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Studies on Garbage Collection and
Code Optimization in Language Processors

Mitsugu Suzuki

Abstract

Two research issues related to programming-language implementations are discussed in this the-
sis. The first is the Garbage Collector (GC). A GC manages memory locations dynamically as a
run-time system, and is indispensable to implementing symbol-processing or object-oriented lan-
guages. However, the GC is a performance bottleneck in language processors. The second issue
is compiler optimization for Single Instruction Multiple Data-stream (SIMD) instruction sets. We
treat SIMD instruction sets that are based on partitioned-register vector operation, and are de-
signed as extended sets for conventional instruction in this thesis. The SIMD instruction sets have
been developed to provide low-cost solutions to the high-performance processing of media data,
and have become popular. Conventional optimization techniques can certainly help us to partially
exploit them, but these are insufficient and new ones need to be developed. Compiler optimization
for SIMD instruction sets are currently in the study stage, and programmers must use assembly
language or intrinsic routines to exploit them.

Chapter 1 describes the backgrounds to the two issues.

The GC is at first formalized in Chapter 2. Second, three strategies for GC, i.e., reference
counting, copying, and mark-and-sweep (M&S) are introduced. Third, two problems that have not
yet been solved in M&S GCs are presented. Finally, previous work is introduced and analyzed.

Chapter 3 presents ways of reducing the processing time for M&S GCs. Conventional M&S GC
consumes time that is proportional to .S, where S is the size of a heap. A sliding compactor means
an M&S GC that compacts the memory area occupied by in-use objects by sliding them, and it
preserves correspondences between the generated order and location order of the objects. We will
call this property “Generated Orders Preserved (GOP)” after this. A sliding method of compaction
is presented, which consumes time that is theoretically proportional to AlogA or actually A , where
A is the number of words of the in-use objects. When A is less than one-tenth of S, the GC is
sufficiently faster than a conventional sliding compactor.

Chapter 4 presents a method of adopting a GC strategy called “Generation Scavenging (GS)”
into the sliding compactor. The GS has been conventionally combined with copying GCs. The
method we presented exploits GOP for generation management. It needs a shorter run-time and
has smaller space overhead than the conventional GS. The GC processing time is also reduced.

Chapter 5 first introduces the kinds and functions of SIMD instructions. Second, problems
related to automatically generating the SIMD instructions are presented. Third, previous work is

introduced and analyzed. Finally, a compiler infrastructure, on which the implementation discussed



in this thesis is based, is described.

Chapter 6 discusses a method of matching and extracting operation sequences that are equivalent
to each SIMD instruction from program codes written with normal language specifications. We
extended peephole optimization and adopted it in the method.

Chapter 7 discusses the compatibility between integral promotion rules and minimizing the data
size for processing. Integral promotion rules mean that integer data that are smaller in size than
integral data are zero-extended or sign-extended before they are used in a sequence of operations.
The analysis of program code is presented, which enables the compiler to select smaller data than
integral data for processing with the same results if the integral promotion rules can strictly be
observed.

Chapter 8 claims that existing benchmark or vector-processing programs are not suitable for
testing, evaluating, or analyzing the SIMD optimization by a compiler. Examples extracted from
these programs were analyzed and improved so that they could efficiently be processed with SIMD
instructions. We found coding styles suitable for SIMD instructions with this methodology, and
developed a set of benchmark programs that could analyze the progress of SIMD optimization
achieved by compilers. They were sets of programs with several versions that were systematically
modified to simplify the application of SIMD instructions.

Chapter 9 concludes the results of this study. First, we developed time and space efficient GC.
Even with limited storage, GCs, which are indispensable in modern programming languages, can
efficiently be implemented in a computer. Second, we implemented and evaluated two compiler
optimization techniques for SIMD instructions with a dedicated method of evaluation, and these
contributed to speeding-up execution. With this, computers with different instruction sets can

share the same media-processing programs.
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free(cp); /* OOO0OD0OOOODOOOOOOO O OOOx/
return(cp) ;
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a N
boolean isMarkrd(word *x); // x0 000000000 O0ODOOODOO
word *backend(word *x); // x0000000000000000000
int otfull = FALSE; // 0-00000000000000O0
word *oh = 0-00 00 ;
word *ot; // 0-0000

// 000000010000
void markl(word *obj) {
word *w;
if (!isMarked(obj)) {
xobj O OO0 ;
for (w = *obj 00000 OO) markl(w);
if (IM(*(backend(obj)+1)))
*ot++ = obj; // 0000000000000 -o0-00000

void GarbageCollector() {

word *w, *t; // 00000
// 0000000000000 @ o
ot = oh;

for (w=000000000) markl(w);

// Pre-sorting clustering : 0(A)

w = oh;

while (w < ot) {
while (isMarked(*(w+1))) w++;
while (!isMarked(*(ot-1))) ot--;
*w = *x(ot—— -1); } // 00

ot = w;
oh0O otOODOODODO; // quick 000000 0(N log N)
// Backward scanning : 0(L)
t = *oh;
for (w = oh; w < ot; w++) {
*(t+1) = w; // a-link OO

*xwODOOO0OO0O0000 MorrisO O STEP1 O OO
}
// Forward scanning & relocation : 0(L)
a-link 00 0000000000000 MorrisODO STEP2000
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~
// 000
void init() {
mfa = HT;
cmfa = HB;
cross = false;
}
// 00000 f 000000000000
void setf(word *f, word d) { // d 0000O00O00O0O0O
*f = d; // 0000
if ((f < d) && // 0000004d
(f < cmfa)) // 000 enfad 0000
cmfa = f; // cfma 000
if ((f < mfa) && // 000000000
(mfa < d)) // 0000000oo
cross = true; // 0000000000000000
}
// 0000
void GCO) {
if (cross == true) // 00000000000000
mfa = cmfa; // 00000000000000040g
if (mfa > svgp) { // 000000000000
mfa = HT; cmfa = HB; } // 00O
cross = false; // 00000000000000000000
// 00000000
nfal0 0000000000000 O0O0O0O0OO0OOODOOOOODOOO
oooooooooooo;
opooog; // 000000000000 (@uooooo)
if (co 0Oooooooag // 000001000000
mfa = coO0DOOOOOO;
// 000000000000 0o0ooO
// 000000000000 0000 emfadODOO
U y,

0 41: 0000000000000000

000 cross mfa0OOO0OO0OO0O0O0O0OO0O0OO0OO0OOOOOOOODOOCOOOOOOODOOOO
gboooooooooon
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a N
unsigned char al], b[];
int ¢ = 0, i = 0;
/* 001000000 */
for (;i < M; i++)
if (alil > b[i]) c++;
/+* 00 208IMDOODOOOOO
000000000 cO tO00000D0000 %/
int 1lc = 0;
for (c =0, i =0; 1 <M-7; i+=8) {
/x 800 %/
t[0] += (ali+0] > b[i+0]);
t[7]1 += (ali+7] > bl[i+7]1);
if (lc == 255) {
/* unsigned char :0..255 x*/
c += t[0] + t[1] ... + t[7];
t[0:7] = 0; 1lc = 0;
} else lc++;
}
c += t[0] + t[1] ... + t[7];
/* SIMDOU00D0000D00DOODOOn
0010000 =*/
for (;i < M; i++)
if (alil > b[il) c++;
J

gsll:0bobooooobooog
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#define AVE(x,y) (((x)>>1)+((y)>>1)+(((x)|(y))&1)) h
struct {
short r, g, b, a;
} *ul, *u2, *u3;
short *vl, *v2, *v3;
for (i = 0; i < M; i++) // (8
*vi++ = AVE(kv2++, *xy3++);
for (i = 0; i < M; i++) // (B)
vi[i]l = AVE(v2[il, v3[il);
for (A = 0; i < M; i +=4) { // (C)
vi[i] = AVE(v2[i], v3[i]); vi[i+1] = AVE(v2[i+1], v3[i+1]);
v1[i+2] = AVE(v2[i+2], v3[i+2]); v1[i+3] = AVE(v2[i+3], v3[i+3]); }
for (i1 =0; i<M-3;i+=4){ // (D
v1[0] = AVE(v2[0], v3[0]); vi[1] = AVE(v2[1], v3[1]);
vi[2] = AVE(v2[2], v3[2]); v1[3] = AVE(v2[3], v3[3]);
vl += 4; v2 += 4; v3 += 4; }
for (i = 0; i < M; i++) { // (E)
ulli].r = AVE(u2[i].r, u3[i]l.r); ull[il.g = AVE(u2[i].g, u3[i]l.g);
ulli]l.b = AVE(u2[il.b, u3[il.b); ull[il.a = AVE(u2[i].a, u3[i]l.a); } y
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O00000000poooOoO0OOO00O0OoOoOoooooOoOoOooSIMDOOOOOOOODOOOOO
oooobooooboobooooooon

Dhrystone[78] D00 D0 0D0OO0D0OO0O0OO0DO0O0OOOOOOOOOOUOOOOOODOOOOOD
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ew language C OpenMP
program program program

54. COINSOOODOOOODOOOODOO

C Fortran
program program

C Fortran : :::: . s New language HIR to C
analyzer analyzer Joanalyzertiif analyzer
High-level Intermediate Representation (HIR) )

—>

(
|

| |

l

T |

T

to
LIR

l

Basic optimizer

Parallelization

Advanced optimizer

Basic data flow analyzer
Common subexp. elim.
Dead code elim.

Loop analyzer
Coarse grain parallelizer|
Loop parallelizer

Alias analyzer
Loop optimizer
Partial redundancy elim.

Low-level Intermediate Representation (LIR)

T

Code generator

Code generation based
on machine description

Sparc TMD

| |

| 1

| |

Machine independent
optimizer

SIMD parallelizer

SSA optimizer

— ARM TMD

Instruction scheduler
Branch opt.

If-conversion
Code motion
Parallelization

LIR-SSA transformation
Basic optimizer
Advanced optimizer

Register allocator

]

Machine dependent
optimizer
Instruction scheduler

l
Sparc x86 ARM MIPS /PowerP SH4 New
code code code code code code

(uoneooAul ajnpow 8|NPayYds) |041u09 J3Idwod

MIPS TMD
{SH4 TMD)

LIRto C

C
program

Windows 00000000000 OOOODDOOOSIMDOOOOOOOOOOOOOOOOOO
gboboobdoboboboboobdobobuobooboboooouboooboboooan
gboobgoooobooboobooboobooo

machine
code

O 5.13: COINSOODODODOOOoooooooo

54 COINSUOOOOOOOODOOOODDOO

06000 7000000000 COINS Oa COmpiler INfraStructured 0000000000
000O0O0[5]e0000000000000000000000020000200400 5000000
Oo0o0ooooooooooooooooo0ooooooooooooooooooooooooon
000000000000 0000OCOINSO Jawva0OOODODOOODOOODODOOODOOODO 5.13
O000000ooooo00000o00ooooooo00oooooo00ooooDooOoOooooon
O0D0O0ODO0O0O0O0O0000O0oDOoOooDOoODO0O0OO Co FortranOOOOOOOOODOOO
000000000000 000000000O00O0O0U00O00O0O0DODOO0-00000 [42]
00000000 TinyC[77] 0000000000000 O0OOOODOOOTMDO Target Machine
Description0 000 0000000000000 DODOOODOOODOODOODOO SparcdIA-32
0 x8600 ARMO MIPSO PowerPCO SH4O Alpha 000000000000 ODOOOOOOOOOO
Oooopoooooooooo
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a N

int a;
void func() {
int b;

a=Db + a; /* This statement */
() COOODOOO

(assign 9 int line 4

<var 10 int a>
(add 11 int

<var 12 int b>
<var 13 int a>))

