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Evaluation of Instruction-Level Parallel Processing
in ARM Architecture
Hideo Kimura
Abstract

This paper proposes an effective core for high performance and low-power
multi-core processors. Recently, the speedup rate in frequency of processors has
been saturated, and the increasing transistor density leads to growing power dis-
sipation. Also, increasing heating has been serious problem. Under these situa-
tions, it has been said that traditional processors which pursuit the performance
with single core reached to upper bound in frequency and power consumption,
and researches about effective multi-core architecture are in progress in the
world. Multi-core is a new technology that implements two or more cores in
single package. If each core is designed so as to work independently, effective
parallelizing of processes can boost the total performance. It is said that the
performance is limited to about 1.4 times even if the amount of hardware dou-
bles its area. So, under the condition that the area is constant, it is thought
that multi-core processor is superior to single-core processor.

In this research, I make a study and a comparison between several micro-
architecture based on ARM architecture which is a de facto standard embed-
ded micro-processor. By the way, general compilers tend to generate instruc-
tion stream based on some templates such as combination of 4 instructions
(shift, add, load, post-increment) that corresponds to loads from array struc-
ture. Namely, I suppose the superscalar technique that divide a CISC-type
instruction into some RISC-type instructions and execute in parallel dynami-
cally can not gain performance because of the intermediate data dependence. In
contrast to such traditional superscalar, I expect another superscalar model that
execute several templates in parallel without dividing into RISC-type instruc-
tion can sustain the performance with simple hardware. The ARM architecture
define the instruction set that is very suitable for such templates which can
encode several RISC-type functions in one ARM instruction. The first 4-bits
of every instruction specify a condition and control the conditional-execution.

Furthermore, as a characteristic of processor structure, floating-point arithmetic
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units are not equipped for the reason that such units are rarely used in embed-
ded software, and the floating-point operations are implemented by software
libraries written with fixed-point arithmetic operations. In the reason , ARM’s
core size is extremely smaller than other processors . It is said that ARM’s core
is simple. We compared the number of ARM’s instructions with the number of
SPARC’s ones ,using bench mark program. On average, ARM’s ones is almost
as same as SPRAC’s ones. About one of the program, ARM’s ones grow much
larger than SPARC’s ones , because floating-point operations account for some
percent of all instructions.

In this research, we examined 4models. Modell is superscalar method gen-
erally adopted in high-end-processor. This model is that logical register is
associate with physical register and some instructions which can be issued from
instruction window is issued at the same time. This model is equipped with 1
SFT/MUL unit, 2 ALU, 1 LD/ST unit. We call it "AP2’. Model2 is that only 1
instruction is issued. It is executed by general pipeline. This model is equipped
with 1 SFT/MUL unit, 1 ALU, 1 LD/ST unit. We call it ’CS1’. Model3 is
that instructions are executed in parallel. This model doesn’t have large in-
struction window , for it doesn’t have physical register and instructions which
can be executed are selected from adjacent instruction. This model is equipped
with 2 SFT/MUL unit, 2 ALU, 1 LD/ST unit.We call it 'CS2a’. Model4 is
the model improving CS2a , that is superscalar architecture without dividing
instructions. This model is equipped with 2 SFT/MUL unit, 2 ALU, 2 LD/ST
unit. We call it 'CS2b’. In other hand, AP2’s register size is 7 times as large as
(CS1,CS2a,CS2b’s register size. So, in consideration of execution unit’s increase,
the number of CS1,CS2a,CS2b transistor decreases extremely. The result shows
CS1 degrades the performance in 14% against AP2, and CS2a and CS2b can
gain the performance in 10% and 11% respectively. Considering that AP2 costs
the amount of hardware for registers in 7 times than CS, it is discovered that
(CS2a or CS2b is superior for simple-cores. The comparison between CS2a and
CS2b shows that CS2b can gain only 5.1% against CS2a. I conclude that CS2a
is most suitable core model for ARM based multi-core processors which pursuit

high performance and small size.
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(b) Rt % F s &
cmp RO#7  /* RO&7% iR

