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ARM Cache Memory
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ARM Processor Organization

N

L

ARM core
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Cache Policy

N

® Write policy: WB or WT

# Cache line replacement policy

s Round-robin/Pseudorandom
* When victim counter reaches the max. vlaue, reset to the base value

= LRU

# Allocation policy on a cache miss
s Read-allocate
s Read-write-allocate

® E.g., ARM920T: WB/WT, RR/PR, RA
Xscale: WB/WT, RR, RA/RWA

ARM Cache Memory.3 Jihong Kim




RR vs. Pseudorandom Replacement

N

L

#® RR
(+) Predictability improved

(-) large change in performance for a small

change in memory access

ARM Cache Memory .4

Jihong Kim




EX: ARM 940T Cache

N

# 4KB I-Cache

# 4 Sets, each set with 1KB
# 16B line size

# 64-way set associative

ARM Cache Memory.5 Jihong Kim




void cache_RRtest(unsigned int times,unsigned int numset)

{

clock_t count;

4 printf("Round Robin test size = %d\r\n", numset);

enableRoundRobin();

cleanFlushCache();

count = clock();

readSet(times,numset);

count = clock() - count;

printf("Round Robin enabled = %.2f seconds\r\n",
(float)count/CLOCKS_PER_SEC);

enableRandomy();

cleanFlushCache();

count = clock();

readSet(times, numset);

count = clock() - count;

printf("Random enabled = %.2f seconds\r\n\r\n",
(float)count/CLOCKS_PER_SEC);

|

ARM Cache Memory.6 Jihong Kim




int readSet( unsigned int times, unsigned int numset)

{

int setcount, value;

~+—veolatile-int *newstart;
volatile int *start = (int *)0x20000;
__asm
{
timesloop:

MOV newstart, start

MOV setcount, numset
setloop:

LDR value,[newstart,#0];

ADD newstart newstart,#0x40;

SUBS setcount, setcount, #1;

BNE setloop

SUBS times, times, #1;

BNE timesloop;

} Cache_RRtest(0x10000, 64) vs.
} return value; Cache_RRtest(0x10000, 65)?
ARM Cache Memory.7

Jihong Kim



System Control Coprocessor 15

N

# Used to configure & control ARM cached
cores

#® (Clean & Flush cache
s Flush in ARM == Invalidate

¢ (Clear the valid bit in the cache line

m Clean in ARM == Flush

+ Write dirty cache lines to memory

#® Drain write buffer
#® Cache lockdown

ARM Cache Memory.8 Jihong Kim




N

Cache Lockdown

# Improve the predictability but reduce

the cache size

# Candidates for lockdown
m Vector interrupt table
= ISR
» Performance critical code
» Global variables (frequently used)

ARM Cache Memory.9

Jihong Kim




ARM 920T I-Cache Organization

N

way set associativ

Modified Virtual Addre

TAG

# 16KB (512 lines * 32 bytes, arranged as a 64-
e cache)

[
sEG o1

TAG

wW O] 1 1 I 1 I w7

Cache linefindex CAM

RAM

RDATA[31:0]

ARM Cache Memory.10
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EX: I-Cache Locking

v

ADRL rg,start_address i address pointer
ADRL rl,end_address
MOV ré ,#lockdown_base<<26 D ovictim pointer
MCR pl5,@,r2,c%,cd,1 i write ICache victim and Tockdown base
loop MCR pl5,@,r@,c7,cl3,1 i Prefetch ICache Tine
ADD rd,rd, #32 » increment address pointer to next ICache Tine

i+ do we need to increment the wictim pointer?
;o test for segment @, and if so, increment the victim pointer
;7 and write the ICache victim and lockdown base.

AND r3,rd, #0xEd ; extract the segment bits from the address

CMP r3,#0x0 ﬁ test for segment 0
ADDEQ  r2,r,#0xl<<2b ; 1T segment @, increment victim pointer
MCREQ  pl15,@,r2,c9,c0,1 ; and write ICache victim and Tlockdown base

i+ have we linefilled enough code?
;; test for the address pointer being less than or equal to the
i1 end_address and if so, loop and perform another linefill

CMP ri, rl : test for less than or equal to end_address
BLE loop : it not, loop

;7 have we exited with r3 pointing to segment @7

i3 1T so, the ICache victim and lockdown base has already been set to one
i+ higher than the Tast entry written.

i+ it not, increment the victim pointer and write the ICache victim and
i1 lockdown base.

CMP r3,#0x0 : test for segments 1 to 7
ADDNE  r2,r2,#0x1l<<26 i 1T address is segment 1 to 7,
MCRNE  pl15,@,r2,c9,c@,1 i write ICache victim and Tockdown base

mg Kim
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Efficient Programming for ARM

/4



ARM Processor Organization

N

L

ARM core
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Optimization Targets

N

L

# Execution Time

Cache
Instruction Selecti
Instruction Scheduli

Register Allocation Efficient € Programming

# Code Size Efficient ASM Programming

# Power Consumption

ARM Optimizations.3 Jihong Kim
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Outline

# Part 1: Efficient C Programming
® Part 2: Memory Hierarchy Optimization
# Part 3: ASM Optimization

ARM Optimizations.4 Jihong Kim




- Part 1: Efficient C Programming
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P1.1: Avoid char or short type

N

char 1i;
for (1=0; i<64; i++)

sum += data[i]

AND rl, rl, #0xff necessary

* Same for function arguments or return values
Avoid unnecessary casts

ARM Optimizations.6 Jihong Kim




Type Example

N

int wordinc(int a) wordinc

{ add al, al, #1
return a+1; mov  pc, Ir

by

shortinc

short shortinc(short a) add al, a1, #1

{ mov  al, al, Isl #16
return a+1; mov  al, al, asr #16

1 mov  pc, Ir

char charinc(char a) charinc

{ add al, al, #1
return a+1; and al, al, #255

1 mov  pc, Ir

ARM Optimizations.7 Jihong Kim



P1.2: Countdown to Zero

N

#No need to hold the termination value

#® Comparison with 0 is free

for (i=0; 1i<64; i++)
sum += * (data++);

