=000005bc: edal?70lz2 D.. HOW 7, #0=x12
0=000005=0: e3dalsils o HOV a8, #0=13
0=000005z4 ; edalsild o HOW 9, #0=x14
0=000005c8 edalalls o HOW r10, ¥0=x15
0=000005cc: elellzZ81 T SHULEE rl.rl.xr2
Q=000005d0:; ele00380 T SHULEE r0.x0.x3
0=000005d4 : ele00=80 L SHULEE rO.r0.r12
Q=000005d8: e00000%e o ML r0.rld, 0
Q=000005de: el000094 o HUL ri.rd,.x0
0=000005=0: 0000095 o ML r0.x5.x0
0=000005=4 : 0000096 o ML r0.r6.x0
0=000005=8: e0000097? o ML r0.x7.x0
0=000005ec: 0000098 o ML r0.r8.x0
Q=000005£0:; 0000099 o HUL r0,.r9.xr0
Q=000005f4:; e00000%a o ML r0,.x10,x0
0=000005£8: efbds87£0 o FOF {frd-rl0. pct

6 Function Calls

The ARM-Thumb Procedure Call Standard defines how to pass function arguments and return valuesin
ARM registers. Functions with four or fewer arguments are far more efficient to call than functions with
five or more arguments. For functions following the four-register rule, the compiler passes all the
argumentsin registers. For functions with more than four arguments, the caller and callee must access the
stack for the extra arguments. Example 36 illustrates how six int arguments are allocated by the compiler.

Example 36. Function Call with Six Arguments

int Argument=illocationVl{int a.int b.int c.int d,int =.1nt £}

d
F

return a+b+oc+d+e+f

The generated output in Example 37 showsthat thefirst two parameters are passed through the stack using
two Idr instructions. The remaining arguments are passed in the r0, rl1, r2 and r3 registers.

Example 37. Function Call with Six Arguments Compiler Output

Arqument=sil location¥l

Q=00000194; =92d44010 - F1ISH {rd. rld}
Q=0000019%8: elal=000 S HOY rlz.r0
Q=0000019z: 259d400c L LDE rd, [rl3, ¥l=c]
0=000001a0; =59de00s S LDE rld, [r13.#8]
O=000001a4 : el8z0001 . ADD ri.rl2.r1l
0=000001a8: edgoo0ooz2 S ADD r0.x0.x2
O=000001lac: el800003 L ADD rl,xr0,xr3
Q=000001b0: 2080000 S ADD r0.r0.xr14
0=000001b4: e0800004 S ADD r0.r0.rd
0=000001L%: efbd8010 S FOF {frd, pc?h
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Example 38 illustrates the benefits of using no more than four arguments.

Example 38. Function Call with Four Arguments

int Argument=AllocationVZ{int a.int b,int o, int d)

d
¥

return a+b+oc+d;

Example 39 shows that the a, b, ¢ and d arguments are passed through ther0, r1, r2 and r3 registers and
the stack is not used. The result of the sum is returned in the rO register to the caller.

Example 39. Function Call with Four Arguments Compiler Output

Argument=allocation¥V2

0=000001bc: elalc000 S MOV rlz. x0
0=z000001c=0: eldcz0001 o ADD ri.rl2.rl
N=z000001c4 : ela0000: o ADD ri.xr0,.r2
0=z000001c8: 0300003 o ADD rl,.x0.x3
0=000001lcc: elziffle L BX rld

If aC function requires more than four arguments, it is almost always more efficient to use structures.
Group related arguments into structures and pass a structure pointer rather than multiple arguments.

7 Pointer Aliasing

If two or more pointers point to the same address, then they are said to be aliased. Most of the time the
compiler does not know which pointers are aliases and are not. Example 40 shows a function that
increments the red, green and blue components of the same pixel by the value of offsetl. The compiler
must load from ColorCorrection — offsetl three times.

Example 40. Pointer Aliasing

wold PointeriliszingV1l(Fizel *PizelWValue, Cosfficients *ColorCorrection)

i

FizelValue—:Fed+= ColorCorrection—roff=setl:
FizelValue-:Green+= ColorCorrection—:offsetl;
FizelValue—:Bluse+= ColorCorrection—:offsetl:

Usually the compiler optimizes the code to evaluate ColorCorrection — offsetl once and the valueis
reused for the subsequent occurrences. However, in this case the compiler cannot be sure that the writeto
Pixel Value does not affect the read from ColorCorrection. Therefore, the compiler can not use any
optimizations for this case.