(b)HIRO OO OO

(SET I32 (MEM I32 (STATIC I32 "a"))

(ADD I32 (MEM I32 (FRAME I32 "b.1"))
(MEM I32 (STATIC I32 "a"))))
(¢) LIRODODOOD

0 5.14: HIRO LIROOOOOODOOOOO

0600000000000000542000000 CoOINSOOOOOOOOOOO LIROO
5430000000000 00D0O00OOO0OOOTMDOOOOODODOOODYODOOOLIRO
OooooooOooooo0ooOoobooOooobooOoooboOooOoooocecoINSOooDboogon
OO0 HIROOOO 200000000000000000000D00OO

54.1 0O00000O0OO—HIR

000o000ooU0oo0oooU0ooUDOo0o0o0ooooo0oDoooDoUooOoUoOoDoDoOoo
HIRO High-level Intermediate Representation0 0 0 OO 0OOHIROOOOOOOOOOOOOOO
000000000 Abstract Syntax TreeD ASTO O OO O0ODOOO0O0DO0OOOOO [59]0

HIROODODODOODOOOOOOOoOooooooooooooooooooooooogogdgCOMMON
o0o0000O0bOOobOO0bDOobOOobDO0obOO0oCU0O0obO0ObOOobDOoOoOobDODOoHIRODOOOOOOO
00000000000 0o0oooooooDoooo0ooooDooooooooooOoogon
00000o0oooo00ooooooo0000ooooDooDo0ooooooooooooon
0000000000000 0O0000D0O00000D0OD00OOHIRODDO 5140 ()0 () O
00000ooO0o00ooo0oooo0oooo0oooooooooooooDoooooo
HIROOODOODODOOOOOOODOOOODOOOOOOODOOoOoDOoOOooOoOOooooobooooo
O000o000oo0o0ooooooo0ooooo0oooo0oo00oDoooooDooooOoooDo
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OO0 HIRO LIROCOOOOOOOHIROOOOOOOOOO cCOOOOOopoooooooooa
OpenMPOOO0ODODOOOODOOOODO

o0oooooo SsMPOOOODOOHIROOOOOODOOODOODOOODOOpenMPOODOOO
oooooo0o00O0O CcO000O0ooooooooon

54.2 000O00O0O0O—LIR

COINSOOODOOUOODO LIRO Low-level Intermediate Representation00 0000000000
000000000000 0000o0UoU ]p4ULIRO000000O000O0DOO0OO0O0O0OD
0000000000000 ooooo0oDo00ooLIRO0O0OO00DoDoooOooooooOon
oob0o0obOo0ooOooboOoLIRObDO0OO0OCOOOOOO0OOODOOODOOUODbDDOODOOODbDOO
O00000000DOO0OD0OSSADStatic Single Assignment0 00 0000000000000 0O0OO
oood

LIRO LOOOO0O0OODOD 6000 70000SO00000O0DOCO LOODDODOOOOOLO
O0bOO00bOOo0ooOoO0ob s3000000b00b0 LIROODOOOOOUOOO 1ODoOoOg oo
0000ob0o0o0O0deOdDOOdO —100DODOODO 1IODOODOODODOO

LIROODOOOOOOOODOODO0ODO0ODOO00OO0ODO0ODO0DOD0DO0DO0OOoo0oDooOooDOooDo
O0000o0o0ooooooOoLIRO0O0O0O0OO0O0OOO0O0O0ODOO0 S14000000000000O
OO000bO0o0oOO0bDO0o0oO0obO0oboOoLIRODOObCODO

543 TMDOUOODOOODOOO

000000000000 0o0ooo0o0ooUD ibwrg23)00000000O0O0O0OOOOOO
O [(5]0COINSO 0000000 TMDO Target Machine Description00 LIROOOO0O00O00O0O
0000000000000 000000000000o0oO0O0O000000O0O0ndSparcdIA-32
0 x8600 ARMO MIPSO PowerPCO O OO SH4O TMDOOOOODOOODO

0515500IA-32000 TMDOODOOOOOOOOTMDODODOOOOTMDO JavaOO O
00000000000 0000O000O0000O000O0000000O0000000000 Dynamic
Programmingd DPOOO0OOO00OOOOOOOOCODOOOOCODOOOOOCOODOOOCOINSO
o0000000O0OOO0OO0OO0O0000000OoOoOoOOOO

5.5 OeUllbOvoUooO8ububnbog

ge0O0O00O0OOOODOODOOODOOSIMDOOOOOOOOODOOOODOOOODOOO
oooSsiIMDOOOOOOOODOOOOODOOOOUOODOOOOODOOOODOOOO

or70oo000oo00ooO00oo0ooo0ooooooooooooooooooon SIMD
oobooboboooboboooooboooobooooboobOoooOoboobooboOobooooon

o8iiooooooooooooooooogooooogoooooooo SIMbDOOOoOooO
gooSsiMbDOOOOOODOOOOUOOODOOOOOOODOOOOOOOODODOOOOOOO
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053 LO000O 0000

ooooog

oo

INTCONST t 2)

FLOATCONST f r)

TSTxxS t xy)
TSTxzU t x y)
MEM t z)

o:tooond z
OfoDooooor

000000000000 zx: NE—-2x#y0OLE — 2 <y,..
000000000000 zz: GE -z >=y0dLT —z<y,..
0¢+0000000 0000000000

(

(

(STATIC t s) Ubdsbogbooobogobd
(FRAME t s) ooooboobobbo sggboobobooo
(LABEL s) sOoooooooogd

(REG t s) 0+00000000 sO0
(SUBREG t x n) 0+«0buob sOo0buoob ndbbOoboOoboooon
(NEG t x) -z

(ADD t x y) T+y

(SUB t x y) T—y

(MUL t z y) T Xy

(CONVSX t z) 200000000
(CONVZX t z) z00000000
(CONVIT t z) z00t000000

(BAND t z y) x0y0000

(BORt x y) x0y0000

(BNOT t z) z0 1000 (000000D0)
(

(

(

(

SET x y)

(JUMPC C ll lg)

(PARALLEL x; - --

(DEFLABEL s)

Tn)

yO0OO200000.20 MEMOOREGOOOUOODO SUBREG
gooobooooboooon.

00 co0ob0ODOOO00ODDOOO0 LODDO.

r10ze0.z,, OO0DOO0O0000e, OO00O0O SETO0O0O00OODOO
ooo

uoooboob sbooogn

t: 0000000 DO1I8071e07320/640/128 000000000
f+ 0000000000 OF320F640F128000000000
s: 000
c: 000

5.6 UL

goooogoooSsiMboooooooooosiMboOoooooooooooooogooooo
ooogoooosSIMDOOOO0OO0ODDODOOOO0O0OOoOODOoOoSIMDOODOOOOOOO SIMD
ooboobobo 200000000000 eb0000O0ObOO0ObOOObOOODbDOODbOOODOOOn
oooooooooo0oooooooooboo0oOoooooooOoosSsIMbDOOODOOOoOoOooOo
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; Real-registers
(def *real-reg-symtabx*

(SYMTAB

;; general registers

(foreach Q@g (edxeax ebxecx ediesi)

("%0g" REG I64 4 0))

(foreach Qg (eax ecx edx ebx esi edi)

("%0@g" REG I32 4 0))

(foreach @g (al ah cl ch dl dh bl bh)

("%@g" REG I8 4 0))

("%ebp" REG I32 4 0) ; frame pointer
("%esp" REG I32 4 0) ; stack pointer

~

| ; Same operations/different data-sizes
| (foreach (@op @code) ((NEG negl) (BNOT notl))
| (defrule regl (Qop I32 regl)

(eqreg $1 $0)

(code (@code $0))

(cost 2)))

(defrule regq (NEG I64 regq)
(eqreg $1 $0)
(code (negl (qlow $0))
(adcl (imm 0) (ghigh $0))
(negl (qhigh $0)))
(cost 2))

|
|
|
|
|
|
|
|
|
|
|
|
| (foreach (@op @code)
|
|
|
|
|
|
|
|
|
|
|
|

))
; Same operations/different shift amount
; TMD can describe dependencies between
; registers. ((LSHS sall) (RSHS sarl) (RSHU shrl))
(def (REG I32 "}eax") (defrule regl (@op I32 regl con)
(SUBREG I32 (REG I64 "}edxeax") 0)) (eqreg $1 $0)
(code (@code (imm $2) $0))
(def (REG I16 "%ax") (cost 2)))
(SUBREG I16 (REG I32 "%eax") 0))
(foreach (Qop @code)
(def (REG I8 "%al") ((LSHS sall) (RSHS sarl) (RSHU shrl))
(SUBREG I8 (REG I16 "%ax") 0)) (defrule regl (Qop I32 regl shfct)
(eqreg $1 $0)
(code (@code "%cl" $0))
(cost 1)))
\

0 5.15: IA-3200 TMDODO OOOO

goboobooobooooooobOobobooobooboooboobooboOobooboobooooobooo
goooooooooooooDoooo SIMDOOODOOOOOOOOOODODOOODODOODO
OSIMDOODOOOOOO CoOINSOOOO0O00000000000000000000O0
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el SIMDOOO

go0ooooOoopoooooooo SIMDOoOOOoOooOooooooooo

6.1 UUOOLOUOogdg

goooosSsiMbOOOoOOOoOOO0OOooOOOoOoO0OO0oOooDOoOOoO0OoOoOoDoODOOooOOoOoOoooo
ooboobooooboooood

e JJ0DOOOUODDOUDDODOUUDOODOUUODOOUODOSIMDOOODODOODOOO
gboooobooooooboooooaon

e JO0ODOODOODOOIODOOOODODOOODOODOOODODOODODDOOO

e SIMDOOOOOOLIROO LIROOOOOOOO0ODODOODO

gooooooooifogoooooodooooooogoo SIMboOooooooooogo
goboobooboooboooboooooooobooobooobooobobooboobooboo
COINSODOOOOOoDOOHIROODODOOODODOOOODOOOODOOOODOOOODOD

SIMDOODOOOOSIMDOOOOOOCOOOO0O0ODOOOOOO0O0O0oOoOoOooOooooooo
googo

0000000 COINSO SIMDOOOOOOO 5120 (A) O (B OOOOOOSIMDOOOO
oogoopoo@O oo (E obboooooooosSsIMbOOoOoOooooooooogoo
gooopooooooo () bogoo SIMbDODOOOUODOOOOODOOOO

goo0o0oOooooooooosSIMDOOOOOOOOOOOOO000O0O00<O<=0=000
obobOoobobooo1ooboooob0O0ooO0o0obOobOOoOooOoOooboOobOoOoooobooon
0520 2000000000000000000000OO0CODO0OOOOOODO SIMDOOOOOO
oobooboooooboooobooob 2000b0D0-100o00000ODOODOODOODOO
oo0oO0oO0oO0OO0O0COCOO 000000000 ooooooooooooooooooooooo
O000D00 LIROOOOOO0OOOOOOSIMDDOOOOODOOOODOOOOOO

6.2 SIMDUOOOODOO

goooSIMDODOOOODOOOO0ODOOOOOODOOOO00OO

0610000000SIMDOOODOOODOOODOOODOOODOGouraud shading [27] O O
oooobooooobooboooboo0ob el0bbOUOOU0DbOODOD LIRODODOODOODO 6.2
gooooao
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~

static unsigned char sa,sr,sg,sb;
static short da,dr,dg,db;

static short k;

static void
hLineRight (unsigned char *p,int n,
unsigned char a, unsigned char r, unsigned char g, unsigned char b,
short ea, short er, short eg, short eb) {
while(n!=0) {
pl0l=b; plil=g; pl[2]=r; p[3]=a;
at+=sa; r+=sr; gt+=sg; b+=sb;
if ((ea+=da)>=0) { a++; ea-=k; } if((er+=dr)>=0) { r++; er-=k; }
if ((eg+=dg)>=0) { g++; eg-=k; } if ((eb+=db)>=0) { b++; eb-=k; }
--n; p+=4; }}

ge6l: 000000000 OObDO0ObDO0n

goboobe30l0b00b0oobO0bbO0ObObOODbDOODbDOODbDOODOObOObObODODOOO
O000000000000000000000000000000000000D0O0000 “at+;
r++; g++; b++;” 000000000 0UOOOO —-1/000000000000O00O0O0OO0OOOOO