LDR r3, [r2], #4; r3 = *(data++)
ADD rl, rl, #1 ;i++

CMP rl, #0x40

ADD r0, r3, r0O ;sum += r3

BCC forLoop

ARM Optimizations.8 Jihong Kim




N

L
for (i=64; i'!'=0; 1i--)
sum += * (data+t++);

LDR r3, [r2], #4; r3 = *(data++)
SUBS rl, rl, #1 ;i-- & set flags
ADD r0O, r3, r0O ;sum += r3

BNE forLoop

ARM Optimizations.9 Jihong Kim
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P1.3: Loop Efficiency

# Use do-while instead of for if the loop
iterates at least once

# Unroll important loops to reduce the
loop overhead

ARM Optimizations.10 Jihong Kim
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Unrolling Example

int countbitl(unsigned int n)

{
int bits=0;

while(n!=0)
{
if (n&1) bits++; ‘

n>>=1:

}

return bits;

}

ARM Optimizations.11

int countbit2(unsigned int n)

{

int bits=0;
while(n!=0)
{

if (n&1) bits++;
if (n&2) bits++;
if (n&4) bits++;
if (N&8) bits++;
n>>=4,

)

return bits;

}

Jihong Kim




P1.4: Register Allocation &
Function Calls

N

L

# Limit # of local variables to 12

# Get familiarize with ATPCS (ARM-
THUMB Procedure Call Standard)

First four registers used for arguments
Restrict to four arguments!

ARM Optimizations.12 Jihong Kim




Number of Function Arguments

N

L

int f1(int a, int b, int ¢, int d)
{

return a+b+c+d;

¥

int g1()
{

}

return f1(1,2,3,4);

f1
add
add
add
mov

mov
mov
mov
mov

r0,r0,r1
r0,r0,r2
r0,r0,r3
pc,ri4

r3,#4

r2,#3

r1,#2

r0,#1
f1

ARM Optimizations.13
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P1.5: Register Allocation

S
void f(int *a);
void f(int *a); void g(int a);
void g(int a);
int test2(int i)
int test1(int i) {

{ int dummy=i;
f(&i); f(&dummy);
i+=g(i); i=dummy;
i+=g(i); i+=g(i);
return i; i+=g(i);

} return i;

}
Cannot allocate to Reg Can allocate to Reg

ARM Optimizations.16 Jihong Kim







P1.6 Avoid Division

N

#® No divide instruction in H/W
Software implementations are EXPENSIVE!

Example: Circular Buffer
offset = (offset + increment) % size;
VS.
offset += increment;

if (offset >= size) offset -= size;

ARM Optimizations.18 Jihong Kim
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Part 2:

" Memory Hierarchy Optimization

Cache-Aware Optimizations

Key: Cache-Aware Locality Optimizations

ARM Optimizations.19 Jihong Kim




P2.1: Data Prefetching (ARM vbE)

N

#® Prefetch load instruction (p1d)

Advance load of a cache line (e.g., 32 bytes)
to D-cache

Overlapped execution of p1d with another
instruction

Latency hiding
For a null pointer, no fault

Useful for recursive data structures

ARM Optimizations.20 Jihong Kim




Data Prefetching Example 1

N

struct {
long a;
long b;
long ¢;
long d;

} data[100];

for (i=0; i<100; i++){
PREFETCH(data[i+1]);
datali].a = datali].b + datal[i].c + data[i].d;

ARM Optimizations.21 Jihong Kim




Data Prefetching Example 2

N

while (p) { while (p) {
do_something (p data); PREFETCH (p  next);
p=p next do_something (p data);
¥ p=p next
}
preorder (treeNode *t) { pre_order (treeNode *t) {
if(t) { If(t) {

PREFETCH (t right);

process(t data); PREFETCH (t left);
preorder(t left); process(t data);

preorder(t  right); preorder(t left):

) ; preorder(t right);
}

ARM Optimizations.22 Jihong Kim




P2.2: Merging Arrays

N

L

struct merge {

int a;
int a[SIZE]; int b;

int b[SIZE]; 3

struct merge merged_array[SIZE];

ARM Optimizations.23
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P2.2: Merging Arrays

struct merge {
int a[SIZE]; int a;

int b[SIZE]; int b-

hor

struct merge merged_array[SIZE];

#define ARRAY SIZE (256 * 1024)
int A[ARRAY SIZE];

int B[ARRAY SIZE]; Direct-mapped 64KB D$
int C[ARRAY_ SIZE]; with 16-byte cache blocks

for (i=0; 1<ARRAY SIZE; i++)
Al[1] = B[1] + C[1];

Embedded Systems Architecture (HP ARM.24) Jihong Kim



Using these data structures...

struct record {

struct record *left;

struct record *right;

char key[KEYSIZE];

/* ... many bytes, perhaps KB, of record data ... */
} *rootptr = NULL;

struct recData {
/* ... many bytes, perhaps KB, of record data ... */

Y

struct recIndex {
struct recIndex *left;
struct recIndex *right;
char key[KEYSIZE];
struct recData *datap;
} *rootptr = NULL

Embedded Systems Architecture (HP ARM.25) Jihong Kim



Running this Program ...

struct record *findrec (char *searchKey)

{

for (struct record *rp = rootptr; rp !'= NULL; ) {
int result = strncmp (rp->key, searchKey, KEYSIZE) ;
if (result == 0) {

return rp;

} else 1f (result < 0) |
rp = rp->left;,

} else { // result > 0
rp = rp->righty;
}

/* if we fall out of loop, it’s not in the tree */
return (struct record *)NULL;

Embedded Systems Architecture (HP ARM.26) Jihong Kim



P2.3: Loop Interchange

N

L

for j =0;j<100;j=j+1)
for (i=0;i<5000;i=i+1)
x[110] = 2 * x[i][];

for (i=0;i<5000;i=i+1)
for(j =0;j<100;j=j+1)
x[i][3] = 2 * x[i][j];

ARM Optimizations.27
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2.4: Loop Fusion

N

L

for(i=0;i<N;i=i+1)
for( =0;j<N;j=j+1)
= 1/b[i][j] * :
for(i=0;i<N;i=i+1)
for(j =0;j<N;j=j+1)

d[il] = +Hll N

for(i=0;i<N;i=i+l)
for j=0;j <N;j=j+1)
{ alilli]l = 1/b[i][3] * c[illi];
dil[j] = a[il[3] + c[i][i];}

