ARV R LA
100076202: IHEIRFZSIC

{EiRELP:
B kiE /T oW

[RES:
Randal E. Bryant and David R. O’Hallaron

Carnegie
Mellon

University




R Today
s HiIFRMNARFEIERFIBFE Principles and goals of

compiler optimization
n [FER4 Local optimization
» FERE. BEHIFE. JEUBHIER. AHEFRIETUMIBRCSE

Constant folding, strength reduction, dead code elimination,
common subexpression elimination

n 254t Global optimization
= PNEX. AEESMR. 1BIREEHR Inlining, code motion, loop

transformations

n (AL AIPERS Obstacles to optimization
» AFRIA. SEAEAR. IERIZEEIEE Memory aliasing,
procedure calls, non-associative arithmetic
s H23tBKBIE4E Machine-dependent optimization
» oFll. EEIREFF. REEFIEIZELL Branch predictability, loop

unrolling, scheduling, vectorization




Back in the Good Old Days,

when the term "software" sounded funny

and Real Computers were made out of drums
and vacuum tubes,

Real Programmers wrote in machine code.

Not FORTRAN. Not RATFOR. Not, even,
assembly language.

Machine Code.
Raw, unadorned, inscrutable hexadecimal numbers. Directly.

[BIFEIT A, FBET EAE X TT TR IREE, TIELERILT
B EHH S AIBFEFIREI, HIFFEFRmSiiEst
8, ASEFORTRAN, ASERATFOR, BEZ/E HES. M
ZEVES0FE, [FLE. A&, TELUEERERT 2 F2L,

— “MelfJiZE, — 1 HIENERR”

“The Story of Mel, a Real Programmer”
Ed Nather. 1983



BB EL - £1H Rear Admiral
Grace Hopper

= PRI FRbug (TR HIA
First person to find an actual bug (a
moth)

= 1951F RBA T E—"YmiFas (COBOL
BYBIE) Invented first compiler in
1951 (precursor to COBOL)

= FRIRTESUEAIERE N Z B FITIE
wmEER, TEISEE(IEhEMK
18 XAE” “I decided data processors
ought to be able to write their
programs in English, and the
computers would translate them into
machine code”
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John Backus

= 19575 NIBM 704 & S
FORTRAN/Developed FORTRAN in

1957 for the IBM 704

= ESNAEFERNELZRVIRLT
EERIRFEIE = Oldest machine-
independent programming language
still in use today

= “FHIRER D LAFERR TS, X
FENREER, Et, JFEE
1BM 701 ETERY, FFFIRIHARGR

BEREE, UEREEFES

2" “Much of my work has come

from being lazy. | didn't like writing

programs, and so, when | was

working on the IBM 701, | started

work on a programming system to

make it easier to write programs”




Fran Allen

TS IR NRYSCEK
Pioneer of many optimizing
compilation techniques

1966FF 5 7 —mieX,
BT IERRERIES, X
2S5 EmFEaaiE
1EH9%2C» Wrote a paper in
1966 that introduced the
concept of the control flow
graph, which is still central
to compiler theory today
FE—NEREACMBEIRZAY
LM First woman to win
the ACM Turing Award




fmiFERILRIBR >

Goals of compiler optimization =
n IESEIER LV Minimize number of instructions

s AREZ)RiTE Don’t do calculations more than once

s RAAREMAMNERILTE Don’t do unnecessary calculations at all

» BERIEIES (BkE. BRiE) Avoid slow instructions (multiplication,
division)

s BB ZFFATE Avoid waiting for memory

» ROJEEEBRTE NBIRIFESFE8 9 Keep everything in registers whenever
possible

» P ETFRIFETIHBINTFE Access memory in cache-friendly patterns

» REMNAEFINEZEE, HERN0E—X Load data from memory early, and
only once
m k#9895 Avoid branching

» AEHHRARRAERYARTE Don’t make unnecessary decisions at all

» (ECPUBEBRZ TNz B#R Make it easier for the CPU to predict branch
destinations

- HEJ:F”ﬂﬁﬂ;l’\)\)l%'ﬁj\i}i‘zzgéj\]:XE%UEg*E% “Unroll” loops to spread cost of branches over more instructions 7




E SR ARIPRA -
Limits to compiler optimization g

—RE A BERUHE I EE ZE Generally cannot improve algorithmic complexity

» AFATEZE, BXERZERNMMERTRER10{E8E ... Only constant factors, but those
can be worth 10x or more...

—EAED | EIERFIT IR EMIZT{ Must not cause any change in program
behavior

» EBRFRRABEAKRDBHER1TH, BIRIFSSAKIE Programmer may not care about
“edge case” behavior, but compiler does not know that

= (5 ES 0 aem R E N ERIESHY Exception: language may declare some changes
acceptable

HE—IR A 9tr— 1 &Y Often only analyze one function at a time
. SEES (“LTO”) BASER, Bk ¥R Whole-program analysis (“LTO”)
expensive but gaining popularity

= Psh: RERGS I REEFH A

FuhzEt AT A B9#2I5 Tricky to anticipate run-time inputs
= MBEEINTS | SR LAES BN B E IIE)T, {B... Profile-guided optimization can help with
common case, but...

" RINERAIMERERIRE S IE BRI —HFEEE “Worst case” performance can be just as
important as “normal”

» FFRIENTFEETEEEAGMCEE (FIU0MEIRSSES) Especially for code exposed to
malicious input
(e.g. network servers)

NERZNEXception: inlining merges many functions into one
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E8ESREE Performance Realities g
n [EEEMNINE B ESFZIE There’s more to performance thén¥

asymptotic complexity
s ATHEEWWREEZE Constant factors matter too!
= RIEABERELIN, REZEZ10:18948EEE Easily see 10:1
performance range depending on how code is written
NESZ TR BUIHITUAE Must optimize at multiple levels:

- BhE. SRR, 19FEFOIEIA algorithm, data representations,
procedures, and loops

s WIRIBEREFLMEMTERE Must understand system to optimize
performance

» Y{AImiFFO0H I TRERE How programs are compiled and executed
= AL IESEFIRZERFAUN{AIZETT How modern processors + memory

systems operate

» YN EFRE R EEEFIIRBIHRZA How to measure program performance
and identify bottlenecks

= SMEIBSGH I BERI BT AR AR EANE A1 How to improve

performance without destroying code modularity and generality 9
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BB A IIEERISRIERS Optimizing Compilers -

. o e o
n IRESHEEERFINESCIE ZEAYIRET Provide efficient

mapping of program to machine

» H1FEZOEL register allocation
» 5SEERFIIESEE code selection and ordering (scheduling)
» SEACHSHIER dead code elimination
» JHFRERIEIERER eliminating minor inefficiencies
s (BE) PESHINMHWME Don’t (usually) improve asymptotic

efficiency
» R RIGSEFRR(ERREE up to programmer to select best overall
algorithm

 [HMEEIENE (B%) IEAZEZEEEE big-0 savings are (often)

more important than constant factors
« (BEAZEZWBIREE but constant factors also matter

n {L{LMEE Have difficulty overcoming “optimization blockers”

» N7E58 potential memory aliasing
» BTEIFERIVER potential procedure side-effects o



. « . . « o e or . &
(At miEs2HIEBR Limitations of Optimizing Compilers_~
s EEAFRLYTRTIETT Operate under fundamental constraint ¥

" REEMFERE{T/I/Must not cause any change in program behavior

- AJReEE R (ERRARRAEE S TNEERTFRIM Except, possibly when program
making use of nonstandard language features

* BERELEECHTRESFINAEERME TR, Often prevents it from
making optimizations that would only affect behavior under pathological
conditions.