6.3 SIMDOUOOOUOUOOOO
siMbDOOOOoOOoOoOoOooooooOo
1.if00
2. DAGO Directed Acyclic GraphO 00 0O O
. 000oopooooOoOovrooOoOOOm
4. DAGOO SIMDOOOOOOOOO
5. 000
6. SIMDOOOOOOOOO

oobooboooobobooobOoboooboobooooboooooon

6.3.1 ifd0

LIRO 0000000 6400000000000000000 LIROOODOOODOOO MO
NO ---O0000000000000000O00DOO00C00O0DbOOO0O00OO0ObOb00O0O0O0DbO
00 if00000000000000000000O00O0UO0O0O0O-1/000000000O0OOO
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/f(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 0)))(REG I8 t0)) M A
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 1)))(REG I8 t1)) N
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1")(INTCONST I32 2)))(REG I8 t2)) 0
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 3)))(REG I8 t3)) P
(SET (REG I8 t0)(ADD I8 (REG I8 t0)(REG I8 t4))) ; a+=sa M
(SET (REG I8 t1)(ADD I8 (REG I8 t1)(REG I8 t5))) ; r+=sr N
(SET (REG I8 t2)(ADD I8 (REG I8 t2) (REG I8 t6))) ; gt=sg 0
(SET (REG I8 t3)(ADD I8 (REG I8 t3)(REG I8 t7))) ; b+=sb P
(SET (REG I16 t8) (ADD I16 (REG I16 t8) (REG I16 t12))) ; ea+=da M
(JUMPC (TSTGE I1 (REG I16 t8) (INTCONST I16 0)) (LABEL LO) (LABEL L4)) M
(DEFLABEL LO) M

(SET (REG I8 t0)(ADD I8 (REG I8 t0) (INTCONST I8 1))) ; at+ M
(SET (REG I16 t8) (ADD I16 (REG I16 t8) (REG I16 t28))) ; ea-=k M
(DEFLABEL L4) M
(SET (REG I16 t9)(ADD I16 (REG I16 t9) (REG I16 t13))) ; er+=dr N
(JUMPC (TSTGE I1 (REG I16 t9) (INTCONST I16 0)) (LABEL L1) (LABEL L5)) N
(DEFLABEL L1) N
(SET (REG I8 t1)(ADD I8 (REG I8 t1) (INTCONST I8 1))) ;T N
(SET (REG I16 t9) (ADD I16 (REG I16 t9) (REG I16 t28))) ; er-=k N
(DEFLABEL L5) N
(SET (REG I16 t10) (ADD I16 (REG I16 t10) (REG I16 t14))) ; eg+=dg 0
(JUMPC (TSTGE I1 (REG I16 t10) (INTCONST I16 0)) (LABEL L2) (LABEL L6)) 0
(DEFLABEL L2) 0
(SET (REG I8 t2)(ADD I8 (REG I8 t2) (INTCONST I8 1))) ; gt 0
(SET (REG I16 t10) (ADD I16 (REG I16 t10) (REG I16 t28))); rg-=k 0
(DEFLABEL L6) 0
(SET (REG I16 t11) (ADD I16 (REG I16 t11) (REG I16 t15))) ; eb+=eb P
(JUMPC (TSTGE I1 (REG I16 t11) (INTCONST I16 0)) (LABEL L3) (LABEL L7)) P
(DEFLABEL L3) P
(SET (REG I8 t3)(ADD I8 (REG I8 t3) (INTCONST I8 1))) ; b+ P
(SET (REG I16 t11) (ADD I16 (REG I16 t11) (REG I16 t28))); eb-=k P
(DEFLABEL L7) P

062 061000000000000 LIR

f0000000000000i#f00 thenOO else00O0O0O0O0DO 650 (200000000
O000ooopooooooooo @ oogoooooooooo foooogoooooifoon
ooooosSIMDOOOO0OO0OODOf000O0O0O0O0O0O0O0O0OOOOOOO0O0O0O0O0O0O0O=2000
ooooboooooooo

6.3.2 DAGUOOODO

gooO0DbAGOOOOOOOOOOOOOCOOODOOOOOOOOOOOOOOOOLIROOO
gobooboOoooooooooooooboooboobooooooooooooboooobobooo
oobooboooobooooboobooobooboooooobon

LIROOOODOOO0O0oDOOoO0oobooOoOooboooooooooobooobobboooboooDoo
00000000640 3000000 LIROOOOODOO0O0OOOO0O0G660000SIMDOOO
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_hLineRight: | B
pushl  Y%ebp | movw _k,%ax
movl %esp, hebp | movd fheax, fmmé
subl $24,%esp | pshufw $0,%mm4,%mm4  #mmd:{k,k,k,k}
pushl  Yebx | movq -20(%ebp) ,%mm2 #mm2:{ea,er,eg,eb}
pushl  Yesi | cmpl $0,%ecx
pushl  Yedi | je .L37
movl 8(%ebp) ,%esi #p |.L22:
movl 12 (%ebp) ,%hecx #n | movq Y%mm1 , %mm7
movb 16 (%ebp) , %al | packuswb %mm7,%mm7
movb %al,-4(%ebp) #a | movd %mm7 , (hesi)  #p[0:3]={a,r,g,b}
movb 20 (%ebp) ,%al | paddw  %mm3,%mml #{a,r,g,b}+={sa,sr,sg,sb}
movb %al,-3(%ebp) #r | paddw  _da,’mm2  #{ea,er,eg,eb}+={da,dr,dg,db}
movb 24 (%ebp) ,%al | movq %mm2 , %mm7
movb %al,-2(%ebp) #g | movq %mm2 , %mmé
movb 28 (%ebp) ,%al | pcmpgtw %mm0, %mm7 #mm7={ea,er,eg,eb}>{0,0,0,0}
movb %al,-1(%ebp) #b | pcmpeqw %mmO,%mm6 #mm6={ea,er,eg,eb}=={0,0,0,0}
movw 32(%ebp) ,%di | por %mm6 , %mm7 #mm7={ea,er,eg,eb}>={0,0,0,0}
movw %di,-20(%ebp) #sa | psubw  %mm7,%mml #{a,r,g,b}++ if TRUE
movw 36 (%ebp) ,%di | movq %mm4 , /mm6  #{k,k,k,k}
movw %di,-18(%ebp) #sr | pand %mm7,%mm6 #mm6=k if TRUE, O if FALSE
movw 40 (%ebp) ,%di | psubw  %mm6,%mm2 #{ea,er,eg,eb}-={k,k,k,k}
movw %di,-16 (%ebp) #sg | leal 4(%esi),hesi
movw 44 (%ebp) ,%di | decl %hecx
movw %di,-14(%ebp) #sb | cmp $0, %ecx
pxor %mmO , %mmO #mm0:{0,0,0,0} | jne .L22
movd _sa, %mm3 | .L37:
punpcklbw %mmO,%mm3  #mm3:{sa,sr,sg,sb}| popl %hedi
movd -4 (iebp) , %mm1 | popl hesi
punpcklbw %mmO, %mml #mml:{a,r,g,b} | popl Yebx
| leave
N )
0 6.3: D6.1[|[|[||]DDDDDDDDDDDDDDDDDDDDIA—32/MMXD
(SET (REG I16 t8) (ADD I16 (REG I16 t8) (REG I16 t12))) M B
(SET (REG I16 t16) M
(TSTGE I16 (REG I16 t8) (INTCONST I16 0))) M
(SET (REG I8 tO0) M
(ADD I8 (REG I8 tO) M
(NEG I8 (CONVIT I8 (REG I16 t16))))) M
t+ TSTGEO OO DOOO0-1/000000
(SET (REG I16 t8) M
(ADD I16 (REG I16 t8) M
9 (BAND I16 (REG I16 t28) (REG I16 t16)))) M )

0 64: SIMDOOODOOO 100 (if00)0O

Oo00oooO00oboo0oOooDoOo30b0000oo0o0ooo 3200004000 SETOOO

O

oo
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t hen- { ]

t hen- else- | part t hen- el se-
part part [ e T part part
CDERE TN
S BRI T~
ifE#ad %
(EVE-¥:NiA (b) AhFR

065 if00000OO0O

(SET (REG I16 t8) (ADD I16 (REG I16 t8)(REG I16 t12)))
(SET (REG I16 t16)

(TSTGE I16 (REG I16 t8) (INTCONST I16 0)))
(SET (REG I8 t32) (CONVIT I8 (REG I16 t16)))
(SET (REG I8 t0) ;matched to SUB

(ADD I8 (REG I8 t0) (NEG I8 (REG I8 t32))))
(SET (REG I16 t31) (BAND I16 (REG I16 t28) (REG I16 t16)))
(SET (REG I16 t8) (ADD I16 (REG I16 t8)(REG I16 t31)))

EEEEEEEER

0 6.6: SIMDOOODDO 200 (DAGO)O

6.3.3 DAGUOO SIMDUOOOOOOOOOOOOOO

BOPO Basic OPerator0 0 00 O00OCOO0O0O000O0ODODOOCOOOOO0OLIROOCCOOO
ooooooogosiMbOoOooOoOoOOOoOoOoOOoOoOooooo

0670 BOPOOODOOOSIMDOOOOOOBOPOODOOODODODOODODODOOODAGOOODO
O0oo0ooooooogo siMbOOOOOOOOUOUOOoOoDoDOOCOOOUOOOUOooooDooo
ooooboooooobooOoooooooooooobooooooDoo0oooobooboOoggT .24
gboooao

Os520000000000000b9000005.100000000000000000D00O
gooooOoQ0QoOO0O0O0O000O0OUUUUUUOUOUUDOLO BOPODDODOODDOD LODODOOO
Oo0oO0O00oooooooOoOoOoooooo SETO0OOOO0COOBOPO HOLEOOOODOOO
OBOPOODODODOOOOODODODODOODOODODAGOOOODODODOODODODOODOOODOOOODODO
ooooooooooboOoooooboooooooboooooooooDooOoooDoobo sIMDOOO
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; 20000000000000000 A
(BOR I8
(BAND I8 (HOLE 1 I8)(TSTGES I8 (HOLE 1 I8) (HOLE 2 I8)))
(BAND I8 (HOLE 2 I8)
(BNOT I8 (TSTGES I8 (HOLE 1 I8)(HOLE 2 I8)))))
; 20000000000000 OO0y
(RSHS 18
(ADD I8
(ADD I8 (HOLE 1 I8)(HOLE 2 I8))
(INTCONST I8 1))
(INTCONST I8 1)) )

0 6.7 BOP OO

gboobobobobooboobon

6.3.4 00O

SIMDOOOOOOe68000000000000O0O0COOOOOOOOOOOOCOSETOOOO
O00O0O0O0OOOCOO0OOOPARALLELOOOOCOPARALLELOOOO 5300000000000
gooooOoCoOoOoOoOO0000000o00ggooUog SET00oo LooooosiMb O
Oo00D0DODOOOO BONEOODDOOOOOODOODD SETOODODOOOOOOOO PARALLEL
oooooao