. e beq test 1% = G test\NIRT
(a) PAT T 20 add RIRIR2 /* RI=RI+R2
if (RO!=7) sub RILRILLRO /* R1=RI-R0O
{RI1=R1+R2-RO0; } test ...
() RITRMZ2ITEIG G
cmp RO#7 /¥ RO & 7% [k */

addne R1,R1,R2 /*!=d¥;& RI=RI1+R2 ¥/
subne R1,R1,RO /*!=d¥j& R1=R1-RO */

X 1: BE72 if Ll

CEFHICLD it LoMEM1(a) i, Fiz, FFEPEmHER W3 AL
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Rig, v MEEZENEE, WHEEE, - FaahiclleiAlL 2 & 28T
EH, MIAE Ti=i+(j <<2)) ok, —ENLtoTakyHTiEy
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31302928 272625 24232221 20 19181716 15141312 11 10 9 8 7 6 5 4 3 2 1 0
FAT5AE operand code S | Rn (source) |Rd (destination) | Operand 2
AND#T 43 Rd=Rn AND Operand2 S=17%  NZC flag FHT
EOR# 47 Rd=Rn EOR Operand2  S=17%%  NZC flag EH1
SUB# 43 Rd= Rn - Operand2 S=17%8  NZCV flag EH
RSB 4y Rd = Operand2 - Rn S=178  NZCV flag EHf
ADD# %5 Rd= Rn + Operand2  S=17% NZCV flag EH
ADCir 4y Rd= Rn + Operand2 + Carry S=17%  NZC flag T
SBCiir 4y Rd=Rn - Operand2 - Not(Carry) S=17%  NZCV flag %EH1
RSCi 4y Rd = Operand2 - Rn - Not(Carry) S=17#&  NZCV flag BT
TSTHT 47 Al=Rn AND Operand2 NZC flag FEHT
TEQ#i 4y Al'=Rn EOR Operand2 NZCV flag EH
CMPr 4y Al=Rn - Operand2 NZCV flag FH1
CMN 45 Al= Rn + Operand2 NZCV flag EHr
ORR{3 47 Rd=Rn OR Operand2 NZC flag FEH
MOV 43 Rd = Operand2 S=17%  NZC flag HHr
BICiT 4 Rd =Rn AND Not(Operand2) S=17%&  NZC flag FH#T
MVNih 43 Rd = Not(Operand2) S=17%  NZC flag EH
31302928 272625 24232221 20 19181716 15141312 11 10 9 8 7 6 5 4 3 2 1 0
FEIT54M operand code S |Rd (destination) | Rn (source) | Rs (source) ‘ 1 0 0 1 | Rm (source)
ML 45 Rd=(Rm * Rs)[31:0] S=17%5  NZflag FHr
MLA 45 Rd=(Rm * Rs + Rn)[31:0] S=17%&  NZflag FHr
FATME operand code S RdHi(destination)| RdLo(deslinationl Rs (source) ‘ 1 0 0 1 | Rm (source)
UMULL 1 % RdHi=(Rm * Rs)[63:32] RdLo=(Rm *Rs)[31:0] S=178  NZ flag FH
UMLAL# % RdLo=(Rm *Rs) [31: 0] +RdLo  S=I % NZ ﬂag T
RdHi = (Rm * Rs) [ 63 : 32 ] + RdHi + CarryFrom((Rm * Rs) [31 : 0] + RdLo)
SMULL ir 43 RdHi = (Rm * Rs)[63:32] RdLo=(Rm*Rs)[31:0] S=17%&  NZflag FH]
31302928 272625 24232221 20 19181716 15141312 11 10 9 8 7 6 5 4 3 2 1 0
L1745tk operand code L | Rn (source) |Rd (destination) | "2 operand code g
LD/ST UH#4y IL=17% Rd=Memory(address) [ 15:0] L=07% Memory(address)[ 15:0]=Rd[ 15:0
LDSHii 47 Rd = SignExtend(Memory(address) [ 15:0 ])
LDSBifir 4y Rd = SignExtend(Memory(address) [ 7 : 0 ])
L=1 7% Rd=ROR ( Memory (address)[31:0] , # ( 8 * address[1:0]))
LD/ST Wiz %3 L=0%% Memory(address)[ 31:0]=Rd[31:0]
FAT4AE operand code L | Rn (source) register list
LDIST Méra: L=1 7% for (i=0 to 14){if(register list[i]=1) Ri = Memory(address) [ 31 : 0] address +4}
L=0 7% for (i=0 to 15){if(register list[i]=1) Memory(address) [ 31 : 0 ]=Ri address +4}
31 302928 272625 24232221 20 19181716 15141312 11 10 9 8 7 6 5 4 3 2 1 0
FE4T5E |operand code‘ L Operand 1