» WFERRFREMZARITHGESHEIESHIRIEBRFEFRIRR Behavior
that may be obvious to the programmer can be obfuscated by languages and
coding styles

= R0, SUECERBELL T ERBYEINAIESR e.g., Data ranges may be more
limited than variable types suggest

s KERpE1ITTEZALIL/ Most analysis is performed only within procedures

BRI EIEEFERT/Whole-program analysis is too expensive in most cases

" FFhRGCCIFERNGFRNBNIFELIY Newer versions of GCC do interprocedural
analysis within individual files

» (BEATEZNFZERIGH But, not between code in different files
. KERD D tHINBERES(SE/Most analysis is based only on static information
»  FEIRESFCIETFIETRIE A\ /Compiler has difficulty anticipating run-time inputs
n FiEERKBESTFRISEES/When in doubt, the compiler must be conservative 1
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= D ALIBHE Generally Useful Optimizations —#—

n 88Tkl Optimizations that you or the compiler should do
regardless of processor / compiler

m {XH89ME Code Motion
= RMECESHITEE Reduce frequency with which computation performed
« BRFFEFRBERISGSER If it will always produce same result
» BRI FEISRARAZLIEIME Especially moving code out of loop
void set row(double *a, double *b,

long i, long n)

{
long j; long j;

for (j = 0; j < n; j++) int ni = n*i;
a[n*i+j] = b[j]; for (J = 0; jJ < n; j++)
al[ni+j] = b[j];

12



{XHBIME B Compiler-Generated Code Motion (-01)

void set row(double *a, double *b,

long i, long n)
{
long j;
for (j = 0;
a[n*i+j]

set_row:

J < n;
= b[]j]’

testqg
jle
imulqg
leaq
movl

movsd
movsd
addqgq
cmpqgq
jne

rep ;

J++)

$rcx, %rcx

L1

$rcx, %rdx
(%rdi, %rdx,8),

$0, %eax

$rdx

(%rsi, %rax,8), %$xmmO
$xmm0, (%rdx,%rax,8)
$1, %rax

$rcx, %Srax

.L3

ret

long j;

long ni =

double *rowp = a+ni;

for (j = 0; j < n; j++)
*rowp++ = b[]j];

Test n

If 0, goto done
ni = n¥*i

rowp = A + ni*8
j=20

loop:

t = b[j]
M[A+ni*8 + j*8] = t
J++

j:n

if '=, goto loop
done:

H MR

13



RFBEFRETA?

What does it mean to compile code?

n CPU{IERZHNEE(CED The

CPU only understands
machine code directly

s FIEEMESHVALIT
—&Z— All other

languages must be either
" FEREE: ST
interpreted: executed
by software

" JmE. PG ENE
EE’I‘ILE%&F& Complled
translated

to machine code

by software

F Source Code (.c, .cpp, .h) file

l— _‘-~ ‘ "- |M-’L N g

— B

Assembly Code (.s)

‘.

Machine Code (.0, .obj)

14



RFRFAE—NiNKS

Compilation is a pipeline

e

Assembling

AL IE
- Eliminate
Preprocessmg Fold constants |—>| Inline functions |— common
subexpressions
|
v
Restructure | .| Move codeout | .| Reduce control
loops of loops flow to gotos
ll: |
v
OIMPIAlQ . Reduce
EImn;gLeedead | Operation ins?rﬁlc?t(i:;ns
strength
|
v
Schedule | Allocate Emit assembly
R instructions registers language
L Ym

NLB“E(pass)”! ZIREE, ---FIEXLE" BT HITHML

Hundreds! Many repeated.
15



PRt Two kinds of optimizations

s REMUTERANERRAPTILE

Local optimizations work
inside a single basic block
= BEITE. BEHISS. JERE

k&, (BEB) CSE... Constant
folding, strength reduction, dead [

code elimination, (local) CSE, ...

s 2RMACLIBRENBENEE & =
7/Z Global optimizations
process the entire control flow
graph of a function

" EAEGIR, NIBSMR. (£2R)

CSE... Loop transformations, code

entry

l

setup

l

Easy?

—

complex
I

.

loop

l

Done? —

motion, (global) CSE, ...

|
|
exit

16



flifem =

n HIFRMNARFEIERFIBEE Principles and goals of
compiler optimization
s [FERE4 Local optimization
» FERE. BEHIFE. FBRERFIAEFFRIATMBRcse

Constant folding, strength reduction, dead code elimination,
common subexpression elimination

n 254 Global optimization
= YEX. CEBIMEFIMEIAEEIL Inlining, code motion, loop

transformations

s {LALAIPERS Obstacles to optimization
» NFEDE. IEERFIEESIEE Memory aliasing,
procedure calls, non-associative arithmetic
s H23tBKBIE4E Machine-dependent optimization
» oFll. EEIREFF. REEFIEIZELL Branch predictability, loop

unrolling, scheduling, vectorization

s

17



#E}TE Constant Folding g

n fRiFEsASERIERE Do arithmetic in the compiler

long mask = OxFF << 8; -
long mask = OxFF00;

s (HUBEHEERABNTRENEILITE Any expression

with constant inputs can be folded

HEoJsEMIBREREGEAR. . . Might even be able to

remove library calls...

il

size t namelen = strlen("Harry Bovik"); -
size t namelen = 11;

18
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g 7

sREHISS Strength reduction —
s HERREERZEZRIBYIEIE Replace expensive

operations with cheaper ones

long a = b * 5; -
long a = (b << 2) + b;

s SEEFIRRIZEEEWE(CR BT Multiplication and

division are the usual targets

s FEEZEERARFEBIEFRENE{L Multiplication is often

hiding in memory access expressions

19
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11558 E HI55 Reduction in Strength ==

(E AR BRI/ EE X E ZU24E Replace costly operation with simpler one
AR AT £FOBRIE Shift, add instead of multiply or divide
16%x —--> x << 4
- 5¥188#HK Utility machine dependent

- (KT T-IFefRIE S FFES Depends on cost of multiply or divide
instruction

— On Intel Nehalem, integer multiply requires 3 CPU cycles
— Intel Nehalem_E, EEZHUSEEEE 3/ CPUJEJEA

= 105I5FRFF! Recognize sequence of products

20
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SEACHBMMIBS Dead code elimination #

s AEBESMASHMITAICES Don’t emit code that will never be

executed

" o n °
)

4#(1)—{ puts("only bozos on this bus"); }

s ABHESEBLSEETEAICHE Don’t emit code whose result is

overwritten

X—=235
X = 42;

s X gEERRIEERIE, (BR These may look silly, but...
» OJEeBITE ML= Can be produced by other optimizations
= YIxAINH{E o] BEAEBRTRIT Assignments to x might be far apart

21



aHFREHER

Common Subexpression Elimination

s HEBRESITE, Ri#E13—IX Factor out repeated
calculations, only do them once

Lt |

norm[i] = v[i].x*v[i].x + v[i].y*v[i].y;
9

elt = &v[i];

X = elt->x;

y = elt->y;

norm[i] = x*x + y*y;

22



2NHFFIXTILHE Share Common Subexpressmnsy

» BEFIBFRIATNEI—3F5/Reuse portions of expressions
" GCCTE-O1B73z3E Gec will do this with —01

/* Sum neighbors of i,j */ long inj = i*n + j;

up = val[(i-1)*n + J 1] up = val[inj - n];

down = val[(i+l)*n + j 1, down = val[inj + n];

left = wval[i*n + j-1]; left = wval[inj - 1];

right = val[i*n + j+1]; right = val[inj + 1];

sum = up + down + left + right; sum = up + down + left + right;
=/R3EE 3 multiplications: i*n, (i-1)*n, (i+1)*n —R3EiE 1 multiplication: i*n

leaq 1(%rsi), %rax # i+l imulg $rcx, %rsi # i*n

leaq -1(%rsi), %r8 # i-1 addg $rdx, %$rsi # i*n+j

imulqg $%rcx, %rsi # i*n movq $rsi, Srax # i*n+j

imulg %rcx, %rax # (i+1l) *n subgq $rcx, %rax # i*n+j-n

imulg %rcx, %r8 # (i-1)*n leaq ($rsi,%rcx), %$rcx # i*n+j+n

addgq $rdx, %rsi # i*n+j

addg $rdx, %rax # (i+1) *n+j

addg $rdx, %r8 # (i-1) *n+j

23



W H :%
n FRiFEREIREFIB R Principles and goals of compiler
optimization

m [FEB{4 Local optimization
» FERE. BEHE. JHUBRERFIAEFRIATUBR

Constant folding, strength reduction, dead code elimination,
common subexpression elimination

s 254t Global optimization
= NEX. (CABIMEFDIEIAGEHE Inlining, code motion, loop

transformations

n (AL AIPERS Obstacles to optimization
» NF5IE. SERARFFEESTTE Memory aliasing,
procedure calls, non-associative arithmetic
s H123tBCBIE4E Machine-dependent optimization
= o3I, EIREF. EEFIREN Branch predictability, loop

unrolling, scheduling, vectorization

24



PIBXEREY Inlining -
. SSEEHIBIEEIED Copy body of a functioninto ¥

its caller(s)