Oo0o0ooooooooOooo sEroggoooooooooooooooooDoooDoD 6.2
0000400 SETOOOOOOD pOOO 0,1,2,300000000000D000O00O0OOOO
OOOOPARALLELOOOOOO0OOOCOOOOOSETOOOOODOOOOOOODOODOOOO
O00O0O0O00O0O0OOOPARALLELOOOOOOOOOODO 6200000BONEODOOOOOO
PARALLELOOOOOO SETOOOOOOtoOt10t20t3 0000000000 000O0O0OO
O000SETOO000000000000N00NDNOO0OO0O0O0O00N0UOoDODOo/ooooobunOo
Define/Use Chain0 0 000000 PARALLELOOOO SETO00O0O0OO0OOOOOOOOO
goo

OO0 BONEOOOODO SIMDOODOODOOODOODOOOOOOBONEODODOODODOODO
0000000000000 0o000O00DOoO0O0oO00O0U0OOBONEDOOOODOOO SIMD
O0O0000OO0O000O0oO0O000ooO0D 610 BONEODODOOOODOO 690 BONEOOO
0000000520200 SIMDOOOOOS30000000 BONEODOOOOOOOOO
TA-32/SSE200 0000 6.70 10000000 690 30000000000000000O0O0OOO
00000000 BOPOOOODOOOODOOOODOOOODODOOOODODODDOO HOLE
000 SETOO0O0OOOOCOOBONEOOD Para00000O0O0O0OOCOOOOOOOODOOOO
000 PARALLELOOOOOOOOOOOO LIROOOODOOOOOOOOOBONEOOOOO
goboooobooobboob 200000 3bbo0bbo0bbooobooboooboooobooooDooo
50000000 0DO0bOOObOObOO 1000000 b00bOO00ULOO0bOOObOObOOObO0an
oo00O00OO0O0O30000000000 OwtHOOCOOOoOOOOOOOOOOOPARALLELO
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(PARALLRL

(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 0))) (REG I8 t0))
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 1)))(REG I8 t1))
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 2)))(REG I8 t2))
(SET I8 (MEM I8 (ADD I32 (REG I32 "p.1%_1") (INTCONST I32 3))) (REG I8 t3)))
(PARALLEL

(SET (REG I8 t0)(ADD I8 (REG I8 t0) (REG I8 t4)))

(SET (REG I8 t1)(ADD I8 (REG I8 t1)(REG I8 t5)))

(SET (REG I8 t2)(ADD I8 (REG I8 t2)(REG I8 t6)))

(SET (REG I8 t3)(ADD I8 (REG I8 t3)(REG I8 t7))))

(PARALLEL

(SET (REG I16 t8) (ADD I16 (REG I16 t8) (REG I16 t12)))

(SET (REG I16 t9) (ADD I16 (REG I16 t9) (REG I16 t13)))

(SET (REG I16 t10) (ADD I16 (REG I16 t10) (REG I16 t14)))

(SET (REG I16 t11)(ADD I16 (REG I16 t11) (REG I16 t15))))

(PARALLEL

(SET (REG I16 t16) (TSTGE I16 (REG I16 t8) (INTCONST I16 0)))

(SET (REG I16 t17)(TSTGE I16 (REG I16 t9) (INTCONST I16 0)))

(SET (REG I16 t18)(TSTGE I16 (REG I16 t10) (INTCONST I16 0)))

(SET (REG I16 t19) (TSTGE I16 (REG I16 t11) (INTCONST I16 0))))

(PARALLEL

(SET (REG I8 t32) (CONVIT I8 (REG I16 t16)))

(SET (REG I8 t34) (CONVIT I8 (REG I16 t17)))

(SET (REG I8 t36) (CONVIT I8 (REG I16 t18)))

(SET (REG I8 t38) (CONVIT I8 (REG I16 t19))))

(PARALLEL

(SET (REG I8 t0)(SUB I8 (REG I8 t0) (REG I8 t32)))

(SET (REG I8 t1)(SUB I8 (REG I8 t1)(REG I8 t34)))

(SET (REG I8 t2)(SUB I8 (REG I8 t2) (REG I8 t36)))

(SET (REG I8 t3)(SUB I8 (REG I8 t3) (REG I8 t38))))

(PARALLEL

(SET (REG I16 t31)(BAND I16 (REG I16 t28)(REG I16 t16)))

(SET (REG I16 t33) (BAND I16 (REG I16 t28) (REG I16 t17)))

(SET (REG I16 t35)(BAND I16 (REG I16 t28) (REG I16 t18)))

(SET (REG I16 t37)(BAND I16 (REG I16 t28) (REG I16 t19))))

(PARALLEL

(SET (REG I16 t8)(SUB I16 (REG I16 t8) (REG I16 t31)))

(SET (REG I16 t9)(SUB I16 (REG I16 t9) (REG I16 t33)))

(SET (REG I16 t10)(SUB I16 (REG I16 t10) (REG I16 t35)))

(SET (REG I16 t11)(SUB I16 (REG I16 t11) (REG I16 t37))))

o= = o= = o == o == o= = o= =

o ==

o ==

068 000000 LIR

00000 SETOO0O0ODOOO0DOOOO0DOOOO00ODOOOO0ODDODOODOODODOODOOOO
oood

000 BOPOOOODO BONEOOOODO LIROODOOOODOOOOOODOOOODOOOOOO
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O 6.1: BONEOOOOO

oooooon oo oo
Para goooood PARALLELOOOOOO LOOOOOOOOOOOO
OutH g goopooog HOLEODODOO
Comm oo HOLE 10O HOLE20O0O0OOOOOOOOOO
Repl go gboooood
UnUs - obooooo
ShaH oo PARALLELOOOOO0O0OOODOOODOOODOOOOOO
Oo0oO0oo0 HOLEOOO

NoRg go goooooooooopoOoDOODD HOLEO OO
Subg oooooono (oobooboboboooboobooooon

oono

O10000oo0o0o0nlobbo0ooobboooooooooobobooooon
g2o0oobodbooobooboooobobooobooboobooboboooooDbn
O3ooooooooooooooooogoo sgooooooooooooooobooag
ooooboooooboobo albooogo

% IA-32/SSE2 O PADDB OO0 BONEO O OO % IA-32/SSE2 O PMAXSW OO OO BONEOOOO
((16 8) % Para 16 00 80O ((8 4) 7% Para
1 % OutH IA-320 20000000000 1 % OutH
t) % Comm 00000000 nil) % Ccomm DO0O0O0O0O0O0O0O0O0O00O0OO
(SET I8 % 000000000 (SET I16 % DOOOOOOOO
(HOLE 0 I8) (HOLE 0 I16)
(ADD I8 (BOR I16
(HOLE 1 1I8) (BAND I16
(HOLE 2 18))) (HOLE 1 I16)
(TSTGES I16
% IA-32/SSE2 0 PCMPGTB OO0 BONEO O OO (HOLE 1 I16)
((84) % Para 800 400 (HOLE 2 I16)))
1 % OutH IA-320 20000000000 (BAND I16
n) % comm DO0OOOOOOOOO (HOLE 2 I16)
(SET Il16 % ODOOOOODOOO (BNOT I16
(HOLE 0 I16) (TSTGES 116
(TSTGTS 116 (HOLE 1 I16)
(HOLE 1 I16) (HOLE 2 I16))))))

(HOLE 2 I16)))

0 6.9 BONEOODOOOO

6.3.5 SIMDUOOODOOOOOO

SIMDODOOOOOD 61000000C0CO0BONEOOOODOOOODOOOOODOOOODO
0000000 PARALLELODODODODODDDODOO
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7

(PARALLRL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

(PARALLEL
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG
(SET (SUBREG

I8
I8
I8
I8

I8
I8
I8
I8

116
116
I16
I16

116
116
I16
I16

I8
I8
I8
I8

I8
I8
I8
I8

116
116
I16
I16

116
I16
I16
116

(MEM
(MEM
(MEM
(MEM

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

(REG
(REG
(REG
(REG

132
132
132
132

132
132
132
132

164
I64
I64
I64

164
I64
I64
I64

132
132
132
132

132
132
132
132

164
164
I64
Ie4

I64
I64
I64
I64

(REG I32
(REG I32
(REG I32
(REG 132

m0) 0) (ADD I8 (SUBREG I8 (REG
m0) 1) (ADD I8 (SUBREG I8 (REG
m0) 2) (ADD I8 (SUBREG I8 (REG
m0) 3) (ADD I8 (SUBREG I8 (REG

m2)
m2)
m2)
m2)

m4)
m4)
m4)
m4)

m5)
m5)
m5)
m5)

m0)
m0)
m0)
m0)

m4)
m4)
m4)
m4)

m2)
m2)
m2)
m2)

0) (CONVIT
1) (CONVIT
2) (CONVIT
3) (CONVIT

0) (SUB 18
1) (SUB I8
2) (SUB 18
3) (SUB I8

"p.1%_1")) 0) (SUBREG
"p.1%_1")) 1) (SUBREG
"p.1%_1")) 2) (SUBREG
"p.1%_-1")) 3) (SUBREG

132
132
132
132

18 (REG
18 (REG
18 (REG
I8 (REG

m0)
m0)
m0)
m0)

0) (ADD I16 (SUBREG I16 (REG 164
1) (ADD I16 (SUBREG I16 (REG I64
2) (ADD I16 (SUBREG I16 (REG I64
3) (ADD I16 (SUBREG I16 (REG I64

0) (TSTGES I16 (SUBREG I16 (REG I64
1) (TSTGES I16 (SUBREG I16 (REG 164
2) (TSTGES I16 (SUBREG I16 (REG I64
3) (TSTGES I16 (SUBREG I16 (REG I64

I8 (SUBREG
I8 (SUBREG
I8 (SUBREG
18 (SUBREG

(SUBREG I8
(SUBREG I8
(SUBREG 18
(SUBREG I8

0) (BAND I16 (SUBREG
1) (BAND 116 (SUBREG
2) (BAND I16 (SUBREG
3) (BAND I16 (SUBREG

I16 (REG
I16 (REG
I16 (REG
116 (REG

(REG 132
(REG 132
(REG 132
(REG 132

I16 (REG
I16 (REG
I16 (REG
116 (REG

164
I64
I64
I6e4

m0)
m0)
m0)
m0)

164
I64
I64
I6e4

0) (SUB I16 (SUBREG I16 (REG 164
1) (SUB I16 (SUBREG I16 (REG I64
2) (SUB I16 (SUBREG I16 (REG I64
3)(SUB I16 (SUBREG I16 (REG I64

132
132
132
132

m0) 0))
m0) 1))
m0) 2))
m0) 3)))

0) (SUBREG I8
1) (SUBREG I8
2) (SUBREG I8
3) (SUBREG I8

(REG
(REG
(REG
(REG

m2) 0) (SUBREG
m2) 1) (SUBREG
m2) 2) (SUBREG
m2) 3) (SUBREG

m2) 0) (INTCONST
m2) 1) (INTCONST
m2) 2) (INTCONST
m2) 3) (INTCONST

m4) 0)))
m4) 1)))
m4) 2)))
m4) 3))))

0) (SUBREG I8 (REG
1) (SUBREG I8 (REG
2) (SUBREG I8 (REG
3) (SUBREG I8 (REG

m4) 0) (SUBREG (REG 164
m4) 1) (SUBREG (REG 164
m4) 2) (SUBREG (REG 164
m4) 3) (SUBREG (REG I64

m2) 0) (SUBREG I16 (REG 164
m2) 1) (SUBREG I16 (REG I64
m2) 2) (SUBREG I16 (REG 164
m2) 3) (SUBREG I16 (REG I64

132
132
132
132

I16 (REG
I16 (REG
I16 (REG
I16 (REG

I16
I16
I16
I16

132
132
132
132

m1)
m1)
mil)
ml)