ARM Optimizations.28 Jihong Kim




P2.5: Blocking (Tiling)

/* Before */
for(i=0;i<N;i=i+1)
for (0 =0;5<N;j=j+1)X
r=0;
for(k=0; k <N; k=k+1)X
r=r+ y[ilk]*z[k][ ];
¥

ARM Optimizations.29 Jihong Kim




Blocking (Tiling)

Before blocking

i k |

£
0 1 2 3 4 5 Y 0 1 2 3 4 5 0 1 2 3 4 5

T T

L = %] ra - =]
n E ] M = [
4] N o [ — L]

X[] yl ] Z| ]
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Blocking (Tiling)

[* After */
for( =0; <N; = +B)
for (kk = 0; kk < N; kk = kk+B)
for(1=0;i<N;i=i+1)
for(C = 1; <min((+B-1,N); | = +1){
r=0;
for (k = kk; k < min(kk+B-1,N); k = k+1) {
r=r+ y[i][k]*z[k]['];
¥
x[]D] =x0]0] + 1
b

ARM Optimizations.31 Jihong Kim




Blocking (Tiling)

T After blocking

j k i

z
0 1 2 3 4 5 Y 0 1 2 3 4 5 0 1 2 3 4 b

n L8 [ %] 3] — =
on F [ [y%] — ]

0
1
2
3
4
5

X[ ] yl] Z| ]
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Matrix Multiplication: Example

Environments

4x4 matrix multiplication
16-entry fully-associative cache

y4

g@ L1 | Zoo | Loz | Loy

Cache (16 entries)

Il

ARM Optimizations.33
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Matrix Multiplication: Example

Step 1
* X121 = (Yl,l x 21,1) + (Y1,2 x 22.1) + (}’1,3 > 23,1) + (Y1,4 x z4,1)

V4 X

Y2,1 Y2,2 Y2,3 Y2,4 83

Cache (16 entries/LRU ordered)

ARM Optimizations.34 Jihong Kim



Matrix Multiplication: Example

Step 2
* X1, =M1 %XZ15)+ V2% Zy0)+ (V13X Z3z)+ (YiuXZ,5)

Cache (16 entries/LRU ordered)

ARM Optimizations.35 Jihong Kim



Matrix Multiplication: Example

Step 3
* Xi3=Y11%XZ13)+ Y12 xZp3)+ (Yi3xXZ33)+ (Yi4XZy3)

y4

&3

Evikcted, Replaced

Z1,1 ZZ,1 Z3,1

Cache (16 entries/LRU ordered)

ARM Optimizations.36 Jihong Kim



Matrix Multiplication: Example

m Step 4
Evictegl, Replaced

X

1

1
1

Cache (16 entries/LRU ordered)

ARM Optimizations.37 Jihong Kim



Matrix Multiplication: Example
m Step 5

+ And soon...

Evictqd, Replaced

Y
Y3,1 Y3,2 Y3,3 Y3,4

Ya1 | Yaz| Yaz | Yaa

Cache (16 entries/LRU ordered)

ARM Optimizations.38 Jihong Kim



Matrix Multiplication(il 5 2| Cache Miss

= ME
X2 st EAS Aot

=

HOtCH 22| et column;’ I[/OE
soiM HE22l2 JIHd 2] cachell =40F &

= CHAl MOl H & 22| &t column= cachel| A LH 240t
st Jisd OI =
H=2=24802l cache 242z 4=0| Mot

of &2 &rotk

Blocking

Jihong Kim



Blocking = =2t Cache Miss 2 4

Blocking
2t matrixE Ct==2| block@ 2 L5211, 2F block 0|
CH o A1 multiplication=2 =3l &
Matrix & x| JF Ot 20|22, Bt=0l A matrix
multiplication0ll X & &4 S 25 cachelll Sd 5=
H O| j|._ol-

Cache missJ} 24 0tAH & H=s akat

9 4o

ARM Optimizations.40 Jihong Kim
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Blocking = =cf Cache Miss 2~

Environments
4x4 matrix multiplication, 2x2 sub-block
16—ent§(y fuIIy-associativ% cache

X
Yii| Y12 | Yiz | Yia Zi1| Z1o | Zas | Z1a Xia | X2 | Xz | Xi4
Yo | Yoz | Yoz | You L1 | Lo | Lo | Laa — Xo1 | X2 | Xos | Xa4
83 =
Y31 | Y3z | Y3 | Y3 31| L3 | L33 | L34 X310 | X52 | X33 | X34
Ya1 | Yaz | Ya3 | Yau Zy1 | Lo | Zas | Laa X1 | Xaz | Xa3 | Xaa

Cache (16 entries)

ARM Optimizations.41 Jihong Kim



Blocking = =¢ct Cache Miss 24

Step 1
* X1:.=W1%Z11)+Y12%xZ5,)
= Do the rest part later: (Yy 3 X< Z54) + (Y14 X Z4)

Z X
Zi3| Zi4
You| Yoo |Ya3| Yau 83 253 | ZLag
Yai | Y32 | Y33 | Yau Z33| Z34
Yar | Yaz | Yaz | Yaa Za | Zap | Za3 | Zaa X1 | Xaz | Xa3 | Xaa

Cache (16 entries/LRU ordered)
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Blocking = =¢ct Cache Miss 24
Step2~4

*

*

*

ARM Optimizations.43

X12 = (Y1,1 X Zl,Z) + (Yl,z X Zz,z)
Xp1 = (Y2,1 X 21,1) + (Yz,z X Zz,l)'
Xy = (Y2,1 X Z1,2) + (Yz,z X Zz,z)l

&3

Cache (16 entries/LRU ordered)

Jihong Kim



Blocking = =¢ct Cache Miss 2 4~

Step 5 ~ 8
Do the former half of X5 |, X3,, X4 1, X4,

Cache (16 entries/LRU ordered)

ARM Optimizations.44 Jihong Kim



Blocking = =¢ct Cache Miss 24

Step 9 ~ 12
Complete X, 1, X; 5, X5 1, X5,

Y

Z
-
83 ZZ,3 ZZ,4
ZS,S
Z43

Cache (16 entries/LRU ordered)

ARM Optimizations.45 Jihong Kim



Blocking = =¢ct Cache Miss 24

Step 13 ~ 16
Complete X3 1, X35, X4 1, X4,

Y

Z
4
23 ZZ,B ZZ,4
ZS,S
Z43

Cache (16 entries/LRU ordered)

ARM Optimizations.46 Jihong Kim



Hd=s EIt (cont.)