The assembly codein Example 41 showstwo memory accessesthrough Idr instructionsfor the Pixel Value
and ColorCorrection pointers, one add instruction and one str instruction for storing the result into
memory. The same assembly code pattern is repeated for the two subsequent C lines.
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Example 41. Pointer Aliasing Compiler Output

FointerAlia=sing¥l
Qx00000200:
0x00000204 :
Qx00000208:
0x0000020c:
0=x00000210;
Ox00000214 :
0x0000021%8:
Ox0000021c:
Qx00000220:
0xz00000224 ;
0x00000228:
0x0000022c:
0=x00000230;

=5302000
=5913000
e0322003
5302000
=5902004
=5913000
e08d22003
e5302004
=5302008
=5913000
e0322003
=5302008
el2fffle

L

LDE
LDE
ADD
STR
LDE
LDE
ADD
STR
LDE
IDE
ADD
STR
BX

T2,
rd,
T2,
T2,
T2,
3,
T2,
2.
T2,
r3,

2

T2,

rl

[x0.#0]
[x1,#0]
rZ.r3
[x0.#0]
[x0,#4]
[x1.#0]
rZ.r3
[x0,#4]
[x0.#3]
[x1,#0]
L2, rd
[x0.#3]
4

Example 42 shows an example where a new local variable, local offset, is created to hold the value of

ColorCorrection —> offset1 so that the compiler performs only a single load.

Example 42. Improved Pointer Aliasing

wold FPointerdlia=ingVZ({FPizel #PixelValue, Cosfficients *ColorCorrection)

d

int localoff=et=

FPizelValue-:Red+= localoffset;

FizxelValue—:>Gresn+= localofiset:
FPizelValue-:Blue+= localoffset;

ColorCorrection—roffsetl;

The assembly codein Example 43 shows how ColorCorrection — offset1 isloaded from memory through
aldr instruction and held in the local offset variable. For the subsequent local offset references
ColorCorrection —> offsetl is not loaded from memory sinceit is already held in the r2 register.

Example 43. Improved Pointer Aliasing Compiler Output

Fointerdlia=ingV:

0x00000234 :
Ox00000238;
0x0000023c:
0=z00000240:
Ox00000244:
0=z00000248:
Ox0000024c:
0=x00000250:
Ox00000254
0x000002548:
Ox0000025c:

e5912000
=5303000
e0333002
5803000
=5903004
e0833002
=5803004
=5903008
e0333002
e58303008
el2fffle

ooooooooD

LLR
LDR
ADD
STR
LDR
ADD
STR
LLR
ADD
STR
BX

T,
ra.
ra.
3,
ra.
T3
ra.
rd,
ra.
ra.
rld

[r1.#0]
[r0.#0]
ra.rd

[rO.#0]
[r0.#4]

LT3, re

[r0.#4]
[r0,#8]
ra.rd

[r0.#8]

8

Structure Layout

Modern embedded C/C++ compilers give fine-grained control and a wealth of options for determining
how C structures are laid out. The result is that any arbitrary layout can be obtained. To understand
structure layout fully, first the concept of data bus width and natural boundaries are discussed.
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ARM processors have a 32-bit data bus width, meaning that each memory cycle can access amaximum of
32 bits. Multi-byte quantities can be properly accessed at any address. However, if they are not properly
aligned, performance is degraded because the hardware adds extra memory cycles.

Example 44 shows a structure layout.

Example 44. Structure Layout

typedef =struct

char =:
int w:
char =
zhort w;

FStructVl;

wold structV1()
{

StructVl examnple;

examnple . ==0xaa;
exanple . v=0xbbbbbbbhb;
exanple. ==0xcc;
examnple  w=0xdddd;

For alittle-endian memory system, the compiler adds padding between the structure objects to ensure that
the next object is aligned to the size of that object. For Example 44,

StructV 1 = {<3>X|yyyyww<1>z},

where <n> means the number of added padding bytes and | is used to separate data words.

The memory usage for StructV 1 is three words or 12 bytes. The assembly code in Example 45 confirms

the use of three data words for the StructV 1 structure.