0)))
1))
2)))
3

I64
I64
164
I64

m3) 0)))
m3) 1)))
m3) 2)))
m3) 3))))

0)))
0)))
0)))
0))))

m5) 0)))
m5) 1)))
m5) 2)))
m5) 3))))

m7) 0)))
m7) 1)))
m7) 2)))
m7) 3))))

m4) 0)))
md) 1)))
md) 2)))
m4) 3))))

vo== vo== o == o == o == o ==

vo==

M
N
0
P

/

0 6.10:
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6.4 SIMDOOOOO

PARALLRLODO SIMDOOOOOOOOOO 611000000 TMDOOOOOOOODODODO

COINSOODOOOOSIMDOOOOODDOOOOOOPARALLRLOOOOOODODODODODODODOO

6.5 UUOOOO

ooooogooooooosiMbooogoooooooooooooogpoooooogooooo
00000000 e6120000000000D00000DOOO00OODODOO0ODOOOO SIMDOOO
oobooboe2b000000000O

0000000000000 I1A-32/SSE2 0 OPentiumM O Pentium4 NorthwoodOO OO O OO
oooSIMDOOODDOOO0O0ODOCOOUOOODDOOOO0O000D00O00DOOrdtscd read time-stamp
counterD 0000000000 DOOO0OO0ODOO0ODLOODOOOODLO0ODOOODODOOObLOODODd
0000000000000 0000000000O0O00000000 COINSO gecOOOOOO
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~

;Add/Subtract Packed Byte Integers, and Logical AND/OR/XOR
(foreach (@cd @op) (
(paddb ADD) (psubb SUB) (pand BAND) (por BOR) (pxor BXOR))
(defrule void
(PARALLEL
(foreach @i (0 1 23 4567)
(SET I8
(SUBREG I8 regm (INTCONST I32 @i))
(@op I8
(SUBREG I8 regm (INTCONST I32 @i))
(SUBREG I8 regm (INTCONST I32 @i))))))
(code (@cd $3 $2))
(cost 3)))

;Packed Compare for Equal/Greater-Than Byte
(foreach (@cc @fn) ((EQ eq) (GTS gt))
(defrule void
(PARALLEL
(foreach @1 (0 1 2345 67)
(SET I8 (SUBREG I8 regm (INTCONST I32 @i))
(BOR I8
(BAND I8 con
(TST@cc I8 (SUBREG I8 regm (INTCONST I32 @i))
(SUBREG I8 regm (INTCONST I32 @i))))
(BAND I8 con
(BNOT I8
(TST@cc I8
(SUBREG I8 regm (INTCONST I32 @i))
(SUBREG I8 regm (INTCONST I32 @i)))))))))
(cond "(((LirIconst)$2).signedValue() == 255 ||
((LirIconst)$2).signedValue() == -1) &&
((LirIconst)$5) .signedValue() == 0")
(code (pcmp@fnb $4 $3))
(cost 3)))

0 6.11: SSMDOOOOUOO TMD OO (x86.tmd00000)

O000D0O000DO00b0DbawkOOOOOOOODOOOCOINSODOOOOODOOOOOO
oob0e13000000000000D0O0ODO 6140000

Oo0000002000000000000000000000000OCOOOOOSIMDOOO
oobo0o0de400000000000012800000000000000000O0O0O000O0O0O0OO
oooobooooboboooooboooo

gooooboobooooboboobooooboboo2000b00obD0boOoobOobDOobooon
oo0o0o0o0oOoOoOoOOOO coINSOO000O0ooooooooooooon

gecOver 4.00-020000000000000000O000O0O00O0O0OOOODOOOCOOOO
CoOINSOOOUOOoDOOoOooDooOoOoDOoOoOoOoDOOgeccO SIMDDODOOODOODOODOOO
OooOoOoSIMDOOOOOOO0O0O0OOOOO0OO  CcoOINSOOOOOOooooooooO geeO
-200000000000DO0O0O0O0OO0DbO0OOObOOnOn

Intel 0 iccO0O00DO0OO0O0OOOODOOOODODOOODOOODOOOODOOODDOOODODO
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#define MAX(x,y) ((x>=y)? x: y)

void pcalcsub(short *a,short *b,short

}

void pcalcsub(short *a,short

c[0]=MAX(a[0]
c[1]1=MAX(a[1]
c[2]1=MAX(a[2]
c[3]=MAX(a[3]

return;

short al,a2,a3,a4;
short bl,b2,b3,b4;
short c1,c2,c3,c4;

a[0]; a2
bl = b[0]; b2
c1=MAX(al,bl)
c3=MAX (a3,b3)

al =

xc) {
, b[0]);
, b[11);
, b[21);
, b[31); O
xb,short *c) {
= a[1]; a3 = a[2]; a4 = a[3]; 0
= b[1]; B3 = b[2]; b4 = b[3];

; c4=MAX(a4,bd);
; c2=MAX(a2,b2);

c[0]=c1; cl[1]=c2; c[2]=c3; c[3]=c4;

return;

.section .text

.align 4

.global pcalcsub

pcalcsub:
pushl
movl
movl
movl
movl
movq

movq

pmaxsw

movq
.L15:
leave

ret

hebp

%hesp, hebp

8 (%ebp) , hedx
12 (%ebp) , hecx
16 (%ebp) , heax
(hedx) , %MM1
Checx) , %AMMO
%MMO , %MM1
%MM1, (heax)

0 6.12: 0000 0O0O0OTA-32/SSE20

0 6.2 SIMDOUOODODODO

o0 oooooo PentiumM Pentium4

00O0Ox0000 s| N[Ns| s N[Ny
O008x 160 56 | 86 | 1.54 92 | 140 | 1.52
O008x 80 52| 72| 1.38 84 | 116 | 1.33
O0032x 40 56 | 61 | 1.09 92 | 92 | 1.00
O0032x 20 66 | 58 | 0.88 || 100 | 92 | 0.92
O008x 80 52| 89| 1.54 84 | 120 | 1.43
00016 x 40 52| 67| 1.29 84 | 100 | 1.19
Oo0oO016x 40 52 | 131 | 2.52 84 | 284 | 3.38
O0000O16x 80| 58 | 117 | 2.02 92 | 152 | 1.65

sOoSIMDOOO0O0O00000000000
NOOODOoOOoOooooogoooooo
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OrdatscO0000O00O0OOO0OOOOOCOODO

gooooosSsiMbOoODOOOOOOOOOOoDOoOOoOoOoooooooDoOObobooOoOogoooo
SIMDOOOOODOOCOOOOOO032000000000SIMDOOO0OOOOODOOOOOOOd
0000000000000 000000OO0O0000000ooooOooOoO0OO00O0OoOgsSIMDO
goboobooboooboooboooooooooooooobooobobooobbOooboOooobooon
oooooooooooooooooobooo0ooooooooOoooooooooosSsIMDOOO
goooboooooooooon

6.6 UULOOOUO

goooooooooooooooooogoooooooogoooSsIMbOOoDOoOoOogooo
O0000Q0oO0O0000oooooooooO0ooooogooSIMDOOOOOOOOOOOO0OO0
oooooosSsiMbOODOOOOOO0OOOOOOOOO0OODOOOOOO0OOoODOObOOOOOoo
ooboobooooobooooboooobooooobooboooooooobooooboooboooobooon
gooopoooOoOoooooosSsIMbOOoOoOoooood

ooooSIMDOOOOOOOOOOOOOOOSIMDOOOOOOOOOODOOOOOOOO
O00000 HIROOOOOOODODOOODOOOOOOOODODoOOODOOOBOPO BONED
SIMDOODOOO TMDODOOOOOODDOOOOOOODOOOOOOODOODOOSIMDOOO
goosiMDOOOOOOOOOOOOODOOOOOOO0OODOOOOO0OOOODODOOOOO
goboobooooboooobobooooboooobobooobooboooooboon
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$1 == "leave" {
print "\trdtsc\n\tpopl\tjecx\n\tsubl\tiecx,%eax\n";
print $0;
next;}
$1 == "movl" && $2 == "Jesp,%kebp" {
tl = $0; getline; t2 = $0;
if ($1 == "subl" && $2 ~ /,%esp/) {
print tl1; print t2;
print "\trdtsc\n\tpushl\tleax\n";
} else {
print ti;
print "\trdtsc\n\tpushl\tieax\n";
print t2; }
next; }
{ print $0; next; } )
0 6.13: vdtsc 0000000000 awkOOOOO (COINSO)
4 N
/* ooo *x/ /% ooo */
.section .text .section .text
.align 4 .align 4
.global pcalcsub .global pcalcsub
pcalcsub: pcalcsub:
pushl  %ebp pushl  %ebp
movl hesp, hebp movl %esp, hebp
rdtsc / 0000 =/
pushl  Yeax
pushl  Yebx pushl  Y%ebx
movl 8(%ebp) ,hebx movl 8 (%ebp) , hebx
movl 12 (%ebp) , %edx movl 12 (%ebp) , hedx
movl 16 (%ebp) , %eax movl 16 (%ebp) , heax
movw $1,%cx movw $1,%cx
movq (%hedx) , HMM1 movq (%edx) , KMM1
movq (%ebx) , AMMO movq (%ebx) , AMMO
movd Yecx , HWMMT movd %ecx, HMM7
psraw  /MM7,%MMO psraw  %4MM7,%MMO
movd Yhecx , HMM7 movd %hecx, HMM7
psraw  %MM7,%MM1 psraw  %MM7,%MM1
prninsw %MM1,%MMO pminsw %MM1,%MMO
movq %MMO, (heax) movq %MMO, (Yeax)
.L15: .L15:
popl %hebx popl %hebx /¥ 00000 =/
rdtsc /x 0000 */
popl hecx
subl %ecx, heax
leave leave
ret ret
N J

0 6.14: rdtscO0O00OO0OOO
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070 SIMDOOUOOOODOOOOOOO
ooy

oo00oooOo00ooO00oo0o0oOoOoOUoooooooo MO SIMDOOOOOOOOO
ooboobooobooooboooobooboooooooon

7.1 SIMDUOUOODOOOOOOOO

500000000000ODOO0O0DO0O0DOO MOOODOODOOODODOOOOOODOOOO
000D000O0o0oo0oooooooooooco0oooooopDoooDoooooooooon
000000 integral promotion rules0 000000000000 O0O0DOODOOMODODOOOO
0000o0o0oo00oooooooooooooooooood

00d0ooodooDOO0DOO0DOO0DOD mt0O0ODOO0DO0OD0O 3200000000000000
000064000000 0D00MODO0O0OO0OO0ODO0O0ODO0O0O0O0O0ODOODODOODOOODOOO
000000 int000000000O00000O0000OoDo00oooDooO0oooDoogoo
O00000oooo000ooooDooo0O0oooooDooo0oooooDooDoooOoooon
000000DoD0DO0bO0o00o00ODO0D0DO0o0O00D00mmt00000000O0ODO0DO0ObOOO
O00000ooooooooooooooo0ooooooooo0oooooooooooooon
ooooooogono

gooooooooosSIMbDOODODOOODODOOODOOUODOOODODOOOOSIMDOOO
00000000000 0000000000mtO00000000000O000 SIMDOOOOOOO
00o00o0doooooM=32000000000000000DODODDODOOOOOOOO0OO0OOO
0000d0o0o0ooooooooooooDoo0oooooo0ooooooooooogoooooon
0000oooooooooooooon

000000 [10]44)48000000000D0DOODOOO0OOOO0O0O0OUOOUOOODOO
gooodooooooooddooooooo0UUooooooo0oogooooooogoo
0o00ooooooo0oooooo0o00oooooooDooooooooooDoooOooooon
O000000oooooo00ooooDooo00ooooooooo0ooooooooooooon
O00o00o0o0o00o0oo00o0ooooooooooo0ooooooooooooon