» AT 2B EIEN IS Can create opportunities for many
other optimizations

* ALEREEX, BELHEE (K, BS-EEEPX) Can

make code much bigger and therefore slower (size; i-cache)

int pred(int x) { int func(int y) {
if (x == 9) . .
return 0; int tmp;
else if (y == 0) tmp = 0; else tmp =y - 1;
return x - 1; if (0 == 0) tmp += 0; else tmp += @ - 1;
} if (y+1 == @) tmp += 0; else tmp += (y + 1) - 1;
int func(int y) { return tmp;
return pred(y) }
+ pred(0)

+ pred(y+1);

25



PIBXERZY Inlining g
s (SRS SHIFIELEEED Copy body of a function e

its caller(s)

» AT ZEMIGEIEN S Can create opportunities for many
other optimizations

= AJLUMERMBEXR, RALEE (K, BES-BREFX) Can

make code much bigger and therefore slower (size; i-cache)

int pred(int x) { int func(int y) {
if (x == 9) int tmp;
return 9; i - o)t _ 0 el c _ 1:
else if (y == @) tmp = 0; else tmp =y - 1;
return x - 1; if (0 == @) tmp += @; else tmp += 0 - 1;
} if (y+1 == @) tmp += @; else tmp += (y + 1) - 1;

int func(int y) { return tmp;

return pred(y) }
+ pred(0)

+ pred(y+1); IRZAE fTAEFE dSLESHS

Always true Does nothing Can constant fold

26



PIBXEREY Inlining e
. ISEE S ST EERIE T Copy body of a functioninto ¥

its caller(s)

» AT ZEMIGEIEN S Can create opportunities for many
other optimizations

= AJLUMERMBEXR, RALEE (K, BES-BREFX) Can

make code much bigger and therefore slower (size; i-cache)

int func(int y) { int func(int y) {
int tmp; int tmp = 9;
if (y == 0) tmp = 0; else tmp =y - 1; if (y '=0) tmp =y - 1;
if (y+1 == @) tmp += @; else tmp += (y + 1) - 1; if (y !'= -1) tmp += y;
return tmp; return tmp;

} }

27
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XE39ME Code Motion 2

s BFiTEBLITER Move calculations out of a loop
s (NHBRERESFEERFRISRRIBR Only valid if

every iteration would produce same result

long j;

for (j = 0; j < n; Jj++)
a[n*i+j] = b[]];

9

long j;

int ni = n*i;

for (j = 0; j < n; Jj++)
alni+j] = b[J];

28



TEIAEEHR Loop Transformations

ENTHENMENRE, LABUSHRAUER Rearrange entire
loop nests for maximum efficiency

/* Two stages of some calculation */
void compute(double *a, double *b, long n) {
for (long i = @; i < n; i++)
for (long j = 0, j < n; j++)
al[j*n + i] = atan2(i, j);

for (long i = @; i < n; i++)
for (long j =0, j < n; j++)
b[i*n + j] = a[i*n + j]

+ (1 >=18&& j>=1)
»af(i-1)*n + (3-1)]
. 0;



TEIAEEHR Loop Transformations
1B L SR EFRIFIRFRMOELS Loop interchange:

do iterations in cache-friendly order

/* Two stages of some calculation */
void compute(double *a, double *b, long n) {
for (long i = 0; i < n; i++)
for (long j = 0, j < n; j++)
a[i*n + j] = atan2(j, 1i);

for (long i = 0; i < n; i++)
for (long j = 0, j < n; j++)
b[i*n + j] = a[i*n + j]

+ (1 >=18&& j>=1)
? a[(i-1)*n + (j-1)]
. 0;



&I EEHR Loop Transformations
Eets: S EEHEERHIEIBIBREIA Loop fusion:

combine adjacent loops with the same limits

/* Two stages of some calculation */
void compute(double *a, double *b, long n) {
for (long i = 0; i < n; i++) {
for (long j =0, j < n; j++) {
a[i*n + j] = atan2(j, 1i);
b[i*n + j] = a[i*n + j]
+ (1 >=18% j >=1)

? a[(i-1)*n + (j-1)]
. 0;

31



B EEIR Loop Transformations
IHATE 7 FRCEIEHRIEIAZES| Induction variable

elimination: replace loop indices with algebra

/* Two stages of some calculation */
void compute(double *a, double *b, long n) {
for (long i = @; i < n*n; i++) {

a[i] = atan2(i%n, i/n);

b[i] = a[i]
+ (1 >=n & i%n >= 1)
? af[i - n - 1]
. 0;

32



iR 2
n IRiFERRMNILER s

¥ B#% Principles and goals of compiler
optimization
m [FEB{t4t Local optimization
» FERE. BEHE. JHUBRERFIAEFRIATUBR

Constant folding, strength reduction, dead code elimination,
common subexpression elimination

n 254t Global optimization
= PNEX. XEESMR. 1BIREEHR Inlining, code motion, loop

transformations

n EALAYPFERS Obstacles to optimization
» IEFERIA. TRRERFIIEREEIEE Memory aliasing,
procedure calls, non-associative arithmetic
s H123tBCBIE4E Machine-dependent optimization
= oxFull, fEAEF. EEFIREL Branch predictability, loop

unrolling, scheduling, vectorization

33



RTFEEZE Memory Matters

/* Sum rows is of n X n matrix a

and store in vector b

*/

void sum rowsl (double *a, double *b, long n) {

long i, j;

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

b[i] = 0;

for (jJ = 0; j < n; j++)
b[i] += a[i*n + j];

# sum rowsl inner loop
.L4:

movsd
addsd
movsd
addg
cmpqgq
jne

(%rsi, %$rax,8), %xmmO
(%$rdi) , %$xmmO

$xmm0, (%rsi,%rax,8)
$8, %rdi

$rcx, %rdi

.L4

# FP load
# FP add
# FP store

s FMECEEFESEFib[i] Code updates b [i] on every iteration
» N ATEFEBASAL? Why couldn’t compiler optimize this away?



RTZF5I Memory Aliasing >

/* Sum rows is of n X n matrix a
and store in vector b */
void sum rowsl (double *a, double *b, long n) {
long i, j;
for (i = 0; i < n; i++) {

b[i] = 0;
for (J = 0; j < n; j++)
b[i] += a[i*n + j];

Value of B:

double A[9] = init: T[4, 8, 16]

{ OI 1/ 2/
4, 8, 16},

32, 64, 128}; i=0: [3, 8, 16]

double B[3] = A+3; =1: [3, 22, 16]

= 2: [3, 22, 224]

II

sum rowsl(A, B, 3);

s FME(XEFbi] Code updates b [1] on every iteration

B X B AR FERFAYIT/I Must consider possibility that
these updates will affect program behavior

35



BB 52 Removing Aliasing

/* Sum rows is of n X n matrix a
and store in vector b */
void sum rows2 (double *a, double *b, long n) {
long i, j;
for (i = 0; i < n; i++) {
double val = 0;
for (j = 0; j < n; j++)
val += a[i*n + j];
b[i] = val;

# sum rows2 inner loop
.L10:

addsd ($rdi) , %$xmmO # FP load + add
addg $8, %rdi

cmpq $rax, %rdi

jne .L10

» RAESRIBSHEE No need to store intermediate results



W
<%

(RALPERS:ATERIRR Optimization Blocker: Memory Alw

= 7122 Aliasing
* A BEBARES |FERE—MUE Two different memory

references specify single location
» CESEEREN Easy to have happenin C
« IFHBLUETE Since allowed to do address arithmetic
EFZ\TJ_ |BJTFMEL5F4) Direct access to storage structures
m BE(E FHE3RAS & Get in habit of introducing local variables
BLE@%;%L‘F Accumulating within loops
« LUXF S T SRR RS AR MBI Your way of telling

compiler not to check for aliasing

37



RITERIE Memory Aliasing e

/* Sum rows of n X n matrix a and store in vector b. */
void sum_rowsl(double *a, double *b, long n) {

long i, 3J;
for (i =0; i < n; i++) {
b[i] = @;

for (j = @; j < n; j++)
b[i] += a[i*n + j];

# sum_rowsl inner loop

.L4:
movsd (%rsi,%rax,8), %xmmo # FP load
addsd (%rdi), %xmmo # FP add
movsd  %xmm@, (%rsi,%rax,8) # FP store
addq $8, %rdi
cmpq %»rcx, %rdi
jne .L4

» FRIECIBEBSEFbli] Code updates b[ 1] on every iteration
» NGRS ABEL(IE? Why couldn’t compiler optimize this away?