Example 45. Structure Layout Compiler Output

struct¥1
0=00000384: e92d400e
O=00000388: edalllaa
0=0000038c: eScd0000
Q=00000390:; e59fi0zed
Q=00000394:; e58d0004
Q=00000398: edalllcc
Q=0000039%: ebcd000s
Q=000003a0: e59f02d8
0=000003a4: 2lcd00ba
0=000003a8: e8bda00c

T

- FUSH
- Mow
STRE
LDR
STR
Moy
STRE
LIDE
STRH
FOF

{rl-r3.rld}

ri0,
r0,
ri,
r0,
r0,
ri,
r0,
r0,

¥l=aa
[r13.#0]
[pc. #740]
[r13.#4]
#0=co
[x13, #8]
[po. #728]
[r13.#0=xa]

[0=67c] Oxzbbbbbbbb

[0=x680]

Oxffffdddd

{r2.r3.rl12.pct

To improve the memory usage, the elementsin the structure can be reordered such asin Example 46.
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Example 46. Improved Structure Layout

typedef =struct

char =:
char v
zhort =
int w:

IStructVa;

wolid structVa()
{

StructV? examnple?:

examnple?  ==0xaa;
exanple? . y=0=xbb;
exanple? z=0lzcccc:
exanple?  w=0xdddddddd ;

¥

The armcc compiler aligns the size of the four objects into two data words:
StructV 2{ zzyxjwwww}

Example 47 shows the generated assembly code. The compiler stores OXAA into the address [r13 + Q].
Then, the compiler stores OxBB into address [r3 + 1]. Finally, the compiler stores OXCCCC into address
[r13+2] and OxDDDDDDDD into address [r13 + 4].

Example 47. Improved Structure Layout Compiler Output

struct¥:

0z000003ac: =92d400c L@— FUSH {fr2.r3. rld}

0=000003b0: e3allilaa S HOV r(, #l=xaa

0z000003b4: =5cd 0000 o STRE r0, [rl13.4#0]

0z000003b8: =3al00bb o MOV r0,#0=xbb

0=z000003bc: =5od 0001 o STRE r0, [rl13.#1]

0=z000003=0: 259f02bc o LDR rO,[pc, #700]  ; [0=684] = O=xffffcccocco
Qx000003z4: elcdlib2 o STRH rO, [rl13.¥2]

0z000003cz8: =59f02b8 o LDE r0, [pc. #696]  ; [0=688] = Oxdddddddd
Qz000003co: 25840004 o STE r0, [rl3,#4]

0z00000340: =28bd3008 o FOF {r3.rl2. pct

The memory is now completely aligned. It is more efficient to lay structures out in order of increasing
element size. Asarule, start the structure with the smallest elements and finish with the largest.

9 Endianness

The ARM core can be configured to work in little-endian or big-endian modes. Little-endian modeis
usually thedefault. The endianness of an ARM isusually set at power-up and remainsfixed thereafter. The
GetEndianness function can be used to find out the endianness at runtime as shown in Example 48.
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Example 48. Endianness

int GetEndiannes={wvoid)

1
long number=0=ff:
char endiannes==%{{char*){&nunber)):
returh endianness:;

b

This function can be used to make code more portable and flexible. The function assigns OxFF to along
variable. The code caststhe variableto char and assignsit to achar variable. If the coreislittle-endian, the
function returns OXFF. If the core is big-endian, the function returns 0.

10 Bit-Fields

Bit-fields are structure elements and are usually accessed using structure pointers. Therefore, they suffer
from pointer aliasing problems. Every bit-field access is actually a memory access and how bits are
allocated within the bit-field container is compiler-dependent. Thus, bit-fields are frequently proneto
portability issues. Example 49 illustrates this problem. The compiler is not able to optimize this code.