Data cache access= H2| =& st BtH, data cache miss
Aj|. &:|D:I O|'}|| DI—AoI—

Blocking & Ut 2| &t data cache miss2| 242 & 0olet
A Ol
T S
DCACHE_ACCESS DCACHE_MISS
16500000 1400000
16450000 1200000
16400000 1000000
800000
16350000
600000
16300000
400000
16250000 200000
16200000 0
Baseline Opt Baseline Opt

ARM Optimizations.47 Jihong Kim



Roofline (Before Blocking)

SUQgeEstIon: reuild with version 130 or higher of the Intel compler and enable el before rebullaing.
Sk q iy v [coes: 1@ + ][ INT; No Callsiacks + |[4f compare + |[* Guidance =
2
e =] 1] u} o]
100+
0 69.59 GINTOPS (22.9%). %
J=Ee : g Y- w2 1 Peak !
40

Integer Scolar Add Peak: 11,62 GINTOPS

o

#[,.,.,,,.mmm.m [oop inmain at matmull.c:72)

Performance: 3.04 GINTOPS Scalkan
L1 Arthmetic Intensity: 0.167 INTOP/Byte

ot Eapsed Tme. 31580 s Perormance: 3.04 GINTOPS
o e s L1 Agithmetic intensity: 0,167 INTOREyia
5ef Timse: 31.580 5

st s Self Elapsed Time: 31.580 =

| : Tatal Time: 31,580 =

Physical Cores: 8 ©  App Thveads: 1 @  Self lapsed Time: 31680's  Toial Elapsed Time: 315605 . TotEl EEPHE‘j Timie 31.580 =

Self Memary Traffc: 576,032 GB
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Roofline (After Blocking)

»
Inleger Scaler Add Preak 1194 GINTOPS

alan
Ferlommance: §.82 GINTOPS
L1 Anthmetic Intensity: 0175 INTOPByte
Sell Time: 16.540 5
Seif Elapsed Time: 16.540 5
Total Time: : 16540 5
TTTTTTTT

[loop In main at matmulz.c: 75]
ed Time: 16.540 5
Salt Memory Trathc: 644.624 GB

[loop in main at matmul2.c:75)
Scalan
Pedommance: 682 GINTOFS

L1 Anthmetic inbensmy: 0175 INTOP/Byte
sl Time: 18.540 5

‘ 22t Elapsed Time: 16540 5

Physical Cores: 8 @ 3.,0"::;}11_“[”“: 1@  Self Clapsed Time: 16.540 sml'l?;_:m Elapsed Time: 16.540 5 f Tl:rl H -I-I n I B : 1 E‘I m 5
Tolad Elapsad Time: 16540 &

22t Memory Tramc: 6dd4.524 GH
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Case Study: Huffman Decoding

50



A Al OF=
L= &d —/
OI2to] H2t F= A2 SHZ 0|8
= otHL =% EES2 22 A Mot Gl0IEH 2l
= Y}
=

ARM Optimizations.51

OIS SHAE SH= 0=
CIAIE A SIF Dt 1D = S=4(redundancy)S
2=82OZF HHGtHW =4 8l0| Ol &= =&

CHE A QO 0l : Huffman coding, ZIP1H &

O tholl =2 25 =

|1 JPEG, MP3

=
(i)

FEl 02 2 [UE

Jad 1Y rpo 1o
0
H

2
HU [T

=
e
=2

=
=

Jihong Kim



Huffman Coding 2~ Jii (cont.)

Huffman Coding

O AAl OF= UH}H
T =2 /M o d"g

SHXN SHZ 0|28 255 YA

()
OH< BISHGHHN Edot=e E2Ale A2 =2 bitE &€
EE2H Edote = A0l ol A= 2 bit== €5
Jt#H 20| F=3t Y-
108 =25 dE5E0 AN At & LEE bitE
gdole 8%
2l 402 bit)t 2 Kot XICH BIRHGHAN & ot= = AL

4H2| bit2 L &= bitE ot E=2H L= = At0ll

f= =
== bitE €Y

Ls T

H 7 codeworddf| CHSt bit == 42 CF & OHA
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Huffman Coding 2~ Jii (cont.)

Huffman Coding & &
U=0t A ot M=o Y BIEE HAL
S22 0[E0tH 2 AMSH =&etE DEE
=10z
=2
HA S| 2AF S, S,,S,,S,,S,, S 0] ChHeh 2F212| & A
H|
- 1
H : L)l L}E L‘)q %1 L":. L"{;.
=1 0.3 (.25 ().2 0.1 0.1 0.05
= Al &8 =AE de
a8 SN F MHE LS SAHNA HY JIS2
o4 St
= =
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Huffman Coding 2~ Jii (cont.)

S1(0.3) 0 (0.55)

S2 (0.25) 1 0
S3(0.2) R
S+ 0.1 1 (025 |0

S5(0.1) —0 ©0.15) |o

Se (0.05) — 1

m == Code

s, 00, S, 0L, S, 11,
s, 101, S, 1000, S, 1001

ARM Optimizations.54 Jihong Kim



Huffman Decoder
m Simple 1-bit decoder

S, 00
s, 01 0 1
S, 11 0|1 1 0
S, 101 1 0
S. 1000 S| [ S2] [ Ss 0o |1
Se 1001 S4
Ss Se

100011010111 S; |Ss|S2|Ss

Encoded data Decoded data

ARM Optimizations.55 Jihong Kim



Lookup Table
Lookup table= AtE et x & g}

Look up table

Encoded input data (max length = 4)
l (:‘ode Symbol Length

[ Buf;‘er 4-bit dath_ by 3 5
Loak QQXX S, 2
/Consume m-bit d.atallxx > :
(m = found code’s length)101X S, 3
) | 1000 S, 4
Take the symbd] 1J001 S, 4

ARM Optimizations.56 Jihong Kim



2-Level Lookup Table

m CIE HE2 lookup table= AI2610] A2 22H 24

Code Symbol Length
[aTA) S 9)
\YAY/ \Jl [
~ Code Symbotl tength
(Cache AE) 0OXX S] 2
11 (& 2
e A J3 —
— 01XX S 2
10 Pointer
TIXX 5 2
101X §4 3
Ccode Symbol Ler}lgth
— 1000 St |
IX Sa 3-2
1001 S 4
2 AT gxE 00 Ss %2
01 Se 4-2
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N

Part 3: Branch-Aware Optimizatio

L

ARM Optimizations.58
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PP3.1: Branch Elimination

N

L

#®In modern superscalar processors, the
penalty of a branch misprediction is
significant.