38



RITERIE Memory Aliasing =

/* Sum rows of n X n matrix a and store in vector b. */
void sum_rowsl(double *a, double *b, long n) {

long i, j;
for (i = 0; i < n; i++) {
b[i] = ©;

for (j = 0; j < n; j++)
b[i] += a[i*n + j];

}
}
Value of B:
double A[9] = double A[9] = init: [4, 8, 16]
{ OI 1/ 2/ { 0, 1, 2,
4, 8, 16}, 3, 22, 224y, C
32, 64, 128}; 32, 64, 128}; i=20:[3, 8, 16]
double B[3] = A+3; i=1: [3, 22, 16]
sum rowsl(A, B, 3); i=2: [3, 22, 224]

» FRIEACIBEBSEFbli] Code updates b[ 1] on every iteration

= R [SIX LR AR 1T /IRYRTBEME Must consider possibility that

these updates will affect program behavior
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BRI AT Avoiding Aliasing Penalties-_{;‘

/* Sum rows of n X n matrix a and store in vector b. */
void sum_rows2(double *a, double *b, long n) {
long i, J;
for (i = 0; i < n; i++) {
double val = 9;
for (j = @; j < n; j++)
val += a[i*n + j];
b[i] = val;

# sum_rows2 inner loop

.Loop:
addsd (%rdi), %xmmo # FP load + add
addq $8, %rdi
cmpq %rax, %rdi
jne .Loop

s [FHEETE(RFED|E)ZEER Use a local variable for intermediate
results
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/* Sum rows of n X n matrix a and store in vector b. */
void sum_rows2(double *a, double *b, long n) {
long i, J;
for (i = 0; i < n; i++) {
double val = 0;
for (j = 0; j < n; j++)
val += a[i*n + j];

b[i] = val;
}
}
Value of B:
double A[9] = double A[9] = init: [4, 8, 16]

{ 0, 1, 2, { O, 1, 2,

4, 8, 16}, 3, 27, 224}, _

32, 64, 128}; 32, 64, 128}; i=20: [3, 8, 16]
double B[3] = A+3; i=1: [3, 27, 16]
sum rowsl(A, B, 3); i=2: [3, 27, 224]

» (A TEIRAED 8] T AZNZH Still changes A in the middle of the

operation

» AN[EIRVEEER Different results

4
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BRI A ST Avoiding Aliasing Penaltiess

/* Sum rows of n X n matrix a and store in vector b. */
void sum_rows3(double *restrict a, double *restrict b, long n) {

long i, j;
for (i = 0; i < n; i++) {
b[i] = ©;

for (j = @; j < n; j++)
b[i] += a[i*n + j];

# sum_rows3 inner loop

.Loop:
addsd (%rdi), %xmmo # FP load + add
addq $8, %rdi
cmpq %rax, %rdi
jne .Loop

= (ERrestrict{ IS IFIRIEEZafIb ARSI Use restrict qualifier
to tell compiler that a and b cannot alias

» LVEEPEE 0524/ Less reliable than using local variables
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BRI AT Avoiding Aliasing Penalties;/‘

subroutine sum_rows4(a, b, n)
implicit none
integer, parameter :: dp = kind(1.de)

real(kind=dp), dimension(:), intent(in) :: a
real(kind=dp), dimension(:), intent(out) :: b
integer, intent(in) :: n
integer :: i, j
doi=1,n

b(i) = ©

do j = 1,n

b(i) = b(i) + a(i*n + j)

end

end

end

# sum_rows4 inner loop

.Loop:
addsd (%rdi), %xmmo # FP load + add
addq $8, %rdi
cmpq %rax, %rdi
jne .Loop

= {FFortraniE= Use Fortran

s EFortranPEBESEZURIZAERI4Z Array parameters in Fortran are

assumed not to alias
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ERZUE FHEA1ZEIBAYFunction calls are opaque

n iR —IRIEE—PEE
Compiler examines one
function at a time

= BERBREERNXEF
Some exceptions for code in a
single file

s WIRERIZERELE DI LA
B Must assume a function
call could do anything

m JHEEAHBE Cannot usually

= FBENERZE A move function calls

= KETRRETRYARIIREL change
number of times a function is
called

= EERREERMNARAFEFEIREEIE
{728 cache data from memory in
registers across function calls

size t strlen(const char *s) {
size t len = 0©;
while (*s++ != '\0@') {
len++;

}

return len;

-

n HHBEIEZES 0O(n) execution time
s IR[EEBURTF Return value depends

on:
= sHY{E value of s
= S PITFRYA contents of memory at

address s

- (NROEEERMEFT/IZE Only cares
about whether individual bytes are zero

»  ANMEKTE Does not modify memory

s FmiERSTAEHIEAFIESR SRR
Compiler might know some of that (but
probably not)
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Can’t move function calls out of loops

void lower quadratic(char *s) {
size_t i;
for (i = @; i < strlen(s); i++) //8RECAEAR
if (s[i] >= 'A' && s[i] <= 'Z")
s[i] += 'a' - 'A’';

}

void lower_still quadratic(char *s) {
size t i, n = strlen(s);
for (i = 0; i < n; i++)
if (s[i] >= 'A' && s[i] <= 'Z") {
s[i] += 'a' - 'A’;
n = strlen(s); //BIRXZEER
}
}

void lower_linear(char *s) {
size t i, n = strlen(s); //%&%%, AR—IX
for (1 = 0; 1 < n; i++)
if (s[i] >= '"A' && s[i] <= 'Z")
s[i] += 'a' - 'A’

Instructions executed

75M 1

50M 1

25M 1

strlen called on
every iteration

strlen called
after each change

strlen called once

16 kB 24 kB 32 kB

String size (characters)

0kB 8 kB

} BEZ X2 bugifill Lots more examples of this
kind of bug: accidentallyquadratic.tumblr.com
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Can’t move function calls out of loops

void lower quadratic(char *s) {
size_t i,
for (i = 0; i < strlen(s); i++)
if (s[i] >= 'A' && s[i] <= 'Z")
s[i] += 'a' - 'A';

}

void lower_still quadratic(char *s) {
size t i, n = strlen(s);
for (i =0; i < n; i++)
if (s[i] >= 'A' && s[i] <= 'Z') {
s[i] += 'a' - 'A’;
n = strlen(s);

}

void lower_linear(char *s) {
size_t i, n = strlen(s);
for (1 = 0; 1 < n; i++)
if (s[i] >= 'A' && s[i] <= 'Z")
s[i] += 'a' - 'A';

Instructions executed

750K 1

500K

250K 1

every

71 iteration

0kB

8 kB

16 kB
String size (characters)

24 kB

32 kB
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(A PES 13 FEB A Optimization Blocker: Procedure Calls =

K V2 IMT AP EaTFstrien FME? /Why couldn’t compiler move strlen
out of inner loop?
» SRR BeBEIER/Procedure may have side effects
« BREARIMEEBIAE/Alters global state each time called
» N EENESEEREIZEERB]BEAE/Function may not return same value for
given arguments

- (KIS TFE=BIKZ/Depends on other parts of global state
« [ JFElowerB] 85 strlenBEAB{ER/Procedure 1ower could interact with strlen

s Z£E Warning:
» EFRES ST R A FHEMEEE/Compiler treats procedure call as a black box
= R/MEL{/Weak optimizations near them Eizal e ianenth=ho)
L *I;*&:Ebﬁ Remedies: ?1ze_t strlen(const char *s)
= (EAIELERZE]/ Use of inline functions size t length = 0;
. GCC-01{fift GCC does this with 01 while (*s 1= "A\0") {

s++; length++;

— FEENERER Within single file }

—= — -4/ . lencnt += length;
» EEFINFEEN{CHS/Do your own code motion return length:
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Optimization Blocker #1: Procedure Calls

s 1ZTIRIGESTRIEFINSEE Procedure to Convert
String to Lower Case

void lower (char *s)
{
size t i;
for (i = 0; i < strlen(s); i++)
if (s[i] >= 'A' && s[i] <= 'Z')
s[i] -= ('A' - 'a');

» }HESCISIRASCHY Extracted from 213 lab submissions, Fall, 1998
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INEEEHATEEE Lower Case Conversion Performance S = 2

» ZFEFERKEIEE, BEZ941Z Time quadruples when double
string length

= 4K Quadratic performance

250
200
[%2]
S 150
S lowerl
()
0
> 100
o
@)
)
o
O O I I I I I I I I
0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000
FFERIKE String length
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TEIA 55 A Gotoff2x\, Convert Loop To Goto I@

void lower (char *s)

{

size t i = 0;
if (i >= strlen(s))
goto done;

loop:
if (s[i] >= 'A' && s[i] <= 'Z')
s[i] -= ('A' - 'a');
i++;
if (i < strlen(s))
goto loop;
done:

}

* strilenfEBMEINERHTT strlen executed every iteration
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strlenfJ3EI Calling Strlen

/* My version of strlen */
size t strlen(const char *s)
{
size t length = 0;
while (*s '= '\0') {
s++;
length++;
}
return length;
}

m strlenf®BE Strlen performance

" HEFFREKEE—DEREEB N FREEKIFSRF Only way to
determine length of string is to scan its entire length, looking for null
character.

s EFEgE, SBI<HN Overall performance, string of length N
= NyRstrlent&F N calls to strlen
= EFEREI Require times N, N-1, N-2, ..., 1
RUARATEIEZYE J90(N2) Overall O(N2) performance

51



EgERSHH Improving Performance

void lower (char *s)
{
size t 1i;
size t len = strlen(s);
for (i = 0; i < len; i++)
if (s[i] >= 'A' && s[i] <= 'Z')
s[i] -= ('A' - 'a'");

= EstrlenfZBRIBEER Move call to st rlen outside of loop

" ERZIBIERASHES Since result does not change from one
iteration to another

» (XIBFEENEY—FPHZZL Form of code motion
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INEEEHETESE Lower Case Conversion Performance =

» TR EIMEE AT ERKEZ IS Time doubles when double string
length
" Lower2 AZRMHE4EEE Linear performance of lower2

250

200
(%]
S 150
S lowerl
()
(7]
O 100
o
O
# 50
E lower?2
O 0

0 50000 100000 150000 200000 250000 300000 350000 400000 450000 500000
FFERIKE String length
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JERJEE E1=E Non-associative arlthmetlﬁ"

s H@Ob) O cAFEFaO (bOc)iF Whenis(a O b) O
cnotequaltoa © (b ©® ¢)?
= J\JT&{ Octonions
= [@E= Y3 Vector cross product
s MZ2Y Floating-point numbers

m 540: Example a=10,b=15x%x10%8,¢c=-15x103®
(ERFSEIEEE;F /24 single precision IEEE fp)

a+b=15%x10% (a+b)+c=0
b+c=0 a+(b+c)=1

s PHIE{E) T EIREAI{L Blocks any optimization

that changes order of operations
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JERJEE S15E Non-associative arithmetic

void mmm(double *a, double *b,
double *c, int n) {
memset(c, @, n*n*sizeof(double));

int i, j, k;
for (1 = 0; i < n; i++)
for (j = 0; j < n; j++)
for (k = 0; k < n; k++)
c[i*n + j] += a[i*n + k]
* b[k*n + j];

fRiFRa A HEB TN INX LR

void mmm(double *a, double *b,
double *c, int n) {
memset(c, @, n*n*sizeof(double));

int i, j, k, i1, ji, ki;
for (1 = 0; i < n; i+=B)
for (j = ©; j < n; j+=B)
for (k = @; k < n; k+=B)
for (i1 = i; i1 < i+B; il++)
for (j1 = j; j1 < j+B; jl++)
for (k1 = k; k1 < k+B; kil++)
c[il*n+j1] += a[il*n + k1]

* b[k1*n + j1];

HE alEEEN

Compiler cannot do this transformation automatically

Block size Bx B

55



%88 Today S

s iFRNRR
optimization
m [FEB{t4t Local optimization
» BEITSE. BEHISS. FUCBHER. AEFFRAMIBRCse

Constant folding, strength reduction, dead code elimination, common
subexpression elimination

n 254t Global optimization
= NEK. AIEIME. 1BIREEIR Inlining, code motion, loop

transformations

n {LALAIPERS Obstacles to optimization

» RFAIR. IFEARA. IEESIEE Memory aliasing, procedure
calls, non-associative arithmetic

s H28tBKt4t Machine-dependent optimization
= oI, EAEF. JFEE. [RIE{L Branch predictability, loop

unrolling, scheduling, vectorization

AF1B 4% Principles and goals of compiler
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I cPUIgit Modern CPU Design

1545 # Instruction Control

: Fetch Address
Retirement Control i
Unit Instruction

Cache

Register Instruction PRI TEIlIE
File Decode |

$24{E Operations

HHFaa s

Register Updates

INgEEATT
ore Functional
Units

A\ 4 A\ 4 A\ 4 A\ 4

IEEZEER Operation Results

\ 4

Addr. Addr.

H 7T Execution
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fafREAHEEE Superscalar Processor #

s EX: BIFELERSTILIE — N AR BT S5R52,
ESENNFESRPNERN, BEEISHER.
Definition: A superscalar processor can issue and execute
multiple instructions in one cycle. The instructions are retrieved
from a sequential instruction stream and are usually scheduled
dynamically.

s (B BEREE, BiREESLIFRAASHIEFIES
75 S F77/£ Benefit: without programming effort,
superscalar processor can take advantage of the instruction
level parallelism that most programs have

n KSEHICcPUEBHRERY Most modern CPUs are
superscalar.

n MEIBFFUS Intel: since Pentium (1993) 5
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S ZE—/ HkkE Branches Are A Challenge -~

n IESIEHIRTTRRENITERITTZBITNE, LAFEERIZRRIE,
(EITEITEUIRIFEEIL Instruction Control Unit must work
well ahead of Execution Unit to generate enough operations to
keep EU busy

404663: mov $0x0, Seax } ,— .
404668: cmp %$rdi) ,%rsi IEE#“T Executmg
40466b: Jge 404685 < =L ] ] A v

40466d: mov 0x8 (%$rdi) , $rax
SESER) Need to know

which way to
branch ...

404685: repz retq

MNRCPUEHZEES ZBINNFFmpiESHER, XS
EIN1+/NEHRFSEHE 0] ] If the CPU has to wait for the result of the
cmp before continuing to fetch instructions, may waste tens of
cycles doing nothing! 5




32258 Branch Outcomes -
BB S 43 S R ACHREE MR EEARSS When encounter conditional B

branch, cannot determine where to continue fetching

&R BRI E 5SS R Branch Taken: Transfer control to
branch target

« NIEFEDST: BREHTIINFRIT F—5%58< Branch Not-Taken: Continue
with next instruction in sequence

» QB9 /R RESR ZIFEAHIE Cannot resolve until outcome

determined by branch/integer unit

—

404663: mov $0x0, $eax

404668: cmp %rdi) ,%rsi s 452
40466b: jge 404685 ;Fﬁhﬁi'i

40466d: mov 0x8 (%rdi) , $rax ?’ Branch Not-Taken

1%3% 5> Branch Taken

404685: repz retq
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93 3ZFll Branch Prediction =

n BI%Idea
» JSEREEM NS Guess which way branch will go

» MFTRIBYAIEFFEEH1TIES Begin executing instructions at predicted
position

« HASLFMENZ1Fe5FIAFEUE But don’t actually modify register

or memory data

404663: mov $0x0, %$eax
404668: cmp $rdi) ,%rsi
40466b: jge 404685

40466d: mov 0x8 (%$rdi), Srax ) ?ﬁfﬂ“iﬁﬁ Predict Taken

404685: repz retq / FHiaH 1T Begin

Execution
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401029: vmulsd (%$rdx) ,%$xmmO, $xmmO

40102d: add $0x8, $rdx

401031: cmp $rax, srdx .

401034: jne 401029 i =98

401029: vmulsd (%$rdx) , $xmmO, $xmmO

40102d: add $0x8, $rdx

401031: cmp $rax, srdx .

401034: Jjne 401029 i =99

401029: vmulsd (%$rdx) ,%$xmmO, $xmmO

40102d: add $0x8, $rdx T— ot s fo

401031: cmp $rax,$rdx 5 | Y]

401034: jne 401029 i=100 B Read
7 invalid

401029: vmulsd (%rdx),%xmm0,%xmm0 location

40102d: add $0x8, $rdx

401031: cmp $rax, srdx .