Example 49. Bit-Field

wvold change state(woid);
typedef struct

unzigned char HEW:1;

un=igned char REUHHAELE:1:
unsigned char BLOCEED:1:
un=igned char WAITIHG:1;

l=tate_machine;

wvold BitFieldsVl(=tate machine *#thread_state)

d

if{thread_=state-:HEW)
{

change_state();

T
if{thread _state—:REUHNAELE)
{

changs_state():
if(thread_state—>BLOCKED)
{ change_state();
%f{thread_state—>HAITING}

change_state():

i
F

As shown in Example 50, the compiler accesses the memory containing the bit-field four times. Because
the bit-field isstored in memory, the change_state function could change the value. The compiler usestwo
instructionsto test thefirst if statement. For the remaining if statements the compiler uses three
instructions to test the bit-fields.
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Example 50. Bit-Field Compiler Output

BitField=sV1l
Dz00000410: e92d4010 J@— FUSH frdi.rld}
Nz00000414: elab40on0 @ MOV rd, r0
Dz00000418: e5d40000 . LDEE O, [xd, #0]
Nz0000041c: e3looool . TST 0. #1
Dz00000420: Danoooon . EEQ {pc) + 0=8 ; O=428
Q=z00000424 : ehiffffe o EL change_state
Nz00000428: etd40000 . LDEE 0, [xd.#0]
Dz0000042c: elald0fon . ISL rO,x0, %30
Qz00000430: elb00fal . LSES ro,r0, #31
Dz00000434 : Danoooon . EEQ {fpct + 0=8 ; 0=x4ldc
Q=z00000438: ehiffffe o EL change_state
Nz0000043c: =t5d40000 . LDEE 0, [xd.#0]
Dz00000440: elalles0 . ISL rO,r0, %29
Nz00000444: elb00fal . LSES ro,r0, #31
Dz00000448: Danoooon . EEQ {fpc) + 0=8 ; 0O=450
N=z0000044c: ehiffffe o EL change_state
0xz00000450: =t5d40000 . LDEE 0, [xd.#0]
Dz00000454 : elalle00 . ISL rO,x0, %28
Dz00000458: elb00fal . LSRES rO,r0, #31
Dz0000045c: Danoooon . EEQ {fpc) + 0=8 ; O=d6d
Q=z00000460: ehiffffe o EL change_state
Nz00000464 : e8bds010 . POP {rd.pct

Example 51 implementsthe function using logical operationsrather than bit-fields. All of thebit-fieldsare
containedin anint type. For efficiency, acopy of their valueisheldinthelocal variableloca_thread state.

Example 51. Improved Bit-Field

#define HET (1<<0)

#define RUNHABLE (1l<<1)
#define BLOCKED (1<<2)
#define WAITIHNG (1<<3)

woid BitField=VZ({int #thread_state)
{

int local thread_state= *thread =state:

if{local_ _thread_statedHEN)
1
change_state():

1
if({local_ thread_stateikREUHHAELE)
{

change_=state():

¥
if{local_thread_statedBLOCEED)
{

change_=state():

if{local thread_statedWAITIHG)
1

¥

change_state():

Example 52 shows that tst and beq instructions are now used to test the if statements.
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Example 52. Improved Bit-Field Compiler Output

- - - - ————- == - -= e m e —a

BitField=V2
Q=z00000468: 292440710 pil— . FUSH {r4-r6.rld}
Qz0000046c: ela04000 i MOV rd, x0
0=00000470; 5945000 B LDE L, [rd. #0]
0=00000474 3150001 C TST r5,#1
Q=z00000478: Oa000000 C EEQ {pct + 0=8 ; 0=480
0=0000047c: ebfffffe o EL change_=state
Nz00000480: 3150002 o TST r5, g2
Q=z00000484: Oa000000 C EEQ {pct + 0=8  ; O=x4Bc
0=00000488: ehifffffe L BEL change_state
0=0000048z: =3150004 C TST rh, #4
Q=z00000490; Oa000000 C EEQ {pct + 0=8 ; 0=498
O=00000494 : ehfffffe L BEL change_=state
Q=z00000498; 3150008 C TST rh, #8
0z0000049: O=000000 C EBEQ fpct + 0=8  ; O=dad
Q=000004a0: ebfffffe o EL change_=state
0=z000004a4: e8bdao?o ... FOF fri-r6.pct

Logical and, or and xor operations with mask val ues reduce the overhead associated with bit-field
structures. These operations compile efficiently for ARM architecture. Use #define or enum to define
mask values.

11 Floating Point Versus Fixed Point

Most ARM processor implementations do not provide hardware floating point support. Because of this,
the C compiler must provide support for floating-point in software. This means that the C compiler
converts every floating point operation into a subroutine call.