B, BLir %y

PC = PC + (SignExtend (Operandl) <<2)

L=17% Rl4=thtm oy N &

2: ARM oamsty b
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Operand2 = Rm << Rs[7:0] k4 1| Rdl = Rm << Rs[7:0]
ARMiir 4y - .
Rd = Rn and Operand? % w4 2| Rd2= Rn and Rdl
(a) ALU 3 ¥ &
R i
index = Rm << Shift_imm A dirdy 1| Rdl = Rm << Shift_imm
ARMir 4y | address = Rn + index A% W4 2| Rd2=Rn + Rdl
Rd = Memory [ address ] A Ifr% 3| Rd3 = Memory[ Rd2 |

(b) LDir 53 0% &

I DY
address = Rn + 4 A 4 1 Rdl=Rn + 4
R1 = Memory [address] A% k4 2| Rd2 = Memory[ Rdl ]
ARM % address = address + 4 A4 W4 3| Rd3=Rdl + 4
R2 = Memory [address] A% W% 4| Rd4 = Memory[ Rd3 ]
address = address + 4 4 5| Rdd= Rd3 + 4

(c) LDMan a8 &
Ll i

val = Rm * Rs[7:0] WA k4 1| Rdl = Rm * Rs[7:0]
B2 k4 2| Rd2 = Rm * Rs[15:8]

val = val + Rm * Rs[15:8] A% b4y 3| Rd3 = Rdl + Rd2

ARMi 43 _— M4 N4y 4 Rd4 = Rm * Rs[23:16]
val = val + Rm * Rs[23:16 I K4 5| RdS = Rd3 + Rd4

A% 4y 6| Rd6 = Rm * Rs[31:24]

- * .
Rd= val + Rm*Rs[31:24] A W4 7| Rd7 = Rd5 + Rd6

(d) MLir 53 &
¥ 6: ARM i 55 D il
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.\ ALU Shift | MUL EAG LD/ST
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VALU 27—V EAG A7 — V3% 5. NMHNET IV TIEALU 2=y b 134
IS, 7RVAGHEHOEAG 2=y N&EEL TH Y, ARM @ LD an43% SFT,
ALU, LD i BT 5KD ALU in B3I EAG 2=y h2E]) 4T T, 2
N% EAG 27— LS. (R WRITE 25—V Cl, MEMERZYHL Y
27 ICEHEIAL, Z L TCRETIRE 25— YTl <y 75— TS X i
V/x&«@i% ABRZAT .

Cﬁ%i@7ﬂv7l%mT.7ﬂvﬁm¢®ﬁﬁi Sy FEHRLT
Wb, ALU, SFT/MUL ==y b, EAG =y MIIFFEETRT NA XA
5. ZhUl ko Tt koY A 7 )V CH um%%ﬂ%f% LY AA
ICENES AT NL DEFFOVENRL D, MNET VL, RISC G 4ic
DRI L2 TEa=y NoAMELY LT 22 H->Twa, LaL, &
BRA A TOT — ZRFEEGEIZ0 L, i m L SVATETOIZD12 LD
KRELRWAT4 Y ROBRE L bz, 1 D20 7OMENKEL L >TL
9. DEo®FNEAP2 LIS LICT 5.