0000 710 AVEOOOO SIMDOOOODO () D0OO0OO0O0O0O0O00O #a=AVE(*b, *c) 0O
o0oO000obOOobOOobO 720000 LODODOOODOOOODOOOODOOOO LOOObOOO
0000bOo00OO0DOO00ooOoogo 730000 LOoODOooOoooooooa

oooooosSIMDOODOOODOODOOD 1600000000000 O0ODOOOOODOOOOO
O000O0ODbO0ODOODOO0ODODO (convsx 132 ...)0000DOODODODODOOOOOOO
003200000000000000000O0



84 O70 SIMDOOOOOODOOODOODOUODOOOOO

#define AVE(x,y) (((x)>>1)+((y)>>1)+(((x)|(y))&1)) // (a) h
#define AVE(x,y) (((x)+(y)+1)>>1) // (0
short *a, *b, *c;
for (...;i+=8) {
a[0]=AVE(b[0],c[0]);al1]=AVE(b[1],c[1]);
a[6]=AVE(b[6],c[6]);al7]1=AVE(b[7],c[7]);
a+=8; b+=8; c+=8;
U J
071:0000000000000000000
~
(SET 116
(MEM 116 (MEM I32 (STATIC I32 "a") &id ("a" 9)))
(CONVIT 116
(ADD 132
(ADD 132
(RSHS 132
(CONVSX I32 (MEM I16 (MEM I32 (STATIC I32 "b") &id ("b" 1)) &id 2))
(INTCONST 132 1))
(RSHS 132
(CONVSX I32 (MEM I16 (MEM I32 (STATIC I32"c") &id ("c" 3)) &id 4))
(INTCONST 132 1)))
(BAND I32
(BOR 132
(CONVSX I32 (MEM I16 (MEM I32 (STATIC I32 "b") &id ("b" 5)) &id 6))
(CONVSX I32 (MEM I16 (MEM I32 (STATIC I32 "c") &id ("c" 7)) &id 8)))
(INTCONST 132 1))))) D

0720710000 (20000LDO

oooooosSIMbOODOOOOOOO0OODOOOOOO0DODOOOOO0OOOoOoOObOOOOoo
gobobobooboooboobooboooboobomtobooooooobooboooobbooobo
oboobooboobooboobooooboooobooooooboooobooboobobOooobooon
goooOoOoOooooooosSIMDOOOOO DO0O0O00O0O0OO0 fOOO0OCOO0OO0OoOoOoooo
oobooobooobooooboobooooboboooboboooboboolooboooboobooooon
oood
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from nodes

Or3: 0710000 (2 0000LOOOOO

72 OJOO0Ooooon

gobooboooboooboobooobooboooboOooboobobo 20000000000
goo
oboobooobooobooboooooooboooboobooOobooboobooobooOooboboOoon
gboboooooboooooobooobbooboooooooobooooooboooboooboooooaon
obobooobooooboooboooooooboooboooooooboobbooboooobooooobooaon
gobooboboooooooooooboobooooooboboobooooooooooooooobooboon
goooobooooooooooogbooooboooooboooobooboobooooboooobooo
ooooboooboobooooboooobooooboooo
gobooboobobooobboooooooooboobooboooooooboboooboooon
gbobooooboooboooboobooobooboooooooob 1obooobooobooooooon
gboooboooobobooobooobobooonboooon
ooooooLooooooobooooooo0ooor1ooooooooobooooon
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071 Lo000boobogoon

ooogo oo

size gbooooomB2o0000obooooonoo
up obooooooooboobooooooon
lo gbobooboooooboobooboooooon
1lv gbooooobooooogon

ring with ring with
size=16 size=16

ring with
size=16

ring with ring with

size=8

union of the

anges 50240

(-16)

074 000000000000

721 00O0O0OO

gbooooobooboobooobooooooboooobOoobooooboooboobooon
obooooooooboooooooo

000000000000000000 200000 20000000000000 7400
000D lo0D00OD00OwOhODOODODOODODOODODOOOD 1o00D00OwOODODOD
0002 0000000000000000000000O00O0000O0000O00O0UO0OOOO
Ob0OOuwp>lod000D0O0OO0D0OOO0ODOODOOO0OODOOOOODOODOODOODOOOOO
gboboobooooboobooooobooobooobo

gbobooboobooooooboooboooboboooboooooooobooobooboobo
gbooobooooboooooboooboobooobooooboooaoon

gbobooobooooboobooboboobooooboobooobooboooobooboboooon
gbooooooobooboobooooooboboooobooooobooobooboobbooobobooobooboon
obooooooog 20000

oobIrFoooobooooog rs0bbb0o0ooooooooo0oobobobObooooDobooDn
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0720000000000

| LOOO | 0000000000

(NEG :t x) lo = —z.upllup = —z.1o

(ADD :t z vy) x0000000y0000DO000OO00ODODO0ODOOObO0ODDbOO
oodbobobduibdlo =alo+y.lolup = z.up+y.up.

(SUB:t z y) 0000000 y00boboobobooboboubon
gboooboobodbddlo =2z.lo—y.uplup = z.up—y.lo.

(MUL :t z y) 0000000000000y 000000D00D0ODO0O40
gooooooooooooon

(CONVSX it x) goboooob zlo>zupU0OUO0OO0OOOOOOODOOOO

obooooboo. bobooobooooboboboooboooooo
oboooooog

(CONVZX :t x) zlo>zaupUOUOUOOOOOOOOODOOOOOOOOODOO
g.goboooboobobooboboobboobboon
go

(CONVIT : t x) goboboboooooooooooobooooooooboooodog

0oooooooOoO

BAND :t z y0|20y00000000000 (lo>uwp)0000000000
BXOR : t x y0|000.upd 1o0.2%2 — 10000000 [32]40 300000
BORta:w 000000000000000

BNOT :t ) lo=zuplup=z.10 (00D D0O00O0O)

LSH : ¢t gz y0O0/z0y0000000000000000000000000
RSHS : ¢t =z 0| 0000

(
(
(
(
(
(
(
(

RSHU :t = y)

TSTEQ:t x y) x0y000000000 lo=up =2%°—10z0 yOO
00000 lo=uwp=00000000000 1o = 2%% — |
Cup = 00

(TSTLTS :t » ») 0| 0000000000000 0UO0OD02000000y0O0OO
(TSTLTU : t x y) 0000 lo=uwp =2 — 10z 000000 y0O0O0OO
lo=uwp=00000000000 lo=2%2 — 1[up = 00
(IF:t ¢ z y) O75000000000000000c000O0 (0ODODO)ODO
0000000 ()00 yOUOOO0OOUOOOUO0OO0OOO02O
oboyOoooooon

oo0000r300000000C0CIFOOOODOOO0OOO0O0OOO000O0O0O000O00TSTLTUO
000000000000 00OOOOOOoTSTLTSOOODOO0O0000o0000n <,M<,00
00000000000000000000000000 lo>,upO000 2sz-10000000
ooogoooo
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H TSTLTU
H or
- | 1sTLTS

Matched
s Structure

--------------------------- R

O 75 IFOO0O0O0ODODOOOODO

o733 0000000000D0000O0DOO

ooooo lo<,up0O 00 lo>,up 000
r<ylo lo<,z<,up up<,T ooooooooo
> lo..up Z..up T x..281%¢ ]
< x lo.x lo..up 0.z

<0<, 000000

lo = y.loUJup = y.up

oooooo0oooob0o 2000000000020 00000000000000O
O00000ex. up<z000 OupUz0O 0.2000.0

000000000 MEMOODOOO size=000000 Olo=00uw =25 -100000
gobooboooboobooooboobogoborsb0oboon
Or30L0O000000ODO0O000ODOOO0OOOD r6e0DOO

722 0O0O0O0OO

oooboooboooboooboOobo0oboooooooobbooooooooooooooboooDbOo
gbobobooooboooboobooboooboooooboooobobooboobooboobobooooaon
gboboooboboob1l1obooboooobooobooboo0oooooooooobooobooooboaon
gboboobooooboobooboooobooooboboobOoboobOooboOonD v40000

oobooboooboobooobooobboooooobooooboobooobbooboooooboooon



7.2.

googoogno 89

CONVIT) 35768 . 32767
116 %
-16384. . 16383

| .-32768. . 32766

.....

076 073000000000000

074 000000000000

00 | 0000000
0 < 1lo <up < 28ize~! cover(up)
0 <up < lo < 2size~! 2% — 10000
9size—l < 16 < up < 2917 _ | cover(1o)
9size—1 < yp < 1o < 257 _ | 9size _ 10000
2size—l <10 < 28ize 100 0 <up < 28271 | ¢y = cover(Lo)|cover(up) 00O yly << 1
9%ize1 < yp < 2917 100 0 < lo < 2921 | 251z _ 1000

cover(x)0z00000000000O00O0 10000000000 10000
O ex. cover(0x0000££00) =0x0000ffff ]

z0z 00000000

ooooooo cooooooooo

gobobooob obobooobboooboooboooobooobooooboOoooboooono
gbooobooobooobooboooobo vsO0b00DbDO0ODOOOOOOOODOODOOODOOn
730 SETOOOOOOox0000£f££f 0000000000000 OO0O0OO0O00OOODOO0OOO
oboboooboooooooooobooobooobooooooooooooboooobooobooooan
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O 750000000000

| LOOO | 0000000000

(NEG : t x) cover(w)O 00000

(ADD :tzy)O(SUB: | 0 y0000000O0 cover(w)0 20 yO00OO0OO0O0ODOO

txy) goooobooboogo11o0od

(MUL:t z y) x0y0000000000000 cover(w)d 20 yOOODOO
x0y 000 (000 202000000000 wO 2000
uobyO0obooboboboobooo 20000

(CONVSX :t x) 0000 (00)0000000i0000wO0 1000000
01 000000w D i0000000000000000w
0iddo0ooboDigboo010o0b0o0 00000

(CONVZX :t x) x 00000000000 i0000wD i00000000 =
gooon

(BAND :t x y) x0y000 (000 2000000000 wA2zO y0OO0OO
gobobbwh z0y0O0ODOO

(BXOR:t z vy) wOzOyOOODOOO

(BOR:t z y) z0y000 (D00 2) 000000000 wAzO yOOO
gobobob wbh z0y0OOO0OO

(BNOT :t x) wd200000

(LSH :t z y) yuooobtd w0y oooooboooobonbooobo
00 cover(w) D 0000000 yOO0O0OO

(RSHS :t x y) yoooboo w0 yOOOoOooobooboobooobooo
000000 over(w)0 0000000 y0O000OO

(RSHU :t z vy) yO0O0O0 wO yOO0OOOOODODOODOODOOODO0ODOO
O over(w)O x 00000

(TSTce:t = y) 0000020900000 (ecce€ EQULTSULTU)

(IF:t ¢ z vy) wOzx0yO0000000 cOOO0O0OO

wld O0000000D00000O0 v8000000O00000ODO
ooooooddwbOO0OO000 00000
over(w)DwOOOODODOOODOO0ODODO 10000000000 10000
O ex. over(0x0000££00) = Oxffffff000]

oooooooo 740000

goboooboobooooboooooooobobooboobooboobooobooboooobooon
gbooboobogbobooboobooboobooboboobobuooboboboboanoo

0760 AE0000 (2 O00000DCOOOODOLODOOODOOOODOOODODOOOOO
o7roooo
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Iv (set of mea-
ningful bits)