401034: dne 401029 i =101

1834 93 S2F@ill Branch Prediction Through Loop

{E1& Assume

[AI&{K/Z vector length = 100

FilliEE (oK)
Predict Taken (OK)

FilliEsE (Oops)
Predict Taken(Oops)‘l—

#1717 Executed

BY:

+

S Fetched

1
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401029: vmulsd (%$rdx) ,%$xmmO, $xmmO
40102d: add $0x8, $rdx
401031: cmp $rax, srdx .
401034: jne 401029 i =98
401029: vmulsd (%$rdx) , $xmmO, $xmmO
40102d: add $0x8, $rdx
401031: cmp $rax, srdx
401034: jne 401029 i=99
40102d: add S0x8, $rdx
401031: cmp Srax, srdx
401034: jne 401029 i =100
_401029- o o o
_40102d: add $0x8 rdx
401031 - cmp Srax Srdx
401034+ 3ne 401029 =101

>

S HIFCEAE Branch Misprediction Invalidation

{51& Assume
[AI&{K/Z vector length = 100

FilliEE (oK)
Predict Taken (OK)

FiliZE (Oops)

Predict Taken(Oops)
\

> Jo3¥ Invalidate
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9 ZFRMEMAYIRE Branch Misprediction Recovery —

401029: vmulsd (%rdx) ,$xmmO, $xmmO
40102d: add $0x8, $rdx . | ‘% 32
401031: cmp $rax, srdx 1=99 ﬁﬁzEZ:L;:F
401034: jne 401029 Definitely not taken
401036: Jjmp 401040 — Egﬁ :lﬁ “,7J<g§
401040: vmovsd $xmmO, (%$rl2) Reload

Pipeline

n THBEFFEE Performance Cost
= PCALIERE FEEZNTEREER Multiple clock cycles on modern

processor
= YMERESZNMAA Can be a major performance limiter
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S ZFRMINIK Branch Prediction Numbers-~
n [HERRA&T A simple heuristic: —m_gom

* e XBEELEEN, FrLAFUNERES 32 Backwards branches are
often loops, so predict taken

* HEIDXBEERNET, FTAFUNANIERESSZ Forwards branches are
often ifs, so predict not taken
= (XA LARS95%LA_ERYFUNEERRZR >95% prediction

accuracy just with this!

s FancierFiZIRIRE 1N 2913 Fancier algorithms track
behavior of each branch

» TEEH TRYEAZSERR Subject of ongoing research

= 20115FIER: B|10005KI5<34. 1N FISEIR 2011 record
(https://www.jilp.org/jwac-2/program/JWAC-2-program.htm): 34.1
mispredictions per 1000 instructions

* HEIRYMARERERIRAVDE AN D32 GRIMKIEERE,
5 FK) Current research focuses on the remaining handful of

“impossible to predict” branches (strongly data-dependent,
no correlation with history)

= {5J%0 e.g. https://hps.ece.utexas.edu/pub/PruettPatt BranchRunahead.pdf 5



https://www.jilp.org/jwac-2/program/JWAC-2-program.htm
https://hps.ece.utexas.edu/pub/PruettPatt_BranchRunahead.pdf

9= F{it4L Optimizing for Branch Prediction

n 09224 Reduce # of branches
» EEHANEIA Transform loops

= fBIAEFF Unroll loops
» ([FHHFEIH{EIEX Use conditional

MOoves

« HAREWFFE Not always a good idea

n ({193 F0;0 Make branches
predictable

" HEFREL

/

+ Sort data

https://stackoverflow.com/questions/11227809

» EEABJ#ED S Avoid indirect
branches
« RREEFEET function pointers
= FE757% virtual methods

A

.Loop:
movzbl @(%rbp,%rbx), %edx
leal -65(%rdx), %ecx
cmpb  $25, %cl
Fa———kskip
addl  $32, %edx
movb  %dl, @(%rbp,%rbx)
add $1, %rbx
cmpqg  %rax, %rbx
jb .Loop
.Loop:
movzbl @(%rbp,%rbx), %edx
mov1l %edx, %esi
leal -65(%rdx), %ecx
addl  $32, %edx
cmpb  $25, %cl
cmova %esi, %edx
movb  %dl, @(%rbp,%rbx)
addl  $1, %rbx
cmpg  %rax, %rbx
jb .Loop
MERTFMH
HAES
Memory write

now
unconditional!
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N\ .
S ot

IS SRFF{TIZHE Exploiting Instruction-Level Parallelism =g

n EERANERINERILIEEESS4Y Need general
understanding of modern processor design
» R LAFITHIT25%35<S Hardware can execute multiple

instructions in parallel
s [E8EZPRFEIE(KER Performance limited by data
dependencies
n AERRITHR DI LIRS ARIEEEIN &S Simple
transformations can yield dramatic performance
improvement

" R enB R To AT EE(LIRYZT R Compilers often cannot make
these transformations

" FRAWEESENDER, FiAS%m Lack of associativity and
distributivity in floating-point arithmetic
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E NG : mERYEHESE

Benchmark Example: Data Type for Vectors

/* data structure for vectors */
typedef struct{

size t len;

data t *data;
} vec;

nZ{HESEBY Data Types
" int
" long
" float
" double

len 0O 1
data

len-1

/* retrieve vector element
and store at val */
int get vec_element
(*vec v, size t idx, data_t *val)
{
if (idx >= wv->len)
return O;
*val = v->data[idx];
return 1;
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EofEN 18 Benchmark Computation

void combinel (vec _ptr v, data t *dest)
{
long int i;
*dest = IDENT;
for (i = 0; 1 < vec_length(v); i++) {
data t val;
get vec element(v, i, &val);
*dest = *dest OP val;

itE R &R
= 3EFH Compute sum
or product of vector

elements

nZ{HESEBY Data Types n#2{E Operations
= int » ENXAERY oP #1 IDENT
= long = + /0
" float = x /1

" double



B ITRERIERIEL (CPE)

Cycles Per Element (CPE)

s [EFRIAAEHFTIRIE(EIZFAIESE Convenient way to express

performance of program that operates on vectors or lists

m Length=n

m CPE =cycles per OP S/ MEEL FBRIEHEES
s SEJBAZAT = CPE*n + Overhead CPE*n+FFiH

" CPE EL4HIRIER CPE is slope of line

pﬂ =do

bi =Py Ta 1'\§:<n

/* Compute prefix sum of vector a »/
void psumi(float af], float p[], long n)
{

long i;

plc]l = a[0);

for (i = 1; 1 < n; 1++)

plil = pli-1] + a[i);

}

void psum2(float a[l, float p[], long n)
{
long i;
pl0) = af0];
for (i = 1; 1 < n-1; i4=2) {
float mid_val = p(i-1] + ali];
plil = mid_val;
pli+1l] = mid_val + ali+1];
}
/* For even n, finish remaining element */
if (i < m)
pli] = p[i-1] + a[i];

2500
2000
psuml
1500 ]2 Slope = 9.0
0
©
>
01000
Ed
e psum2
BE 500 | _— 2 Slope = 6.0
0 T T T
0 50 100 150 200
7= Elements
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B TESE Benchmark Performance

void combinel (vec _ptr v, data t *dest)
{

long int i; IR EETTERIFIEK

*dest = IDENT; = IEfH Compute sum

for (1 = 0; 1 < vec_length (V) 2 l'l“") { or prOduct of vector
data t wval; elements

get vec element(v, i, &val);
*dest = *dest OP wval;

BiE Method FE Integer WiaE;Z =% Double FP
¥2{E Operation & Add|  3iE Mult L Add|  RiE Mult
i%Z{fitdt Combinel 22.68 20.02 19.98 20.18
unoptimized

flt4% Combinel -O1 10.12 10.12 10.17 11.14

FhAiEITEE S =R ERCPEE ;



H ALY Basic Optimizations

l’\q‘g

S
g ~

i /
- .

void combine4 (vec ptr v, data t *dest)
{

long i;

long length = vec length(v);

data t *d = get vec start(v);

data t t = IDENT;

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

t =t OP d[i];
*dest = t;

m Fvec_lengthFBHIEIR Move vec_length out of loop

s BMEREERINRFEE Avoid bounds check on each
cycle

n {§

HIRAYTE=1H1TERFR Accumulate in temporary
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HAALHER Effect of Basic Optimizations

{

void combine4 (vec ptr v, data t *dest)

long i;

long length = vec length(v);

data t *d = get vec start(v);

data t t = IDENT;

for (i = 0; i < length; i++)
t =t OP d[i];

*dest = t;
}
BiE Method FE Integer WiaE;Z =% Double FP
¥2{E Operation ix Add| ik Mult| Bk Add| 3% Mult
Combinel -O1 10.12 10.12 10.17 11.14
Combine4 1.27 3.01 3.01 5.01

s HISTEIAHRAIERYMFEE Eliminates sources of overhead in loop
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TZKINEEBRTT Pipelined Functional Unlts |

long mult eg(long a, long b, long c) {

long pl = a*b;
long p2 = a*c;
long p3 = pl * p2;

return p3;