3.3 NIKTR

IR taken THITTNZ UE L 72, taken T-HI & i%ﬁ:ﬁﬂﬁfﬁ%@%ﬁ
FEWEITRZT b0 & LTTHIT 2800 il TR CH 5. il HI
ﬁﬁﬁ%um@ﬁw#@JTé®%ﬁofﬁ%,&%%%@ﬁw%ﬁ%¢iby
HIITRT EICamnT =y FNERDET,



AA
oy i ’ 1A | IF | ADE | HDE | MAP | SEL | RET ‘

(/NIKEI}"L‘EUEQWH#) ’ 1A | IF | ADE | HDE | MAP |SEL | EX | WR |RET ‘

(ﬁu&%‘ﬂu%gqﬁ) ’ 1A | IF | ADE | HDE |MAP ‘ - = =

X 9: i BREDNA T A

Register
e
MUL Shift-imm
ACC
——

LD/ST

[ 10: hAr— Ko Tay 74

BA4E CISCERNRATSA vEWETDHA—/NAN

SHAR

4.1 I8 TS5 A U1ERK

CISCH D ARM i 5% T D E FWIFAITT 2 A—NAN T HABEZL N
2 (LT, BHAr—RHEFLLIKT). 1 aaEhoRgoflaeicsgd £,
10T EHIcE&EBEa=y N2RET S, 7Ty 7o RRET v F 25K
LTCwa, hAr — NREFT Vi E HE TP L O 27 b RTRn 20
a7 DOMfEE MENEF L LY /NS L TX 5,

NA = KRBT INDONAL T T A4 URERICOWTIRARS, ;oL kS
$, ALU @4, LD/ST dnds, MUL dv‘o 3 FEIC AT X 2.

ALU @y 13, B2 CREEL2 R BB L mIHR oo omaT
o5, AREENECEE, ALU @433 1IF/DE/SFT/ALU/WR D&t 5 Bro> 25—




IF | DE| SF | LD |ALU | WR
ALU| LD | WR
ALU| LD | WR

LDM

2
ap

11: LDM &4y

VICkVETSNS, 2L, Flidens7 =y F, DEIFZT2— K, SFTIE> 7
N, ALUZEE, LDIZAEUDS Dfesrirs, WRIZL Y AX ANDFEZ AR
EERLTWD,

LDM ar 5% B < LD i é3ld, IKfEDMEW5 4, IF/DE/SFT/ALU/LD/WR
DEF6ED AT —IICL D FEITSNS, LDMianFIC oW TUIAEY 7 722D
[FHUC Lo THA 7 NVBEDELL, NEDOXEY 77 2 AT (5+N) B E
L5, flziE3Ea— K& 0ET LDM fndoiga, M11IRT L1, 8
B L 25,

MUL @xgr & 1%, 220 32bit 4 XF > Kofe /1T 2FEGmSTHY, &
G s oRERm 539 5. ML 3lE2 2D 32bit X7~ RoERZ L,
% MV 32bit D% LY AZICA N7 %an4 C,MLA ana3ldZ O M 32bit
DAEIZH @ 32bit 4 XT > REMBET LM TH 5. 202 >0muldf
i, bLIFFEMEEZBEITLETCIC4B0E L2, IF, DE, WR Z &%
% L EHTEWEE L 724, UMULL ap431% 2 DO 57 L 32bit 4XF > R
BE L, B3 N7z 64bit OB % i BV 32bit, fx MU 32bit \Z 70, 2 DO
L7V Y AZICA RN T T 5 TH Y, UMLAL i 513 32bit OFE ARG
D 32bit AT ReMBET BB THL, Zo2o0mBlEMHME, L
IFHERMEZ 1779 %2 £ TIC8EMWRETH Y, IF, DE, WRZED 5L L5F11
BEM B e 20 %, SMULL a4l 2 DO FF5 1 & 32bit X5 » RoFEHZ L,
i /1& N7z 64bit OfE Z % AV 32bit, # MU 32bit IS0, 2 D0 L7z LY
AHIWCANT T L@ a3 THL, Zomm Iz /)72 E TIC 12BN ET
HY, IF, DE, WRZ&® 5 Lat 15 B E L0 b, R 1IS, KE LW
D& NI VE LB R E L0 b,