#Doing without branches can avoid miss
penalty.

@ Reducing the number of branches in a
program can result in more accurate
branch predictions.

ARM Optimizations.59 Jihong Kim




N

P3.1: Extra Work and Masking

Waring: a correctly predicted branch is free.

int foo(int x, 1nt vy)

{
1f (x > 0) yv += x;

return y;

J

int foo(int x, 1nt vy)

{
unsigned signbit = (unsigned)
return y++-AX--&-tsignbit-=1))3

}

X >> 31;

ARM Optimizations.60
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P3.1: Conditional Instruction

L

Waring: a correctly predicted branch is free.

int foo(int x, 1nt vy)

{
int tmp = x >0 2?2 x : 0;
return y + tmp;

}

x > 0 ? x : 0; iscompiled using the conditional move.

mov  tmp, #0
cmp X, #0
movgt tmp, X

Conditional move works only when the condition is true.

ARM Optimizations.61
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P3.1: Reducing Executed Branche#

#® Arrange branches from the most influential
branches to less influential branches.

1f (condl && cond?2 && cond3) { ..}

Prob(condl == true) = 0.8
Prob(cond2 == true) = 0.6
Prob(cond3 == true) = 0.1

Rearrange to:
(cond3 && cond?2 && condl)

The less branches executed,
the better the accuracy of dynamic branch predictor
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P3.1: Rearranging Branches

vold foo(void)
{ 1f (very likely cond) return;
1f (somewhat likely cond) return;
1if (not likely cond) return;
/* do something */

vold bar (void)
{ 1f (not likely cond) {
1f (somewhat likely cond) {
1f (very likely cond) { ..}

}
/* do something */
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P3.2: Branch Prediction-Aware
Programming

N

L

#Dynamic branch predictors are very
efficient at detecting patterns in the
branch paths taken.

#Reorganize branches so that some
predictable patterns exist.

Locality optimizations for branch behavior
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int dataarraySize]; ‘ Prog A‘

«¢ for (unsigned c = 0; ¢ < arraySize; ++c)
data[c] = std::rand() % 256;

for (unsigned i = 0; 1 < 100000; ++i)

{
// Primary loop

for (unsigned c = 0; ¢ < arraySize; ++c)
{
if (data[c] >= 128)
sum += data|c];
j
}
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int dataarraySize]; ‘ Prog B ‘

«¢ for (unsigned c = 0; ¢ < arraySize; ++c)
data[c] = std::rand() % 256;

std::sort(data, data + arraySize);

for (unsigned i = 0; 1 < 100000; ++i)

{
// Primary loop

for (unsigned c = 0; ¢ < arraySize; ++c)
{
if (data[c] >= 128)
sum += data|c];
j
}
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Execution Time: Prog A vs. Prog B

(N

AMD Intel
ExecTime(Prog B) 6.01(s) 4.43(s)
ExecTime(Prog A) 15.89(s) 14.16(s)

Impact of the branch prediction accuracy
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3.3 Proftile Guided Optimization

Phase 1
Co il ith
\ the pigbaen Gotion A #PGO assumes an

] accurate
: representative
Phase 2 Run the
Instrumented workload.
Executable
(one or more times) @ Archi tec ture

dependent

Phase 3 . . .
Compile with prof- optimizations.
use option
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Part 4: ASM Optimization
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P4.1: Conditional Instruction

N

L

#® ALU instruction + condition setting
e.g.: adds add + cmp

if (a+b) add rQ, r0, rl adds r0, r0, r1
cmp r0, #0
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P4.1 Conditional Instruction

MR

1t foo(int a)

if (a > 10)
return O;
else
return 1;

ARM Optimizations.71

cmp r0, #10
ble L1
mov r0, #0
b L2
L1: mov r0, #1
L2:

=

cmp 10, #10
movgt r0, #0
movle r0, #1

3~4 cycles

3 cycles

Jihong Kim




P4.1: Conditional Instruction

N

L

int foo(int a, int b)
{ cmp  r0, #0
if (@!=0&&b!=0) cmpne rl, #0
return O;
else

return 1;
y

int foo(int a, int b)
{ cmp  r0, #0
if(@a!=0|| b!=0) cmpeq rl, #0
return O;
else
return 1;

AR1\} Optimizations.72 Jihong Kim
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# mov 10, r0, LSL #n rQ x 2n
# add 10, r0, rO, LSL #n 0 x (27+1)

# add 10, r0, rO, LSL #n 10 x (27+1)e2m

mov 10, r0, LSL #m
4 mov 10, r0, LSR #n r0/2" (unsigned)
4 mov rl, r0, ASR #31 10/ 27 (signed)

add 10, 10, r1, LSR #(32-n)
mov 10, r0, ASR #n

ARM Optimizations.73
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mem

®str 11,

mem

®str 11,

P4.3: Addressing Mode

® str rl, [r0], #4

[r0] =11, r0+=4

® str rl, [r0, #4] !