} '
1 2 3 4 5 6 7

Stage 1 a*b a*c pl*p2

Stage 2 a*b a*c pl*p2

Stage 3 a*b a*c pl*p2
 EE S BT ER Divide computation into stages
» EAEMERZBEIEESS1TTE Pass partial computations from stage to

stage

= —BREEBEIMER, BiMEREILIFEEEIITE Stage i can start

on new computation once values passed to i+1

= BIEn74NEEEzeR =

MR, BMEEI

O

31NEHH E.g., complete
3 multiplications in 7 cycles, even though each requires 3 cycles
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Haswell CPU >
= RH8/NIIBEERTT 8 Total Functional Units i

s ZFIESOILAF1TH1T Multiple instructions can execute in
parallel

25%loadig <, THEIEITE 2 load, with address computation
1%store$‘é‘/v\, BT R 1 store, with address computation

AREBHIES 4 integer

27 \:¥,mi/£}’a < 2 FP multiply
1IRFERINAIES 1 FP add
1RFERREAIES 1 FP divide

o ﬁ"‘:“:"ﬁ"’v\l‘jﬁﬁl’l\ubﬁjﬁ 1, {(BRaILLiRKEIL Some

instructions take > 1 cycle, but can be pipelined

5S> Instruction FIZE Latency /B8l &5 Cycles/Issue
AL /T#E Load / Store 4 1
FHEEIE Integer Multiply 3 1

N HSEEEAPRIE Integer/Long Divide 3-30 3-30

B /S F R3I% Single/Double FP Multiply 5 1

B /RS RN % Single/Double FP Add 3 1

/WS EiZ = B&i% Single/Double FP Divide  3-15 3-15
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J"g

Combine4 XJRZAYx86-64; 4 #
x86-64 Compilation of Combine4
s AETEIA(BRELERE) Inner Loop (Case: Integer Multiply)
.L519: # Loop:
imull (%rax,%rdx,4), %ecx # t =t * d[i]
addg $1, %rdx # i++
cmpg %rdx, S%rbp # Compare length:i
jg .L519 # If >, goto Loop
3% Method ) Integer WiEEZ =] Double FP
¥2{E Operation hix Add| ;& Mult| ik Add| 3% Mult
Combine4 1.27 3.01 3.01 5.01
#EIRSRPR Latency 1.00 3.00 3.00 5.00
Bound
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Combined =ER{F1TH Serial Computation ™’
(OP = *) “"l‘

s ITH (IK[E=8) Computation (length=8)

1d
° (CCCCC((r * d4[0]) * d[1]) * d[2]) * 4d[3])
d * d[4]) * d[5]) * d[e]) * d4[7])
1 — [ ]

n tR{T&ER Sequential dependence

*

d; = BB HOPHYZEIRIRTE Performance: determined
d, by latency of OP
d4

d5
* d6
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‘EWE;F Loop Unrolling S 2

o BISHITEIME I PETEIAFFRLZE Amortize cost of loop

condition by duplicating body
m HCSE, RIBIZENFIREELIEIS Creates opportunities

for CSE, code motion, scheduling

s AREESS{CE Prepares code for vectorization

s 1IN A aIgES I ERE Can hurt performance by
increasing code size

for (size_t i = @; i < nelts; i++) { for (size_t i = @; i < nelts - 4; 1 += 4) {
A[i] = B[i]*k + C[i]; A[i ] =B[i ]*k +C[i ];
} A[i+1] = B[i+1]*k + C[i+1];

A[i+2] = B[i+2]*k + C[i+2];
A[i+3] = B[i+3]*k + C[i+3];
}

(I B X FPZEASIE SR ?
When would this change be incorrect?
HITENHAZ SRS

when the number of elements is not a multiple of 4.
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AR Scheduling e
. BHEHHESIS, ETCULFETEE R

Rearrange instructions to make it easier for the CPU
to keep all functional units busy

n 0, IBFFBREEIE(ERRIREFIEIAAIFFIA For instance,

move all the loads to the top of an
unrolled loop

" PEXAgER AR RREEF=5HIJRE Now maybe it’'s more obvious

why we need lots of registers  for (size t i = 0; i < nelts - 4; i += 4) {
Bo = B[i]; Bl = B[i+1]; B2 = B[i+2]; B3 = B[i+3];

for (size_ t i = 0; i < nelts - 4; i +=4) { Co = C[i]; C1 = C[i+1]; C2 = C[i+2]; C3 = B[i+3];
A[i ] =B[1 J*k + C[1 ]; A[i ] = B@*k + CO;
A[i+1] = B[i+1]*k + C[i+1]; A[i+1] = Bl*k + C1;
A[i+2] = B[i+2]*k + C[i+2]; A[i+2] = B2*k + C2;
A[i+3] = B[i+3]*k + C[i+3]; A[i+3] = B3*k + C3;
¥ }
.
RIS FRTAL A IETR?

When would this change be incorrect?

SAHIBEKCHEZHRY

when A overlaps B or C
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ﬁl%ﬂ Vectorization %
s (EEYSHIUIES, E’E}E@EJDJ—;kiﬂnﬁ\iﬂzﬂ?c%i&?iisK!

{E Use special instructions that operate on several array
elements at once
s Z2EFR“SIMD”BIERIE SRS EE AR Often called “SIMD” for “Single
Instruction Multiple Data”

" 19665FILLIAC IVEBZRITEAN.ABB Invented in 1966 for ILLIAC IV
supercomputer

» SESIIMSTCRIEEEINE, EL1E2I7Z(EM Valuable for audio

and video processing; has become ubiquitous

for (size t i = 0; i < nelts - 4; i +=4) { kkkk = _mm_set_psi(k);
BO = B[i]; B1 = B[i+1]; B2 = B[i+2]; B3 = B[i+3]; for (size t i =0; i < nelts - 4; i +=4) {
Co = C[i]; C1 = C[i+1]; €2 = C[i+2]; C3 = B[1i+3]; B0123 = mm_load_ps(&B[i]);
A[i ] = Bo*k + CO; C0123 = mm_load ps(&C[i]);
A[i+1] = Bl*k + C1; A@123 = _mm_fmadd_ps(B0123, kkkk, C0123);
A[i+2] = B2*k + C2; _mm_store_ps(&A[i], A0123);
A[i+3] = B3*k + C3; }
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EIAEEFF Loop Unrolling (2x1) s

void unroll2a combine (vec_ptr v, data_t *dest)
{
long length = vec_length(v);
long limit = length-1;
data_t *d = get vec_start(v);
data t x = IDENT;
long 1i;
/* Combine 2 elements at a time */
for (i = 0; i < limit; i+=2) {
X = (x OP d[i]) OP d[i+1];
}
/* Finish any remaining elements */
for (; i < length; i++) {
x = x OP d[i];
}

*dest = x;

s FRECE2EEE HEI{E perform 2x more useful work per iteration
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TR R FFSNER Effect of Loop Unrolling

F3i% Method FH Integer WHsEiZ=24 Double FP

¥2(E Operation | B0iE Add| 5EiE Mult miZx Add| 3% Mult
Combine4 1.27 3.01 3.01 5.01
Unroll 2x1 1.01 3.01 3.01 5.01
FEI RSB PRLatency 1.00 3.00 3.00 5.00
Bound

s BZIN;EZB R Helps integer add

k'\.
-

» JXERERSRBR Achieves latency bound [x = (x OP d[i]) OP d[i+1];

s AL E(tETSN? Others don’t improve. Why?
" (BINFIERITUER Still sequential dependency
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BIAEFFSELS Loop Unrolling with Reassociation (2x1a) .+

void unroll2aa combine (vec ptr v, data t *dest) i
{

long length = vec_length(v);
long limit = length-1;
data_t *d = get vec_start(v);
data_t x = IDENT;
long 1;
/* Combine 2 elements at a time */
for (i = 0; 1 < limit; i+=2) {
X = x OP (d[i] OP d[i+1]);
}
/* Finish any remaining elements */
for (; i < length; i++) {
Xx = x OP d[i];

}
*dest = x; F1ZBUELEE Compare to before

x = (x OP d[i]) OP d[i+1];

s XHEFEESMNTITHRLEERIG? Can this change the result
of the computation?

n &, WFESE., Ba? Yes, for FP. Why?
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s _ﬂ‘q“c_ =
K.\.
-

EEZESWER Effect of Reassociation e

Fi% Method FEL Integer WHSEiZ =% Double FP
¥2{E Operation i Add 3feix Mult i Add feix Mult
Combine4 1.27 3.01 3.01 5.01
Unroll 2x1 1.01 3.01 3.01 5.01
Unroll 2x1a 1.01 1.51 1.51 2.51
ZEIRSRPR Latency 1.00 3.00 3.00 5.00
Bound

HH=55E 0.50 1.00 1.00 0.50
Throughput Bound

s IEIT2ASHINIMELL, TR

speedup for Int *, FP +, FP *
[RE: FIAEERTTHKER Reason: Breaks seq

x = x OP (d[i] OP d[i+l]); 4 func. units for int +
2 func. units for load

= MMEIXEE? (WTF—1M4JJTHR) Whyis that? (next slide)

 FAHIEA" Nearly 2x
2 func. units for FP *

. 2 func. units for load
ntial dependency
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s _ﬂ‘q“c_ =
K.\.
-

EBELES1TE Reassociated Computation =

x OP (d[i] OP d[i+l]); u *HZ% Whatjha\nged.