Example 53 shows afunction that combines two colors allowing for transparency effects in computer
graphics. The value of alphain the color code ranges from 0.0 to 1.0, where 0.0 represents afully
transparent color, and 1.0 represents afully opague color.

Example 53. Floating Point

char 4lphaBlendingVl{char color_a,.char color_b,.float alpha)
{

i

return (l-alpha)i#*color_a+alpha*color b

This function requires four floating point operations (two additions and two multiplications) which must
be computed in software. The assembly output in Example 54 shows the compiler calls seven subroutines
and the corresponding function calling overhead.

These functions are unsigned int to float conversion (__aeabi_uif2f), float multiplication (__aeabi_fmul),
float subtraction (__aeabi_fsub), float add (__aeabi_fadd) and float to unsigned int conversion
(__aeabi_f2uiz).
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Example 54. Floating Point Compiler Output

AlphaBlending¥l
0=000004a8: e92d4f£8 0= FUOSH {fri-rll.rld?
O=000004ac: elal4000 L@ HOV rd,.x0
Q=000004L0: elal5001 B HOW r&t.rl
Q=000004b4 ; elalelnz . HOW rh,.r2
N=000004L%: elal0ons . HOW r0.rh5
Q=000004bc: ebfffife o EL __asabi_uilf
0=000004c0: elala000 S MOV rl0,.x0
Q=000004c4 : elallile o HOW rl.rb
0=000004c8: ebfffife o EL __asabi_fmul
0=000004cc: elalB000 S HOV r3.x0
Q=000004d0: elalio04d o HOW rl.r4
O=000004d4 : ebfffife o EL __asabi_uilf
Q=000004d8: elala00n o HOW r10.x0
Q=000004dc: elallile o HOW rl.rb
Q=00000420: edallsfe o HoW O, #0x3£200000
O=000004=4 : ehfffife . EL __aesabi_f=sub
Q=000004=8: elalbion o HOW rll.x0
0=000004ec: =lall100a S HOV rl.r1l0
Q=000004£0:; ebfffife o EL __asabi_fmul
Q=000004£4: elala000 o HOW r9.r0
O=000004£8: elallons o HOW rl.r8
Q=000004fc: ebfffife o EL __asabi_fadd
Q=00000500; elal7oo00 D.. HOW 7.0
O=00000504 : ehfffife . EL __aesabi_fluiz
Q=00000508: e20000f £ o AND r0.r0, #0=ff
Q=0000050c: efbdB8ffs o FOF {ri-rll.pc}

Example 55 shows the AlphaBlendingV 2 function with fixed point arithmetic. The value of alphain the
color code ranges from 0 to 255, where O represents a fully transparent color, and 255 represents a fully
opaque color.

Example 55. Improved Floating Point

char AlphaBlendingVZ{char color a. char color b,char alpha)
{

¥

return [ (255—alpha)*color_a + alpha*color b )-255;

The return value of AlphaBlendingV2 issimilar to AlphaBlendingV1 but far more efficient since the
compiler is calling only one subroutine that performs integer division (__aeabi_idivmod) as shown in
Example 56.

Example 56. Improved Floating Point Compiler Output

AlphaBlendingV?2
Q=z00000510; 292440710 pil— . FUSH {r4-r6,.rld}
N=00000514: ela05000 B MOV 5. r0
Q=z00000518: =lalc00l T MowT rb.rl
0z0000051c: ela0dinz B MOV rd, r2
0=00000520; =e26410ff = RSE rl.rd, #0=ff
0=00000524 1610581 LA SHULEE rl,rl.r5
Q=z00000528: 21001684 C SHMLAEE rl.rd4. 6. rl
0=0000052z: =3a010ff C MowT rl, #0=ff
O=00000530: ehfffffe L BL __asabi_idiwvmod
0=00000534: e20000f £ C AND r0,r0, #0=ff
Q=z00000538: =8bda0o?0 ... FOF {ri—r&. p=t
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Conclusions

12 Conclusions

The C compiler can befacilitated to generate faster or smaller ARM code. Performance-critical
applications often contain afew routines that dominate the performance profile. Code-tuning using the
guidelines of this application note can improve the application performance particularly for real-time

applications.
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