4.2 TARFM & /A /SR [EIEE
N A — RETF NV EFMET 272012, &=y NEICLED k5 /84 N
ALIETEH Z DN TGS L 7=,
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i) RIS
ALU 5
MUL MLA 7
UMULL UMLAL | 11
SMULL 15
LD 6

LDM 5+N

3% 1: ARM an S5/ S 7 BERY

Jeiidnss | IF | DE| SFT| ALU|WR | Jefrirts [ 1F | DE | SFT[ ALU WR |

i [1F [ DE] SFT| ALU|WR |  fifitdrss [1r[DpE] — [ — [sFr|atu]/ wr]
() ALUG (IR B HRAL ) (b) ALU 43 (IRIER ) )

s#ffi4 [ IF [ DE[ SFT| ALU[WR |

Pefiedn Ay [1IF [DE] — [ sSFT[ALU[WR |

(c) ALUM S URIF B8 )
122 XL TS5 A4 DA 2y

JefT /R BN T — 2 IKER S B, 0T — 2 IKIFICHMFT 2=y b
RIHCANA N2 NG, &t Sl iraso i L B ES LY A S
ICARNT ENDLDEFOVENDH L., NANZINH LGS, EitmslElr YA
FANDARNTREFONHEL L, NANZERE L TRITam Aot s hiz
ROV A I NVTEOEZNLITE, FfiRe L TeRkoY A 7 VL RMTE,
IPC Dn] FIc2%i5, Lo, £ Coa=y oA, A2z e, filf
HIE DN N A N2 S0 BIPEPSE M 5 72 0, B EE ) a5
72, FAFEDEONSA NANE ZTH LN EMHRT H0END 5.

9, K121, TiranmicntL, NN ZAOFMIC &> Tkt molUic
WERH A5 &0 it /R moflGE 2R,

M AL, [ 12(a) 1%, efr/&itama e IS ALU v ¢, Aifkomaiiic s —
ARED LR NGEDNA TI A4 v ofithgk L Tnhb,

F = REDNH L HGE, RimBlE WR 27—V T LY AZIENES A

NTH» 6 SFT X%%V%EﬁﬁuTé«Z\%#%éO)f, [12(b) CRT/NA TFA >~

11



Jetranay | ey | (KFOH L=y b
ALU ALU—SFT
ALU
LD ALU—SFT
MUL ALU—MUL
ALU LD—SFT
LD
LD LD—SFT
MUL LD—MUL
ALU MUL—SFT
MUL
LD MUL—SFT
MUL MUL—MUL

3% 2: AT, Bimam s kA IRERM G

DAL L, ZORICY 74, ALU 2=y MEIIAA RNZARSH 5 &, [112(c)
TRTEIDBNA T T A ORI, NANRADILNEGELD, 1Y A7)
NEMETE D, ZoflTlE, IKEWALUSSFTRICH 2 w2 5. feframs,
e A OHMIC L - T, IKERENEL 2=y holERVEDbL, %%
FR2ITRT. F£21E, BRIV ALU S TH LD an 3 TH SFT 2=y M
REET 2 Z &M 5. NANZOEERE, 10 HoRHFRISRT & D12 6 [ERT
»5.

