BCS402_ Microcontrollers

MODULE-3

C Compilers and Optimization: Basic C Data Types, C Looping Structures, Register
Allocation, Function

Calls, Pointer Aliasing, Portability Issues.

Textbook 1: Chapter 5.1 to 5.7 and 5.13

RBT: L1,L2,L3

3.1 Overwi

Optimizing code take dability.therefore it’s only
worth optimizing functions at are freque executed and important for
performance.C compilers ha.function literally into assembler
so that it works for all possible inputs.

To write efficient C code, we must be aware of areas where the C compiler has to
be conservative, the limitsie re the C compiler is mapping
to, and the limits of a spec
Most common ¢ compilers a
o armcc from ARM De
[ arm-elf-gcc version
gcc,

3.2 Basic C Data Tvpes
ARM processors have 32-bit
ARM architecture is a RISC loa

on 1.1 (ADS1.1).
ARM target for the GNU C compiler,

Architecture Instruction
Pre-ARMv4 LDRB ad. g oned 8-bit value

STRB a signed or unsigned 8-bit value
gned or unsigned 32-bit value

ARM :
load an unsigned 16-bit value
LDRSH load a signed 16-bit value
STRH store a signed or unsigned 16-bit value
ARMv5 LDRD load a signed or unsigned 64-bit value
STRD store a signed or unsigned 64-bit value

Table 3.1 Load and store instructions by ARM architecture.
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In Table 3.1 loads/store that act on 8- or 16-bit values extend the value to 32 bits
before writing to an ARM register. Unsigned values are zero-extended, and signed
values sign-extended.This means that type casting of a loaded value to an int type
does not cost extra instructions.

ARMvV4 architecture and above support signed 8-bit and 16-bit loads and stores
directly, through new instructions. Since these instructions are a later addition,
they do not support all the addressing modes as the pre-ARMv4 instructions.
Compilers armcc and gcc use the,data ppings for an ARM target.

char igned

short it halfword
int *word

Tong signed 32-bit word

Tong long signed 64-bit double word

3.2.1 Local Variable Types

ARMv4-based processors can
most ARM data processing o
use a 32-bit datatype, int or
using char and short as loca
operations(mod n=n) then we
Example:The following code : acket containing 64 words. It
shows why we should avoid using

ore 8-, 16-, and 32-bit data.But,

intc

{

chari; O
int sum=0;

for (i=0;i<64;i++)

{

sum += datali];

}

return sum;

}
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Casel: The compiler output for this function is as given below
checksum_v1

MOV r2,r0 ; r2 = data
MOV r0,#0 ;sum=0
MOV r1,#0 ;i=0

checksum_v1 loop
LDR r3,[r2,r1,LSL #2]

ADD r0O,r3,r0
BCC checksum_v1_loof
MOV pc,rl4 ; return sum
The compiler output fo aring | as unsigned int is as
given below
checksum_v2
MOV r2,r0
MOV r0,#0
MOV r1,#0
checksum_v2 loop
LDR r3,[r2,r1,LSL #2]
ADD rl,r1,#1
CMP r1,#0x40
ADD r0O,r3,r0
BCC checksum_v2_loop
MOV pc, r14
In the.fir

Case2: if the checksum is 16 bit value, then i is declared as unsigned int
short checksum_v3(short *data)

{

unsigned int i;
short sum =0;

for (i=0;i<64;i++)
{

sum = (short)(sum + datal[i]);
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}

return sum;

}

The expression sum + data[i] is an integer and so can only be assigned to a short
using an (implicit or explicit) narrowing cast, sum = (short)(sum + datali]);

With armcc this code will pro
warnings.
checksum_
MOV r2,r0
MOV r0,#0
MOV r1,#0
checksum_v3 loop
ADD r3,r2,r1,LSL #1 ; r3 = &datali]
LDR r3,[r2,r1,LSL #2
ADD r1,r1,#1
CMP r1,#0x40
ADD r0,r3,r0
MOV r0,rO,LSL #16
MOV r0,r0,ASR #16
BCC checksum_v3 loop
MOV pc, r14

ou enable implicit narrowing cast

The loop is now three instruc op for example checksum_v2
earlier! There are two reasons
o The LDRH instructio
LDR instruction did in checks

a shifted address offset as the
ore the first ADD in the loop calculates

the ress.of item i in the array. The LD ads from an address withmno offset.
LDR ower ad Sing des 3 DR 3 ER ater-addition RM
il Upen

instru : — O

® he cast reducing total + array[i] to short requires two MOV

instructions. The compiler shifts left by 16 and then right by 16 to implement a 16-
bit sign extend.The shift right is a sign-extending shift so it replicates the sign bit
to fill the upper 16 bits.

We can avoid the second problem by using an int type variable to hold the partial
sum.We only reduce the sum to a short type at the function exit.