10 +=

4, mem|[r0] =rl

0], #-4
0] =11, r0-=4

10, #-4] !

r0 -=4;, mem|[r0] =rl

ARM Optimizations.74
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P4.4: Instruction Scheduling

N

add ri1,r2,r3 Idr  rO, [r5]

|dr er‘[rS] add r1,r2, r3
add r6, r0, rl sub r8, r2, r3
sub 8, r2, r3 add r6, r0, r1
mul r9, r2, r3 mul r9, r2, r3
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ARM Thumb

AN




The Thumb Instruction Set

N

16-bit Instructions (vs. 32-bit ARM instructions)

Used to improve the code density
About 30% reduction over ARM for the same code

Each Thumb instruction mapped to the equivalent
ARM instruction:
ADD r0, #3 ADDS 0, 10, #3

Not conditionally executed except for 'B’

Separate instructions for the barrel shift operations

ARM THUMB.2 Jihong Kim
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Code Size: ARM vs. Thumb

# (C-code
If (x>=0)  return x;
else return -x;

#® ARM assembly version

1abs CMP r0,#0

RSBLT r0,r0,#0 ;If r0<0 (less than=LT) then do r0= 0-r0
MOV pc,lr

;Compare r0 to zero

;Move Link Register to PC (Return)

# Thumb assembly version

4 b x 3 insts = 12 bytes

CODE16
(Thumb)

labs CMP r0,#0

;Directive specifying 16-bit _

2 bx4insts =
;instructions
;Compare r0 to zero

8 bytes

BGE return ;,Jump to Return if greater or equal to zero
NEG r0,r0 ;1f not, negate r0

return MOV pc,lr ;Move Link register to PC (Return)

ARM THUMB.3
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Thumb-ARM Differences

N

# Most Thumb instructions executed
unconditionally

All the ARM instructions executed conditionally

# Many Thumb data processing instructions
use a 2-address format (destination reg ==
one of source reg)

® Less regular instruction formats over ARM
(for the code density)

ARM THUMB 4 Jihong Kim




Thumb instruction set

N

L

# 19 instruction
formats

10
11
12
13
14
15
16
17
18
19

ololo]| op Offsets Rs Rd
olofo]|H ‘ 1] ‘Op‘ Rn/offset3 Rs Rd
olol1] op Rd Offsets
ol1]olofo]o Op Rs Rd
ol1]olo]o|1] op [H1|H2] RsHs Rd/Hd
ol1|o|o]1 Rd Word8
ol1]ol1]L]B]O Ro Rb Rd
ol1]o|1|H]s]|1 Ro Rb Rd
ol1]1]e]L Offset5 Rb Rd
1loflofolL Offset5 Rb Rd
1loflol1]L Rd Word8
1]o[1]0]spP Rd Word8
1lof1[1]olo]o]o]ls SWord7
1lof1[1fL]1]o]R Rlist
1]1]ofolL Rb Rlist
1111071 Cond Soffsetd

11 foel1]1]1 ‘ 1 ‘ 1 Value8
111710 Dffset11
'BERERERET Offset

15 14 13 12 11 10 9 ] 7 i} 5 4 3 2 1

Move shifted register
Add/subtract

Move/compare/add
fsubtract immediate

ALU operations

Hi register operations
fbranch exchange

PC-relative load

Load/store with register
offset

Load/store sign-extended
byte/halfword

Load/store with immediate
offset

Load/store halfword
SP-relative load/store
Load address

Add offset to stack pointer
Pushipop registers
Multiple load/store
Conditional branch
Software Interrupt
Unconditional branch

Long branch with link




Thumb Register Usage

N

® 10 ~ r7: fully accessible
® 18 ~ r12: only accessible w/ wmov, aop, cup
#® 113, r14, r15: limited accessibility

# cpsr/spsr: no direct access
Must switch to ARM state to access
cpsr/spsr

No coprocessor instructions

ARM THUMB.6 Jihong Kim




ARM Thumb
Instruction Opcodes

Mnemonic Instruction Lo register | Hiregister | Condition
operand operand cades set

NEG Negate v v

ORR OR v v

POP Pop registers v

PUSH Push registers 4

ROR Rotate Right v v

SBC Subtract with Carry v v

STMIA Store Multiple v

STR Store word v

STRB Store byte v

STRH Store halfword v

SWI Software Interrupt

SUB Subtract v v

TST Test bits v v

Mnemonic Instruction Lo register | Hi register Condition
operand operand codes set

ADC Add with Carry v v
ADD Add v v v
AND AND v v
ASR Arithmetic Shift Right v v
B Unconditional branch v
Bax Conditional branch v
BIC Bit Clear v v
BL Branch and Link
BX Branch and Exchange v v
ChM Compare MNegative v v
CMP Compare v v v
EOR EOR v v
LDMIA Load multiple v
LDR Load word v
LDRB Load byte v
LORH Load halfword v
LsL Logical Shift Left v v
LDSE Load sign-extended v

byte
LDSH Load sign-extended v

halfwaord
LSR Logical Shift Right v v
MO Mowve register v v v
ML Multiply v v
MW Move Megative register | v




Thumb Instruction Decoder Organization

\ B operand bus _~\

immediate ? elds

N

ARM instruction
decoder

selectARMor
Thumb stream

select high or

low half-word — ————w__|

Thumb
decompressor

instruction
pi peline

ARM THUMB.8

data in from memory
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[humb to ARM Instruction Mapping

N

Example: ADD Rd, #Constant

Thumb code
15 0

001{ 10| Rd | 8-bitimmediate

| ﬁ

Major op-code -
Minor op-code  pegtination and  Immediate

denoting format 3 .
. ; . denoting ADD i
move/comparsfadd/sub o e source register value

with immediate value

31 | || | | 0
1110 | 00 [ 1{ 0100 | 1| ORd | ORd \ 0000 8-bit immediate

| ARM code

Always condition code

Thumb: rO — r7 only



N

ARM-THUMB Interworking

#® To call a THUMB routine from an ARM
routine, the core should switch to ' THUMB'
mode:

# T flag in CPSR indicates the current mode.

# BX and BLX instructions are used to switch
ARM/THUMB modes.




BX & BLX Instructions

A
Y

#BX Rm ;branch exchange
pc = Rm & Oxftfftttfe
T=Rm[O0]

®BLX Rm | label ; branch exchange w/link
lr = inst. addr after BLX + T

pc=label, T = label[0]

pc=Rm & Oxfffffffe, T = Rm[O0]

ARM THUMB.11 Jihong Kim



BLX Example (ARM -> Thumb)

N

CODE32
LDR r0, =thumbCode + 1
BLX r0

CODE16

thumbCode
ADD r1, #1
BX Ir

ARM THUMB.12
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BLX Example (Thumb ARM)

N

CODE16
LDR r0, =ARMCode
BLX r0

CODE32
ARMCode
ADD rl, #1

BX Ir ; Ir[0] was already set to 1.