1
oxfffe

e CONVSX
132
Ed

Oo7r0Ovre00b00O0o0oOobDOOOO

723 0O0OOOOO

Ooooooooooopoo 800000 r30convsxJOOOoOoODO100000000D
gboboobooobooboooooobooobooooooboooboooooooboobooooaon
gbobooboooooooboooboooobooobOoobOoobooooOoooOoobooOoooan
gbooobv8soooooooDoo

724 0O00DOOOOOOO

gboooboobooboobooooboooboooon

oooooooooooooooooooo SIMbDOOOOOODOOODOOODOOOOOOOO
boboooobooboooooboooboobo0o0obOOo oobooobOoolmooooooooooooon
000/0000000000000002000000000000000000000OO0OOO
oobobooboooooboooooooboooboooobooooboooboooobbooooooobooboon
obooboooobooobobooobooobooboobooobooomoobooobooboobooooon
ooooboLobooDb wbOOoOooOOoooobDooooboooooboooo

ooobooobobooooooobooobooooooobooooboobbooooooooDoDooboboOooo
oooooooooooooboooooooobooobooooDobobo boooboooobobooo
gobooboobooboooobooooobooooboooboooooobooooboooboobooooboaon
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~

Oo0oooooon (top);

top: SETUDOO;

{

00 =00000@ooooon);

Ooooo @uooooooooobo, ooooogooy;
top.lv = 00000000 OOO;

Ooo0o00 (m): O00;
n: 00O0O;
{
n. 00O =
oooooooooag (
O0oo0o00D .00 1),
oooono .00 2),
L)

return n. 00 ;

ooocono (w, n)
w: 0DO00D0OOD0O0OODOO;
n: JO0O;
{
foreach (i in n. 00) {
aooao (
doodooooooDoodoooodooooo0wOooooooooooo,
n. 00 1)
}
/¥ n.lvO00000 0 */
n.lv=n.lv | (w&nDOOODOOOOOODODO);

078 000000000000D000

goooOoOoooOo0oOoOoOoooobooUes33bboobooo BOPOOOODDODOODDODODOOOBOP
O0o000 1801600000 LODOOOO0OODOOOOOODODOOOOODOODOOOOOO
goboobooooboooboooobooooobooobooboobooboooooooOooobooon
oooopoooOoooooooo BOPOOOODOOOOO
LooBorPOOOOODODODODODODOOOOOOOOOOOOOOOOOOOOOOOOOOOO0O
booooooooooooooboboboboboooooooboooboue330bobooboon
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Oxffffffff

PSRAD

Oxffffffff
s Ooxffff

- 65536. . 65534/

ox1ffff

Templates

v

Oxffffffff

—
Y

Oxffffffff

Oxffff

MEM:132 ) (MEM:132
ilo..up/lvi FRAME:I32| | FRAME:I32
VARI32 ) \VARiI32

O79:0710 () ODODODOOODOOOOODODOOOODOO

BoOorPOODODDOODOOOOOOOOOOOUOOOOODODOOOOODOODODDDDDDDOODOOOOOO
gooooooo BOPOOOOOOOOOOODODOOOOOOOOOOOODODODODDDODOOON
gboboooboobbobooobobobOoobooboOooobboOobobOoOn0DoosBANDUBORY
BNOTOBXORO OO OOOOOOOOOODOOOOOOOODOOO0O

Ov710AVEOOOO (o) DOOOODLOOODOOOOOOOOODODOOOOOOOBOPDO
ooooOoooooooobobooovr9boODbDOOOODOODOOODODOOOoOOoBOPOOOOODOODO
000000000000 00000000000000000000000000000OTA-32/MMX
ooooboooboo

7.3 OO

gbobooooooobobobobobooooboooobooooboboboobobobon
goooooOoOoOocoINSOOOOOOOO JawvaO0OOOOODODOOOOO 760000

74 UOU00oooooobon

O00o0o0oOoOoooOo ccoINSOOOoOoOoOoOOO0OO00 Log0oooooon 1A-320 MMX O
SSE2000000000D000000000D00D0D0D00000000 Celeron 2.0GHzO
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O76 00000000000

oooooo | o0 ogd
IntBound 606 | LOOOOOOOCOOO O LOOOoO0Ooooooooooooo
gd
IntLive 446 | LOOOOOOOOOOOOOOOOOOOOLOOOOOOOO
gooooooooo
IntConst 525 | 00 2000000000000000O0O0O0O0O0O00O0O0OO
4 N
movq ones, %mm0 # 0x0001000100010001
loop:
movq (%edi),’%mml # Jedi = *b
movq (%esi),%mm2 # Jesi = *c
movq %mm2,%mm3
por Ymml,%mm3
pand %mmO, %mm3
psraw $1,%mml
psraw $1,%mm2
paddw %mm1,%mm3
paddw %mm2,%mm3
movq %mm3, (eax) # %eax = *a
N J

o710 077000000000 OOO

SiS-655 0 0 0 0 0 00 512MB Dual-channel DDR-SDRAM 0O 0 00 OS O Windows2000 O O O O
00000 P40000O0O Pentium-M 1.3GHzO 512MB DDR-SDRAM 0000 OS O WindowsXP
000000000 PMOOOOOcygwind COO0OO0OOOgec3.3.1000000000000O

74.1 0O00O0O0ODOOOOOOO

O710 (20000DDOOOO70000000O0O0OODOOOO 10000710 (O
oooobooor9obooboooooboooooon v11oo0o0d

ooooobooobooboboooboobooboobooooboobor9bo0oo0ooDOn 3200
O0b0le0oooboboOobOoboboOoboob r11ooobooooooobbooog =32r6e800
o000 =327680 03276700000 3276700000000 packssdw OO OOODOOODOOO
goboooboobooobooooboooooobobooboobooooboobooobooboobooooboon
O0000O000bOo000DbDb0O000packssdaw 000000000 DOOOODOOOOODOOO
oboobooboobobooooobooooboboooooboooog

Oooooboooooobooobo 1000 711 00000AVEOOOO (20 O000000OO0OO




74, DOOOOOODOODO 95

e N

movq ones, %mm0 # 0x0000000100000001
loop:

punpcklwd (%edi),%mml # lo half

punpcklwd (%esi),%mm2 # CONVSX in LIR

psrad $16,%mm1

psrad $16,%mm2

paddd %mm1,%mm2

paddd %mmO, %mm2

psrad $1,%mm2 # lo result
punpckhwd (%edi),%mm4 # higher half
punpckhwd (%esi),%mm3 # CONVSX in LIR
psrad $16,%mmé

psrad $16,%mm3

paddd %mmé4,%mm3

paddd %mmO, %mm3

psrad $1,%mm3 # higher result
packssdw %mm3, %mm?2 # saturated packing
movq %mm2, (4eax) # write out the result
\_ )

071l 079000000000000

ooo0oboobooooobogbD gecOODdDOO0OoOooOoobDOoOoOoOoDOoDOO 770000
00000 (a0 (»OOOOOOOOOOOOOOOOOOOOOSIMDOOOOOOOOO
O00C0OCO0O00 AVEOOOD (OOOOOCOOOOO0OOUOUOODUDOODOOOOODODOOO
0000000000000 00000O0000DO0000D0O0AVEODOOD SIMDOOOODO (a)
gooSIMDODODODOOOOOOODODCOOOOOOODOODO (b OOegecOOoIPOOOOOO
oooOosSIMDOOOOOOOOO0O0OOOCOOOOOPMOOOOOOOOOOOSIMDOODOOO
goboooboooooobooooooboooooboooboobooboobooobooobooooboon

oooobooooonog

00 (200 DSIOO IPOODOOOOOOOOOOOOOOOOOOOOOOOOOOODBOOO
00 P400006016%000000000PMODOODO 1000178%0000000000000
goooobooooooooooobo siMbooogoooooooooooooboooooooooo
oooooo

742 O00000OOOOOOOOO

MPEG-4 Video CODECO 10000000 XviDO 1.0.0000000 interpolate8x8 _halfpel hv()
000000000000 000O008s000000000002x 20000000000000
goobooobobooobuobogoobobooobboboooobobDoUb 40b00oobOo 80O
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700000000000 0ODO0ODOOOOD

oo/o0 MMX SSE2
gce DSI 1P DSI 1P
Pentium-4/ (a) 4.37 3.67 4.27 3.68 3.94
Pentium-4/ (b) 3.80 — 3.90 — 3.82
Pentium-M/ (a) 4.53 1.11 3.09 1.49 2.98
Pentium-M/ (b) 1.98 — 2.10 — 2.43

0000000000000 0000000UD (Doooooooo)
O0:0710 AVEOOO

gee: gecc O ODO-0600000000

MMX: MMXOOOOOO 6400000

SSE2: SSE20 00000 12800000

DS 0000000000000 00000DO0O0bOOO00DoOooooon
Ip:0000000D0OCO00O0ODOOOO

078 XviDOOOOOOOODOO

oo MMX
gce DSI 1P
Pentium-4 342 158 372
Pentium-M 344 153 355

oo 0oopobDooob &x80ooooogoo
gboooooboooooon
gooooooovrrooon

goboobooooobooooooooooobooboobogoD 20000bD0O0oDOoboDOoOO
goooboboobogoleooboobobooooobOobooooooboboooooboboon
000 32000000000000000000000
Oo0ooo0o0oov800000oooOoOoOOoOoOoOoOoOoOooOoOSSE2000000 12800
ooooboooooooboo

DSIOO IPOOO0OOOOOOOOUOOOUOOUOOOOOOOOOOOODO 130%000000
oobobOOoobOooooboboooobooboobooboonolleoobooooooooooogn 2
O000O0oDOo0o00d0o00dd geedOODOOOOODOODODOOODODODOOOSIMDOOOOOO
oooobooon
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7.5 0O0O0O0O0O0O

gooooooooooOooopoooooOo0oOoooo SIMbDODODODOOOODOOOOOOOO
gobobooboobooobooboboobobooooobooooboon

gbbooboooboooboooboooboooooobooooboobooOobooboOoboooboooobooooboonoo
000000000000 600000000DO0O0ODOODOOOO DAGUOOOODODODODOOOOO
oooooooooooooooooooogr21bo00bo0oboboboboboobobooboo
goboobooobooboomuoboobooboobooboooooooooooooooon 7.2
0075000000000 [32]02,3, 400000000

075000

ood1

goboboooboob z00bgbboboiogboobbobbooboobooboboo
oobidogobooodybOoboboobiobobooboobooboobobobwOOOoOOn
oobOodb0100000000 0000000000 00000000000y 0O 100000
gboooooooooboobooboooooboybboobooboboboobowo oDODODbODO1-1
gboobgoobigjobobobl10obgobooobobo

0

01000010 wO O OOOODODODOOOOOO
00101000 xOO OO

01111010 yOODOOOOODOODOOODO

gogbobz00000 xt00000O0O0O0DOOyDOODOO0 —yDOOOOOOOODOODOO
oo

ogd 2
gboboobo«00b0b00000igbobobobobOobobooooboobobonignag
0010000 10i+j00booboooooboooooooobooobi—1000o0000000
Oi0i+j—1000y00000D0C00O00j—10000000D00000DODODCO0O0O0i4+j+k
Ok>00000y0O00DOOKDODODD jO0j+k0000000000000y0ODODO0O0ODO0O0OO
O000KDwOOOODOOOOODODO 100000000000 j0j+KO100D00000D
Oo0KO1000OO0OOwOOOoioooooobooooooooooo

O
hgfedcba
x 01010010
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*xx*%Ccbal

Y

[laDdDOOOO0DO

laDpv0dd0eO00ODOOOODO

alvOdcOdl0eDf 000000003000 10000 2000 1000000000
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080 SIMDOOUOOOO

goopooosiMbOODOOOOODOOO0ODOOOOOODOODOUODODODOOO

gbbooobooboobooboooboooboooboobooboobooboooboOooDo
ooboobooooobOoobooobooooboobooboobooboooboooobooboobooDboOoo
gobooboobogoobobooooooboboooboboooooboooboooDooo