The first problem is a new issue. We can solve it by accessing the array by
incrementing the pointer data rather than using an index as in datali]. This is
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efficient regardless of array type size or element size. All ARM load and store
instructions have a post increment addressing mode.

Case3: The checksum_v4 code fixes all the problems we have discussed in this
section. It uses int type local variables to avoid unnecessary casts. It increments
the pointer data instead of using an index offset datali]

short checksum_v4(short *data)

{

unsigned int i;
int sum=0;
for (i=0; i<64; i++)
{

sum += *(data++);

}

return (short)sum;

}

Three instructions have been
e cycles per loop compared to

The compiler produces the
removed from the inside I@
checksum_v3

checksum_v4
MOV r2,r0
MOV rl1,#0
checksum_v4 loop
LDRSH r3,[r0],#2
ADD r1,r1,#1
CMP r1,#0x40

MOV pc, r14 ; return sum

3.2.2 Function Argument Types

Converting local variables from types char or short to type int increases
performance and reduces code size. The same holds for function arguments. If the
function arguments are short type either the caller or the callee must perform the
cast to a short type. And these char or short type function arguments and return
values introduce extra casts.This
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increase code size and decrease performance. Therefore It is more efficient to use
the int type for function arguments and return values, even if you are only passing
an 8-bit value.

3.2.3 Signed versus Unsigned Types

If our code uses addition, subtraction, and multiplication, then there is no
performance difference betw signed operations , but there is a
difference when it is.di
Example:
int average_vl(inta,
{

return (a+b)/2;

}

This compiles to
average_vil
ADD rO,rO,r1
ADD r0,r0,r0,LSR #31
MOV r0,r0,ASR #1
MOV pc,r14
The compiler adds one to the f c ight if the sum is
negative.ln other words it rep '
(x<0) ? ((x+1) >>1): (x>>1)

It must do this because x is sighe " arget, a divide by two is not a
right shift if x is negative.
For example, -3 >>1 =-2 but

divide routine in the Clibrary is faster for unsigned types.

Summary:
The Efficient Use of C Types
® For local variables held in registers,we shouldn’t use a char or short type
unless 8-bit or 16-bit modular arithmetic is necessary. Use the signed or
unsigned int types instead. Unsigned types are faster when we use
divisions.
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® For array entries and global variables held in main memory, use the type
with the smallest size possible to hold the required data. This saves
memory footprint. The ARMv4 architecture is efficient at loading and
storing all data widths provided we traverse arrays by incrementing the
array pointer. Avoid using offsets from the base of the array with short
type arrays, as LDRH does not support this.

® Use explicit casts when reading array entries or global variables into local
variables, or writing | : o array entries. The casts make it
clear that w width type stored in

isters. Switch on

etect implicit casts.

® Avoid implicit or s in expressions because they
usually cost extra c stores are usually free because
the load or store instruction performs the type casting.

® Avoid char and short types for function arguments or return values. Use

implicit narr

In this section we will learn th . : ys to code for and while loops on
the ARM. This section include i
a variable number of iteration

3.3.1 Loops with a Fixed Numk
This concept is explained with
The below code explains how
ie., i ++.

int checksum_v5(int *data)

{

sum += *(data++);

}

return sum;

}
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This compiles to
checksum_v5

MOV r2,r0 ; r2 = data

MOV r0,#0 ;sum=0

MOV r1,#0 ;i=0
checksum_v5_loop

LDR r3,[r2],#4 ; r3 = *(data++)

ADD r1,rl,#1 -

CMP r1,#0x4
ADD
BCC checksum ™
MOV pc,rl4
It takes three instructions to
® AnADDtoincrementi
® A compareto checkifiisless than 64
® A conditional branc tinue the log
This is not efficient. On the
® A subtract to decreme
code flags on the result
o A conditional branch ins

3.3.2 Loops Using a Variable
In this case a do-while loop g
loop.

Example: We pass in a variab
argument and count down N

and code density than a for

Number of Iterations as an
tra loop counter i.

int checksum_v8(int *data, u

sum += *(data++);
} while (--N!=0);
return sum;

}
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The compiler output is now
checksum_v8

MOV r2,#0 ;sum=0
checksum_v8 loop
LDR r3,[r0],#4 ; r3 = *(data++)
SUBS r1,r1,#1 ; N-- and set flags
ADD r2,r3,r2 ;sum +=r3
BNE checksum_v8_loo ify(N!=0) goto loop

MOV r0,r2
MOV

3.3.3 Loop Unrolling
While implementing the loop , there are some additional instructions in addition
to body of the loop :: a subtract to decrement the loop count and a conditional

On ARM7 or ARM9 proce akes one cycle and the branch three
cycles, giving an overhead o '
We can save some of these
body several times, and red
proportion.
There are two thing we we ne
m How many times should we

Only unroll loops that aré

performance of the app

size with little performa

aW i
a SC :
amount. If this isn’t possible, then we must add extra code to take care of

the leftover cases.This increases the code size a little but keeps the
performance high.