RIS, F21R L 2BRICHET =, MiBench #HvC SFT,MUL,ALU,LD/ST
DE 2=y MEHOKFEREEZFHIIL 72, 2312, MiBench OFHRFGR %2R, F*
31T L 726 5803 MiBench 0 & 711 75 M BWTIRKIEBRICH 5 a5 o
WHTHY, WRZHEICEVRL TWb, ZofEN»S, ALU - SFT o1k
FEIE A o, RICLD/ST — SFT, LD/ST — MUL DJFIC7% - T
LMD, TOMOKERGIEL BT oT0nd, 2, &mh
120192 MUL s o G20 720, M cikFET 28 5083M80nw2 & 25
%Y 2.

F L DI NA N2 % FT 5 DIFRETH 5 720, IKEHEN 5% Eo
2=y ISR A A2 % T 5 2 21 L7z, $bb, ALU—SFT, LD/ST
—SFT, LD/ST>MUL[T® 5. P EofEimitssAazrvay 7%z X
13 127R7.
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IKFERR | IKFEL T 2amil | IKFEL T2 EE (%)
ALU— SFT 221,029,228 65%
ALU — MUL 5,320,562 1%
MUL — SFT 1,666,316 IVEST]
MUL — ALU 782 1% Al
MUL — MUL 5,646 1% A it
LD — SFT 81,299,587 19%
LD — ALU 3,288,433 1% Al
LD — MUL 49,629,183 11%

3% 3: MiBench IS8T A IKFEH| &

\ Register \
— —— —

%Hﬁf

MUL

ACC

X 13: NANAEBIMA =Ty 7 [

4.3 ERFH

TR taken T-HI A3\ & gshare THI A7\ E /=, gshare T-HI & 1% 2
VARV ME TR Z AR L 720 0T, Zya— U aIERELY O 22 Loy
7 RV A& QPRI L O XY — VIRRERAD A > Ty 7 A% AAFK T
b, Ny —VIERIZ2 vy ARG vy ot TH Y, BRah2ey
NA T o7 oI &0 AT 2 TR 515N TH 5.

SC, TR 72858, RICFETTREGHT =y F LETLED
HbH. ki aD ALU 27— Y ORDY A 7 VIR B e B 7 =y F7 5.

13



4y | IF | DE | SFT| ALU| WR |

ALUf (oM TR [ IF | DE | SFT| ALU[WR |

ALU i (I TR ) | IF | DE | SFT| ALU| WR |

14: g TFHIREDO A TS5 A

ARMiS ARMiir ARMiv4

INEHER e 3 ISR
| Voo Voo

MUL | SFT MUL | SFT || SFT | MUL MUL | SFT || SFT | MUL
ALU ALU | | ALU ALU | | ALU
LDIST LD/ST LDIST| | LD/ST

(a) CS1 (b) CS2a (c) CS2b

15: h A/ — RBEF )L

Mz E, Fefrarahinika s, Bitar ah ALU s o a, METHZET 572
WD /SA TS5 A4 > OFAIEF 14 17T £ 912220, DlEFHIZENS &5 <F v
T4 A VT L i mRIT O S, 3V A 7D, Eta At MUL i
7, LD/STinnTh->Tb ALU s Lfhltk, 3V A7 NVoxXF s 191
YRR AT

4.4 RIERB LAEALE
MREUET IV TIEEAG 2=y 2 EODCTALU 2=y NI 2{fH L. 22T
H 2 — RUEF )L T O 15(a) TRT & D72 1S RITOET VoMU, 2
BRITTALU 2=y b % 2 {fIEE L 2 15(0b) ISR T LD RETF VL MA 5.
B, LD/ST =y b % 2 EFEHE L 72 [ 15(c) ISR T LD mEF IV EIMA =,
SIS WA AL TSI A VEFVFL TD 35 Th 5.
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s MUL |[UMULL
e ALU | LD/ST| MLAL SMULL
ALU L 1 [ 2 [ 3 | 7 | 11
2 3 5 9 13
st L 1 |2 | 6 | 10
2 3 4 8 12
moL | 1 |1 (1 |5 | 9
MLA | g 4 5 9 13
omony, 1 | 1 | 1 | 1 | &
UMLAL 3 4 5 9 13
svort. L 1 |1 [ 1 | 1
3 4 5 9 13