81 UUOOO

gooooooo sSIMbDODODOOODOOOOODOOOOODOOOODOOODOOOOODOOO
gooodoooopooooooooooooooooooogo SIMDOODOoOoOOoooooDoD
O00000000ooOoOoO0O00OoooooOOOoOoOoOoooooooooooOoOosSIMDOOOO
ooo0obOoboooboooooOobooboobooon

gboooooboooooboobogoribgooooobooooo vwrobobboooboOooDo
oboooboooooobooooooooboooobooboobooboobooobooboo
ooooooboooooooooooobooooooobooo0 10 (a0 DbOOobObOOoO0DbOOoOoO
gooooooooOoooooooopooooo SIMDOOODOOOOOOOOODOOODDOO
goboobooooooboooboooobooboooooooboooooooooboooboOoDbDboo
Oo00oooooboO@ 0O (pOooooo0o0oooooobooboobog 1000 v11o0ooooono
ooboobooobOoobOooooboooooOobobooobooboobooboobooboo
ooboobooooobooobooboooboooboobooboobooboobooDboo
ooooboooog

gbooobooboobs1i3bobobooboboobobobgassoobonoooboboobona
s.l00000000000O0bOO0O0bOO00obOO0O0bOO0OOoobOOoooOOoobOooboOoobOOooobooOoOon
goboobooobooobooooobooooobooboobooooooobooboobbooboboooooDooo
oooboobooooooboooooooooooooogbooboobboobboOoDbooDboo
ooog

goooooooboo0oOooooooooOoooooboooOoOooooosSsIMDDOOOOOOooo
goooooooooogoooosSsiMbOoODOOOoOoOUOOoDOOOOOOooODODOOoOoOogoo
boboboooooboobooooboboobouooboobooobooobOoboboobooobOono
go0O0OO0OOo0oUoOUoOoooooooOoOoOCOOoOOOoUOUOOoSIMDOOOOODOOOOOOO
OSIMDOOOUOODOOOODOOOOODOOOOODO

gooooooooooo SIMDOOODODOOOOOOOO0O0OOOOOOOoOoOoDODODODOOOO
goboobooooboboooobobooboboooobobooboobooon

gbooooooos3b0boobooobbooooooooooboooooooobooooboooobn
goboobooooboooobooooobooboooobooooboooboooboobooboobooobooooboo
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typedef struct array_t{ A
unsigned int cdt, col, pos, neg;

} array;
int 1sb = (-r) & r;
alh+1] .cdt = ~( “r | 1lsb);
alh+1] .col = “(Ta[h].col | 1sb);
alh+1].pos = ( al[h].pos | 1sb) << 1;
a[h+1] .neg = ( al[h].neg | 1lsb) >> 1;
r = alh+1].col & “(alh+1].pos | alh+1].neg);
h++;

N )
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#define ABS(X) (((X)>0)7(X):-(X)) A
int funcO(unsigned char *a, int sum, int sz){
int i; unsigned char v;
for(i=0; i<SIZE; i++, a++){
v = *a;
/* 00 (0 (e) 0 OOO 10 %/ 3}
return sum; }
(a) sum += (v < 128) ? v : 256 - v;
(b) sum += 128 - abs(128-v);
(c) sum += 128 - ABS(128-v);
(d) sum += (v < 128) 7 v : (unsigned char) (-v);
(e) sum += (v < 128) ? v : (unsigned char)("v + 1);
o J
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/+ 0000000000000 00000 =/ A
const unsigned int multipliers[32] ={ 0,32768,16385,10923, 0 00O
0oodd,1214,1171,1130,1093,1058 };
unsigned int quant5 (
int16_t * coeff, const intl6_t * data, const unsigned int quant )
{ const unsigned int mult = multipliers[quant];
const unsigned short quant_m_2 = quant << 1;
const unsigned short quant_d_2 = quant >> 1;
int sum = 0; wunsigned int i;
for (i = 0; i < M; i++) {
int16_t acLevel = datalil;
if (acLevel < 0) {
acLevel = (-aclLevel) - quant_d_2;
if (acLevel < quant_m_2) { coeff[i] = O; continue; }
acLevel = (acLevel * mult) >> 16;
sum += acLevel; // sum += |acLevel|
coeff[i] = -acLevel;
} else {
acLevel -= quant_d_2;
if (acLevel < quant_m_2) { coeff[i] = O0; continue; }
acLevel = (acLevel * mult) >> 16;
sum += acLevel;
coeff[i] = acLevel; } }
return sum; }
J
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a N

const unsigned int multipliers[32] ={ 0,32767,.. // ODOOOOO
int16_t acLevel, acLevel2;
acLevel = ((data[i] < 0) 7 -data[i] : datal[i]) - quant_d_2;
acLevel2 = (acLevel * mult) >> SCALEBITS;
sum += ((acLevel < quant_m_2) 7 0 : acLevel2);
coeff[i] = ((acLevel < quant_m_2)
7?70
((datali] < 0) ? -acLevel2 : acLevel2));

O 84 quanth 00D ODOOOODODOODOOO1

e N

const unsigned int multipliers[32] ={ 0,32767,.. // O0OOO0OO
int16_t acMskl, acMsk2, aclLevel;
acMskl = (datali] < 0) ? -1 : 0;
acLevel = ((datali] & ~acMskl)|((-datal[i]l) & acMsk1)) - quant_d_2;
acMsk2 = (acLevel < quant_m_2) 7 -1 : 0;
acLevel = (aclevel * mult) >> SCALEBITS;
sum += “acMsk2 & acLevel;

coeff[i] = ~acMsk2 & (((-acLevel) & acMskl) | (acLevel & (TacMskl)));

\ v

O 85 quantb 00O O0O0O0OOOOOOOO 2
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int funcO(unsigned char *a, int sum, int sz){ A
int i; unsigned char v;
int s;
for(i=0, s=0; i<SIZE-15; i+=16, a+=16){
s += abs(128-a[0]); s += abs(128-a[1]); s += abs(128-al2]);
s += abs(128-a[3]); s += abs(128-a[4]); s += abs(128-al[5]);
s += abs(128-a[6]); s += abs(128-a[7]); s += abs(128-a[8]);
s += abs(128-a[9]); s += abs(128-al[10]);s += abs(128-al11]);
s += abs(128-a[12]);s += abs(128-a[13]); s += abs(128-al[14]);
s += abs(128-a[15]); }
sum += 2048 - s;
for(; i<SIZE; i++, a++){
v = *aj;
sum += 128 - abs(128-*a); }
return sum; }
\ J
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g8l 0uooboobobbooboobod

ooooo SIMDODODOOO ooooooo
Intel icc ver. 8.1 -axW -03 -03
gee ver. 4.0.0 -06 -ftree-vectorize -msse2 | -06

83 UUOon

83.1 00U

oboobooboooobooboooobooobooooobooboebbObDOOOODO
O000/00000 int 0O short 0 char 0000000000003 0000000000O0O0OO
Oint 0 short U char OO0 0OO0OO0O0OO0OOO0ODOOODOOb11000000000000O
gboobooboobbooboobuooboobooboobooon

ave J6000000x 400020000000000000000000000000O000DOO
gbooobooob20000000000000000O000DODO 5120000200000
gobgoboooboobooboobobobooboo

add 03000000x 200020000000000000000000D00000O00O0O0ODO
gboooobooooboboboooboooboobobooooobobooooboooboo 30n
gobobooobogob sbied32000bgoooooonog

max J6000000x 2000 200000000000000000000000000O00O
gbooobooboooooo8sgled3200o0ooobooooooboooboobooogooon
gboooon

maxc 06 000000x 600020000000000000000000000000000
gbooooooooobobooogooobobooooooooboboooooooboo
gboooobooooogoo

sum 06000000 3000000000000000000000 8016032000000
gobooooooooooobobooobooboooon

quants 060000 8300000000000 830 200000000000
sad 0370000 820000000000 OOO0OOOODDODODDOODOOOOOOOOOODODOOO

bsad 03700000000000D0O00 sad00000D00O8900000000D0C0ODO sumDO
00000 BREAKPOINTO OO DOOOOODOOOOOOOOOOO

00000000 O0OEPSON EDiCube S1600 Pen-tiumM 1.3GHz, OO 100000 O ASUS
P4P800 0 Pentium4 HT 2.6GHz O O OO O0OD0O0O0OCODO 20000000000000000O
O000O0O00DD Linux Okernel ver. 24270 00000000000000000 SIMDOO
goboobobobooboboooobobobooboOobooooobg10boOoooon
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8.3.2 U0

oooo000 gecOODODOOOOOOOOOOOOOOOOOOOOOSIMDOOOOOOOOO
oobobOooboooobooooooboooobboobobooooooooooboooooooooon
goboobooooooboooboboobooobooboooobooboobooobbooboboobbooDboo
goodooooooooooifgoooooogooooo0ooooooogoooooogoo
oo

(L)) DO0Do0DOoooOooooobooo
for (i=0;i<SIZE;i++,a++) {
v = *a; sum += 128 - abs(128 - v) }
(2) DO0DOoO0oOoOooDOoooDOoooOoon
for (i = 0; i < SIZE; i++, a++)
sum += 128 - abs(128 - *a)
) Doooooooooooooo
for(i=0,p=a;i<(SIZE-(SIZE&15)) ;i+=16,p+=16){
vV = *p; sum+= 128 - abs(128-v);
*(p+1); sum+= 128 - abs(128-v);

v

*(p+15); sum+= 128 - abs(128-v);}
(LOoOODOO /0000 =/
(4) DOoDoOoooOoboooboooon
for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16){
sum += 128 - abs(128-*p);
sum += 128 - abs(128-*(p+1));

v

sum += 128 - abs(128-*(p+15));
(20000 /7« 0000 DOoOooooOo =/
(5) 4)DOhUooboOooOooooo
for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16){
sum+= 128 - abs(128-*p) + 128 - abs(128-*(p+1))

(6) (DO 1280 16000O0OOOOO
for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16){
sum -= abs(128-*p);
sum -= abs(128-*(p+1));

sum += 2048;}

0 87: 082000 (sad) D0DIDDOOO (c) DOODODDODOOOOODO
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\
(7) (50 12800000

for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16){
sum -= abs(128-*p) + abs(128-*(p+1))

sum += 2048;}
(8) () OO0DbOODOODOO
for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16){
tmpsum += abs(128-*p);
tmpsum += abs(128-*(p+1));

sum += 2048-tmpsum; tmpsum = 0;}
(9) B0 tmpsum 000000000
for(i=0,p=a;i<(SIZE-(SIZE&15));i+=16,p+=16,tmpsum=0) {
tmpsum += abs(128-*p);
tmpsum += abs(128-*(p+1));

sum += 2048-tmpsum;}
(10) (nOooOoOoooooo
for(i=0,p=a;i<(SIZE-(SIZE&15)) ;i+=16,p+=16){
tmpsum = abs(128-*p) + abs(128-*(p+1))

sum += 2048-tmpsum; tmpsum=0;}
(11) (10) 0 tmpsum DO OO 0DO0OOO
for(i=0,p=a;i<(SIZE-(SIZE&15)) ;i+=16,p+=16,tmpsum=0) {
tmpsum = abs(128-*p) + abs(128-*(p+1))

sum += 2048-tmpsum;}

- ,/
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int funcO(unsigned char *a, int sum, int sz){ A
int i; unsigned char v;
for(i=0; i<SIZE; i++, a++){
v = *a;
sum += (v < 128) ? v : 256 - v;
if (sum > BREAKPOINT) break; )
return sum; }
J
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