ARM THUMB.13
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Thumb Advantages

N

® Space: About 70% of ARM code
@& # of Instructions: About 140% of ARM code

# Exec. Time:

With a 32-bit memory, ARM code is about 40%
faster over Thumb code

With a 16-bit memory, Thumb code is about 45%
faster over ARM code
® Thumb code consumes about 30% less
memory power.
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ARM v7: CPSR

N

31 3029 28|27 26 25 24|23 20(19 16({15 | 109 8|7 6 5 4| 0
Nl{z|c|v]|a J| DNM GE[3:0] IT[7:2] Ela|l|F]|T M[4:0]
| ‘ [ Greater than | ‘ ‘ L Mode bits

orequal to Thumb state bit
Java state bit FIQ disable
IT[1:0] IRQ disable
Sticky overflow Imprecise abort
Overflow disable bit
Carry/Borrow/Extend Data endianness bit
Zero
MNegative/Less than

Execution state bits:
If-Then state bits (IT)
Java state bit (J)
Thumb state bit (T)
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[T (If-Then) Instruction

# Can make Thumb instructions to be
conditionally executed.

$1T{x{y(z}}} {cond}
2ng / l Condition of 1st instruction

{Then, Else} 3rd {T, E}

N
\J

4th {T, E}

; flags set by a previous instruction

ITTE EQ
MOVEQ 10, rl
BEQ dloop
MOV rl, r0

ARM THUMB.16
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ARM Instruction Set Overview
- Condition Codes

Code Suffix Flags Meaning
C _Dooo EQ Z set equal
_0oo1 MNE Z clear not equal
0010 CS C set unsigned higher or same
_0011 cC C clear unsigned lower
ﬂﬂl M N set neagative
_0101 PL M clear positive or zero
_0110 VS \ set overflow
D111 VG V clear no overflow
1000 Hi C set and Z clear unsigned higher
1001 LS C clear or Z set unsigned lower or same
1010 GE N equals WV greater or equal
1011 LT N not equal to VWV less than
1100 GT Z clear AND (N equals V) greater than
1101 LE Z set OR (N not equal to V) less than or equal
1110 AL {ignored) always

IT[7:0] bits are s

ARM THUMB.17

Then/E

vlit into:

Base condition: 3 bits
se bits for up to 4 instructions

Stop bit of IT block: 1 bit

: 4 bits

Jihong Kim
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ARM Memory Management Units

AN




ARM Processor Organization

N

L

ARM core

ARM MMU.2 Jihong Kim




MPU & MMU

N

#® MPU == hardware protection over
software-designated regions

®MMU == hardware protection + virtual
memory support

@ E.g., ARM920T vs. ARM940T

ARM MMU.3 Jihong Kim
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MMU Overview

# Support for private memory space for

each task

» Virtual memory system

s Address relocation

ARM MMU 4

Jihong Kim




Virtual to Physical Mapping

T

Page 4 0x040000e3

Virtual

Virtual
address
iR
Task 1
region

0x04000000

E AT AL RV M

0x0800 | 00e3

Translated Physical
address address

Physical

0x080000e3

0x08000000

Page

fram

(&

Figure 14,1 Mapping a task in virtual memory to physical memory using a relocation register.
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Virtual
memory

Page

TR SHOTR A

Relocation

register

Page
tables

Figure 14.2 The components of a virtual memory system.
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Regions

L

# Sequential set of page table entries
(S/W)
s c.f., H/W components in MPU

#® Most page tables represent 1 MB areas

of virtual memory

ARM MMU.7
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v Virtual Physical

memory memory
Page
tables s 2
T
| G
e
(
PTE et J }-Flash
Page
frame

Figure 14.3 An example mapping pages to page frames in an ARM with an MMU, —im




Multitasking under MMU

N

# For context switch:

1. Save the active task context & putitin a
dormant state

2. Flush caches & TLB

3. Configure MMU to use new page tables
2.  Restore the context of new task

5.  Resume the execution

B Why flush caches?

ARM MMU.9 Jihong Kim




Virtual Page
memory tables

Task 1

0x400000

Task 1 running

Physical
memory

TR

Virtual Page
tables

memory

memory

Task 2 Task 2 Task 2
0x400000

Task 2 running

Physical ‘

Virtual
memory

Task 3

Physical
memory

0x400000

Figure 14.4 Virtual memory from a user task context.

v hree tasks with the same virtual addresses

Jihong Kim




General Memory Organization

Virtual ' Physical
memory memory
System Fixed address System
software |~ memoryarea ____Jgoftware
R Page
| tables

Task

Dynamic address
memory area

‘Task 2

Al Figure 14.5, A general view of memory organization in a system using an MMU. ihong Kim




MMU Functions

N

# Virtual to physical translation

#® Memory access permission

# Cache & WB configuration for each
page

#Generate abort exceptions for

» Translation, permission, domain faults

ARM MMU.12 Jihong Kim




ARM MMU Overview

N

#®Two levels of page tables:
= L1 page table

m L2 page table

#® L1 page table divides 4 GB address
space into 1 MB sections:

m 4096 entries

ARM MMU.13 Jihong Kim




L1 Page Tables

N

# L1 master page table (base addr: CP15:c2)

s Types 1 & 2: Base address of L2 page tables
* Fine L2 page table

+ Coarse L2 page table
s Type 3: Page table entry for 1 MB section

s Type 4: Fault entry (will generate an abort
exception)

ARM MMU.14 Jihong Kim




L1 PTEs

31 2019 121110 9 8 54132
: Base address SBZ AP |0| Domain |1 |C|B|1 |0
Section entry
31 109 8 543210
Coarse page table Base address 0| Domain |1 |SBZ] 0|1
31 1211 9 8 £453210
Fine page table Base address SBZ | Domain |1 [SBZ|1 |1
a1 218
Fault 00