* T MNMECHARBS LR ST
%8 (FoHKER) /Ops in the next
iteration can be started early (no

dependency)

n EBYBNIERE Overall

Performance
- NNEE, SMRIESFDANE
HAZEIR N elements, D cycles
latency/op
= (N/2+1)*D cycles:
CPE=D/2

"
I
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TEIF RIS 2 NNEE Loop Unrolling with Separate Accumulators (2x2).

{

void unroll2a combine (vec_ptr v, data_t *dest)

long length = vec_length(v);
long limit = length-1;
data_t *d = get vec_start(v);

data t x0 = IDENT;
data_t x]1 = IDENT;
long 1;

/* Combine 2 elements at a time */
for (i = 0; i < limit; i+=2) {
x0 = x0 OP d[i];
x1l = x1 OP d[i+1];
}
/* Finish any remaining elements */
for (; i < length; i++) {
x0 = x0 OP d[i];
}
*dest = x0 OP x1;

g

s ARIBNELSESH.E Different form of reassociation
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R B IN22 W ER Effect of Separate Accumulators

Fi%& Method FE Integer WHSEiZ =% Double FP
¥2{E Operation i% Add| 3% Mult|  Bli% Add| 3% Mult
Combine4 1.27 3.01 3.01 5.01
Unroll 2x1 1.01 3.01 3.01 5.01
Unroll 2x1a 1.01 1.51 1.51 2.51
Unroll 2x2 0.81 1.51 1.51 2.51
ZEIRRBR Latency 1.00 3.00 3.00 5.00
Bound

HI1E5RR 0.50 1.00 1.00 0.50
Throughput Bound

s EEOIN;E(ERRMoadBRTT Int + makes use of two load units

x0
x1

x0 OP d[i];
x1 OP d[i+1];

n 2x/IIELL (#HEbunroll2) /2x speedup (over unroll2) for Int *,
FP +, FP *
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o _ﬂ‘q“c_ =
K.\.
-

YR 2088 Separate Accumulators =%

%0 = x0 OP d[i]; n AEZAE What changed:
x1 = x1 OP d[i+1]; = FRMRIZAYERIER Two
independent “streams” of
operations
1d, 1d,
(*] 4 éb d, n SBEFE Overall
’[—*H B} 4’[—*5 3 Performance
4 5 = NPNJTER, BRIEED N EERE

,[ 3 ,Ci‘] 1R N elements, D cycles
* *
) dg d, latency/op
"GL @ = Ni% 9 Should be (N/2+1)*D
— cycles:

q = CPERFSTFHHEA CPE matches

prediction!

HFEZE2/0? What Now?
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BRI REFH&ZEN Unrolling & Accumulating e

s FERBIK Idea
= AJLARFAENE{AIEL Can unroll to any degree L
= AJLAFHTERRKNEEER Can accumulate K results in parallel

" LWVIIEKEYEZS L must be multiple of K

n [BFPRIE Limitations
= GES1BIE, Diminishing returns
- Rt HFITERITTHIEIERRS Cannot go beyond throughput
limitations of execution units

» KERFEITFFEIRK Large overhead for short lengths
- RINEFERIEL Finish off iterations sequentially
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BHS 20 Unrolling & Accumulating: Double * =

n 3Hl case

= |ntel Haswell
» YWHASEIZ 5k L Double FP Multiplication
= ZIEIRZRPR Latency bound: 5.00. &FITEFPR Throughput bound: 0.50

Y =E EBFFEF/IL Unrolling Factor L
& FP *
" K 1 2 3 4 6 8 10 12
§ 1 501 501 501 501 501 501 5.01
§ 2 2.51 2.51 2.51
g 3 1.67
=
S 4 1.25 1.26
<
EKE 6 0.84 0.88
L 8 0.63
N 0 0.51
\

12 0.52

90



EHS 20 Unrolling & Accumulating: Int +
m {5l case

= |ntel Haswell
= BN Integer addition

= FEIREZREPR Latency bound: 1.00. HFITEFRPR Throughput bound:
B RFFEFJIL Unrolling Factor L
Bint +
‘g K 1 2 3 4 6 8 10 12
S 1 127 101 101 101 1.01 1.01 1.01
—
g 2 0.81 0.69 0.54
§ 3 0.74
= 4 0.69 1.24
g 6 0.56 0.56
S 8 0.54
(4
? 10 0.54

12 0.56

&
—

3 f
'“1_1"//

g

0.5
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488U ES Achievable Performance ==

3£ Method B Integer WHSEZ =% Double FP
$2{E Operation hix Add| 3% Mult|  Bli% Add|  3l€i% Mult
=¥ Best 0.54 1.01 1.01 0.52
FERRBR Latency 1.00 3.00 3.00 5.00
Bound

SHERR 0.50 1.00 1.00 0.50
Throughput Bound

s ZPRFIIEERTTAIEILER Limited only by throughput of
functional units

n SERI\ARFICICESELLE42xBITERERTF Up to 42X

improvement over original, unoptimized code
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BHIFAV2HI%FE Programming with AVX2.~
YMMES{EEE YMM Registers —
B 111611788, T 32515 16 total, each 32 bytes
B 32\MNEFZTHEEE] 32 single-byte integers

B 16160 EEZY 16 16-bit integers

B 3 32{i/ZZZ#4 8 32-bit integers

B 3 NERFEEFE AN 8 single-precision floats

B A PNFEEZE 3N 4 double-precision floats

B 1 DEREEFERE 1 single-precision float

B 1 PNUEEFZE 2 1 double-precision float
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SIMD$E{E SIMD Operations

B SIMDI{E: EZ¥SE SIMD Operations: Single Precision
vaddsd SymmO, Symml, Symml
% ymmO
e e e e e e e
/QD\./QD\./QD\./QD\./Qa\./Qa\./ga\./ga\._I
Symml
B SIMDIME: XFSE SIMD Operations: Double Precision
vaddpd Symm0O, ymml, Symml
SymmO

hY

R B AR A

ymml
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HBRE=3IE < Using Vector Instructions s
f & =

B iE Method FE Integer WisEiZ=£1 Double FP
¥2{E Operation NiE Add|  3Rix Mult|  Blix Add|  3&iE Mult
IRERIF Scalar Best 0.54 1.01 1.01 0.52
AE=fRIF Vector Best 0.06 0.24 0.25 0.16
JEIRRR Latency 0.50 3.00 3.00 5.00
Bound

HII=5RR 0.50 1.00 1.00 0.50
Throughput Bound

REFIH=RE Vec 0.06 0.12 0.25 0.12
Throughput Bound

n FIEHAVXIES Make use of AVX Instructions

" ZANHRUEETT_ERYFE{TIRE Parallel operations on multiple data
eIements

2D Muh5=E0PT: See Web Aside OPT:SIMD on CS:APP web page
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RSB SHYIESE Getting High Performance —

s FRIRIFESSFIITE Good compiler and flags
s AMERIEEAIEE Don’t do anything stupid
o SFEPRIERYMEREHRET Watch out for hidden algorithmic inefficiencies
» REMIEEERFEIES Write compiler-friendly code
- SEFEERE . IFERERFIARTES | Watch out for optimization

blockers: procedure calls & memory references

 FERAEEIN (RREIMEARSZEITAE) Look carefully at innermost

loops (where most work is done)

s AR EITESERIT Tune code for machine

» RIS S NFEST Exploit instruction-level parallelism
= BRI ST FIUNISIK Avoid unpredictable branches
» @B Cache ZWFHIKES (RIEFMEIHA) Make code cache friendly

(Covered later in course)
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s AEEFCMUAJ15-213: Introduction to Computer
SystemsiRiEtAFIN 3RS

s B [E{EE&Randal E. Bryant #{IDavid R. O’HallaronJ3¢
St
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