3 a loop, means,repeating the loop
of loop iterations by the same

olling will increase the code
ay even reduce performance
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Summary:

For Writing Loops Efficiently we need to consider the below points
® Use loops that count down to zero. Then the compiler does not need to
allocate a register to hold the termination value, and the comparison
with zero is free.
® Use unsigned loop counters by default and the continuation condition
i'=0 rather than i>0. Thi at the loop overhead is only two

instructio
“know the loop will
ing to see if the loop

iterate at le
count is zero.
® Unroll important | p overhead. Do not overunroll.
If the loop overhead is small as a proportion of the total, then unrolling
will increase code size and hurt the performance of the cache.
ts in arrays are multiples of
asily by two, four, or eight times
elements.

3.4 Register Allocation

The compiler attempts to alldca ter to each local variable we
use in a C function.It will try t for different local variables if
the use of the variables do nc are more local variables than
available registers, the compil riables on the processor stack.
These variables are called spi
out to memory .

Spilled variables are slow to a
Toi e

stored in registers.
Table 3.3 shows the standard register names and usage when following the ARM-
Thumb procedure call standard (ATPCS), which is used in code
generated by C compilers.
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Table 3.3 C compiler register usage.

Alternate
Register register
number names ATPCS register usage
r0 al Argument registers. These hold the first four function
rl a2 arguments on a function call and the return value on a
r2 a3 function return. ion may corrupt these registers and
r3 a4 within the function.

r4 vl erve the callee

r5 .

6

r7

8

79 v6 sb General variable regiSter. The function must preserve the callee
value of this register except when compiling for read-write
position independence (RWPI). Then r9 holds the static base

5 i -write data
rl0 v7 sl : i ister. must preserve the callee

k limit address.

rll v8 fp General va p ; tion must preserve the callee
hen compiling using a frame
use a frame pointer.

ion can corrupt. [t is

) veneers or other

pointer.
12 ip A general
useful as

rl3 sp The stack p
rl4 Ir The link re

address
rl5 pc The progra

ending stack.
olds the return

limit the internal loop of functions to using at most 12/local variables.

If the compiler does need to swap out variables, then it chooses which variables to

swap out based on frequency of use.

Summary:

Efficient Register Allocation

® |imit the number of local variables in the internal loop of functions to 12.
The compiler should be able to allocate these to ARM registers.

® we can guide the compiler as to which variables are important by
ensuring these variables are used within the innermost loop.
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3.5 Function Calls

The ARM Procedure Call Standard (APCS) defines how to pass function arguments
and return values in ARM registers.

Four Register Rule:

The first four integer arguments are passed in the first four ARM registers: r0, rl,
r2, and r3. Subsequent integer ar nts are placed on the full descending
stack.Function return inte i
Two-word argu
consecutive

Fig 3.1 ATPCS argument passb

sp+16 | Argument 8

assed in a pair of

sp+ 12 | Argument 7

sp+8 Argument 6

sp+4 Argument 5

sp Argument 4
r3 Argument 3
r2 Argument 2
ri Argument 1
r0 Argument 0 | Return value l

is always more efficient,if we
a structure pointer rather than

If our C function needs more
group related arguments into
using multiple arguments.

char *Q start /* Queue buffer start address *

char *Q_end, /* Queue buffer end address */
char *Q_ptr, /* Current queue pointer position */
char *data, /* Data to insert into the queue */
unsigned int N) /* Number of bytes to insert */

{

do

{
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*(Q_ptr++) = *(data++);
if (Q_ptr==Q_end)

{

Q_ptr =Q_start;
}

} while (--N);
return Q_ptr;

}

This compil

gueue_bytes vi1
STR r14,[r13,#-4]!

r12,[r13,#4]

qgueue_vl1 loop
LDRB r14,[r3],#1 ; r14 = *(data++)
STRB r14,[r2],#1 14
CMPr2,r1 _end)
MOVEQ r2,r0 ; start;}
SUBSr12,r12,#1 t flags
BNE queue_v1_loop oto loop
MOV r0,r2

LDR pc,[r13],#4

Case2: using Structure

typedef struct {
char *Q_start; ess */
char *Q_end; ddress */

inter posmon */

Nl

v0|d queue_bytes v2(Queue *queue, char*

char *Q_ptr = queue->Q_ptr;
char *Q_end = queue->Q_end,;
do

{

*(Q_ptr++) = *(data++);

if (Q_ptr==Q_end)