SBZ = should be zero

Figure 14.6 L1 page table entries.
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L2 Page Tables

N

# Large page (64 KB)
# Small page (4 KB)
# Tiny page (1KB)

# Fault page entry

ARM MMU.16
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L2 PTEs

Large page

Small page

Tiny page

Page fault

31

1615

APs for four subpages

121109 87 65 4 3

0

Base physical address

SBZ

AP3|AP2|AP1|APO

-

o,

o] Srmmsasiaa

31 121110 9 8 76 5 4 3 2[1 ©
Base physical address AP3|AP2]AP1|APO|C|B|1|0
31 10987654 320%0
Base physical address SBZ |AP|C|B]1}1
31 : 4710

SBZ = should be zero

14.8 L2 page table entries.



Single-Step Page Table Walk

20 19 0
b i Base Offset
address &
C T e el -
L1 master page table
4095
Page
= table
s en
5 e
4
2
1
0
Translation table |

base address

Selects
b 0 physical
. memory
Physical Offset
address

» Copied to TLB

Figure 14.9 L1 Page table virtual-to-physical memory translation using 1 MB sections. _m




Two-Step Page Table Walk

20 19 12 11 0
Virtual
C » : aridisas L1 offset L2 offset Page offset
b s Y A o >
Step 1 T
L1 master page table
4095
i Step 2
e Liphge —
5 - table entry i
L2 page table
____>4 7 } ‘ 255 P L2 page
: //// lol : table entry
2 o 3 :
1 :
0 2 e >.__|
1
0
lati bl L2 page table
Translation table B
base address
Selects
: 9 physical
Physical memory
address Page offset -

— Copied to TLB




Domains

N

L

#® 16 different domains

= Assigned to a section by setting the domain

field in L1 PTE
Value  Status Description
00 No access  Any access will generate a domain fault
01 Client Page and section permission bits are checked
10 Reserved Do not use
11 Manager Page and section permission bits are not checked




Fast Context Switch Extension

N

L

#® Avoid cache & TLB flushes during
context switch

# Virtual Address (VA)
#® Modified Virtual Address (MVA)

#® MVA = VA + (0x2000000 * process ID)
CP15 register 13

ARM MMU.21 Jihong Kim




Modified -
Caches

Virtual Domain virtual Physical
memory FCSE access memory and TLB memory
Kernel Igﬁ::xetl ™| Kernel j e e I—> Kernel
access g 7
Task 3 -
| no access
O0x6000000 Task 3
5 client
0x4000000 |—212s SEpeoe
; Task 1
0x2000000 o> it
(32 MB) running
Task 2 running
5 Modified
Virtual Domain virtual Caches « Physical
memory FCSE access memory and TLLB memory
Kernel ‘ﬁﬁ;‘}ﬁ‘ -1 Kernel
==n
: Task 3
0x6000000 | - [ Sorncosss oK
: Task2 |
Tiis { no asccess {1 ><
0x4000000 2 5
T?§k 1
1 5 3 clhient L
0x2000000 ﬁls‘lisl N eocer access
(32 MB) running 1D 2

Task 1 running

Figure 14.14 Fast Context Switch Extension example showing task 1 before a context switch and task 2

running after a context switch in a three-task multitasking environment.
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ARM Memory Protection Units
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ARM Processor Organization

N

L

ARM core
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MPU & MMU

N

#® MPU == hardware protection over
software-designated regions

®MMU == hardware protection + virtual
memory support

# E.g., ARM920T vs. ARM940T
MMU MPU

Why Protection Necessary?

ARM MPU.3 Jihong Kim




Protected Regions

N

L

# A basic management unit of system protection
# 8 regions: region 0 - region 7
® Attributes:

s Starting address

= Length (4KB ~ 4GB, power of two size only)
m Access rights, cache/ WB policies, cache write policy

+ Read-write, read-only, no access
+ Based on the current processor mode, [privileged] [user]
+ Memory access violations = abort exceptions

ARM MPU 4 Jihong Kim




Region Rules

N

L

# Can overlap other regions

# FEach region has its own priority

s The higher the region number, the higher its
priority
= For overlapped areas, the attributes of the highest
priority are applied
# Starting address must be aligned to its size

# Accessing an area outside of a defined region
results in an abort.

ARM MPU.5 Jihong Kim




MPU Organization

31 12 11 0 cacheable,

region 7 HHTHHHETHHIHHE - W— - S i
region 6

region 5 L e B S

region 4 = priority |——=| attribute

region 3 i—»lencoder | —*| registers
region 2 “T— s

region 1  ——
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Ex: Overlapping Regions

256 KB

32 KB

0x0000

ARM MPU.7

Region 0

Region 1

(User access)

(Privileged access)

Jihong Kim




Background Regions

N

#® A low-priority region used to assign
the common attributes to a large
memory area.

#® Other higher regions can overrule when
necessary.

ARM MPU.8 Jihong Kim




Ex: Background Regions

Task 3

Task 2

Task 3

Task 1

Region 3

Task 2 |Region 3

Task 3 |Region 3

Region 0

Task 1

Task 1
running

Region 0

Task 2

Task 1

Task 2
running

Region 0: Background Region
Region 3: Active Task

ARM MPU.9

Region 0

Task 3
running

(User access)

(Privileged access)
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MPU Initialization Steps

1. Define regions. (CP15:c6)

2. Set access permission for each region.
(CP15:c))

3. Set the cache/WB attributes for each
region. (CP15:c2 (cache) c3 (WB))

4. Enable caches/MPU. (CP15:c1)

ARM MPU.10 Jihong Kim
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#® Standard AP

Supervisor

User

No Access

No Access

R/W

No Access

R/W

Read Only

R/W

R/W




N

#®Inst $: Not Cached/Cached

#Data $: Not Cached & Not Buffered,
Not Cached & Buffered
Cached (WT)
Cached (WB)

ARM MPU.12 Jihong Kim




Ex: Region size and location

N

L

# One secondary register for each region:
s CP15:¢6:c0:0 for region 0

Base address SBZ Size 1

31 12 11 6 5 10

Size of region: 2(5ize+1)
SBZ == Should Be Zero

ARM MPU.13 Jihong Kim