{

CSE,SICIT



BCS402_ Microcontrollers

Q_ptr = queue->Q_start;
}

} while (--N);
queue->Q_ptr = Q_ptr;

}

This compiles to
gueue_bytes v2
STRr14,[r13

LDR r14,[r0,#
gueue_v2_loop
LDRB r12,[r1],#1
STRB r12,[r3],#1 ; ¥(Q_ptr++) =r12
CMP r3,r14 ; if (Q_ptr ==Q_end)
LDREQ r3,[r0,#0]
SUBS r2,r2,#1
BNE queue_v2_loop
STR r3,[r0,#8]
LDR pc,[r13],#4
The queue_bytes v2 is onein
efficient overall.
The second version has only t
five. Each call to the functio gister setups. This compares
with four register setups, a st [l for the first version. There
is a net saving of two instruct i : erhead. It only needs to assign

5 rather than

ee
the

ATPCS corruptible registers.
® |[f the callee function is very small, then the compiler can inline the code
in the caller function. This removes the function call overhead completely.

Summary
For Calling Functions Efficiently we need to consider the below points
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® Try to restrict functions to four arguments. This will make them more
efficient to call. Use structures to group related arguments and pass
structure pointers instead of multiple arguments.

® Define small functions in the same source file and before the functions
that call them. The compiler can then optimize the function call or inline
the small function.

® Critical functions can be inlined using the__inline keyword.

e value we read from the
es not know which pointer cause

That means, If we write

other pointer. In function, the

aliasing and which pointer not:

Example:function increments two timer values by a step amount:

void timers_v1(int *timerl, int *timer2, int *step)

{

*timer1 += *step;

*timer2 += *step;

}

This compiles to

timers_vl
LDR r3,[rO,#0] ;
LDRr12,[r2,#0] ;rl12
ADD r3,r3,r12 ;r3+
STR r3,[r0,#0] ; *ti
LDR rO,[r1,#0] ;
LDR r2,[r2,#0]
ADD r0O,rO,r2

timer2. This can be av0|ded by creatmg a new Ioc!I ari
state->step so the compiler only performs a single load.

void timers_v3(State *state, Timers *timers)
{

int step = state->step;

timers->timerl += step;

timers->timer2 +=step;

}
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Summary:
Avoiding Pointer Aliasing
® Do not rely on the compiler to eliminate common sub-expressions
involving memory accesses. Instead create new local variables to hold
the expression. This e ion is evaluated only once.
® Avoid takj The variable may be

5.7 Structure Arra

Every data type have aIigM it is mandated by processor
architecture, not by languagé): ave processing word length as

that of data bus size. On a 32-bit machine, the processing word size will be 4 bytes.

0x000C
0x0008
0x0004
0x0000

D7 Data Bus DO

Byte
Addressable
Mermory

3ss (X is a multiple of 4), the
e entire integer. Whereas, if the
a multiple of 4, it spans across two
igure 3.3. Such an integer requires two

If an integer of 4 bytes is

Layout of misaligned data (OXO1ABCDEF)

Load and store instructions are only guaranteed to load and store values with
address aligned to the size of the access width.
Table 3.4 summarizes these restrictions.
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Transfer size Instruction Byte address

1 byte LDRB, LDRSB, STRB any byte address alignment
2 bytes LDRH, LDRSH, STRH multiple of 2 bytes

4 bytes LDR, STR multiple of 4 bytes

8 bytes LDRD, STRD multiple of 8 bytes

the start address of a structure
cture (usually four or
h by inserting

Therefore ARM compilers wi
to a multiple of t
eight bytes
padding.

Example:
struct {
char a;
int b;
charc;
short d;

}

For a little-endian memory sys

ensure that the next object is
Address +3 +2

ill lay this out adding padding to
that object:

+0
+4
+8

pad
b[31,24] | b[23,16
d[15,8] | d[7,0]

To improve the memory usage
struct {
char a;

char
shor

Th|s reduces the structure size from 12 bytes to 8 bytes, with the following new
layout:

Address +3 +2 +1 +0
+0 | d[15,8] d[7,0] C a
+4 | b[31,24] | b[23,16] | b[15,8] | b[7,0]

The following rules generate a structure with the elements packed for maximum
efficiency:
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Place all 8-bit elements at the start of the structure.

Place all 16-bit elements next, then 32-bit, then 64-bit.

Place all arrays and larger elements at the end of the structure.

If the structure is too big for a single instruction to access all the
elements, then group the elements into substructures. The compiler can
maintain pointers to the individual substructures.

Summary

For Efficient Structure Arrange

onsider the below points
ize. Start the structure

Avoid very of smaller structures.

® For portability, ma y add t would appear implicitly) into
API structures so th ucture does not depend on the
compiler.

® Beware of using enum types in APl structures. The size of an enum type is
compiler dependehnt.
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