F 4 KEFEFOGHOY A 7 VK

CS1: 1 HFITHh A — KEFT ), SFT/MUL 2=y h % 1{il, ALU %
1f#l, LD/ST =y k% 1 {f{E#kL T 5.
CS2a : 2 BRITH A — REF)L, SFT/MUL ==y k% 2], ALU
% 2f#, MUL==v h% 2f#l, LD/ST ==v % 1 EfE&L T 5.
CS2b : 2 BHITH A — REF )L, SFT/MUL ==y k% 2], ALU
%2, LD/ST 2=y K% 2 ffFEKL T 5.
CS2a X 2l ALUICHT LT 1l LD/ST =y k&L T 508, &6 5
DALU S TH LD/ST 2=y MBHEHTE 5 L UEL 7-.

T3N3 taken TR & gshare TR0 2 5N THEL, ©h e
N, -t, gDV T 19 7 A& XTS5,

AT D WR AT — V6 &t D WR AT — ¥ £ TORES A 7 VI
T 2RERD DG LG LICMT T, K4IRT. EEEBKER L
DG, TERPRED Y OHEOY A 7 VTH 5.

AN, SeATan B ALU mr B Cibem B3 LD i 3o &, e afiiics —4
IREEDEET DL 116(a) 1ORT L OIS, FeITandasii T L2941 7 itk
IR BAYA T 5, ZhucitL, F—2IKENRD 585G, M 16(b) TRT
k91272, ALUSSEFT 2=y MEICAA NRZANH 5 7-0, JeiTindso ALU
AT =Y DRDYA 7 )VTE, EhitinmNSFT 25—Vl b, Tabb, Jir
R T LTS 3V A 7OVl L 2RI, Riem BT 5.
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sttt [ 1F [ DE [ sFT] ALU[WR ] %tidnss [ IF | DE | SFT| ALU| WR |

feiiedin 4y | 1F [ DE[ sFr[ALU[ LD [WR]  tededns [ IF[DE] — | sFT| ALU[ LD [WR |

(a) IkTF7L (b) IKTFE &
[ 16: IKFHERFOMmBDONA TFA

FHE N—FOT7EICEBT S

KETIE, WA — RUET)VENRINET IV OMREE R L /2RI TS
N5 HIER DNTIRN, KiN— R =7 B8O %Z T 5, AP2 & CS1 %
ttmw:%m, AP21Z ALUMYE D EAG 2=y "2 L{ERMCH 720, AP2
DOWRESSE T kS & TSN D, —F5, AP2 & CS2a LR L 72851, CS2a
X SFT/MUL =y 231 {ERMNCH 5 720, CS2a OMEENE T LA 5 & TA8
ahs. AP2 & CS2b 2R L =8, CS2b1d SFT/MUL ==+ K, LD/ST
2=y NENFNLERMNCH 5720, CS2b OHEEEN 72V 5 & TS
nas.

i, & A7 — RET NV OMRER IR L 2B TR S NS RIS DN T
RS, CS1 & CS2a R L 72855, CS2ald SFT/MUL ==y K, ALUM%Z
NZENLRRMCH 2720, anmhBUWHE» S 52T, CS2b OFERENS 1.5 55
g k% &7 ENS, CS1 & CS2b 2R L 7285, CS2b 1L & HE RN 2 i
B 578, CS2b DMEEN 2 51T < Elu 2 & FAlE NS, CS2a & CS2b & iz L
726, CS2bIELD/ST 2=y "L RPN H 720, i BEL S %
AT, CS2b DHEEN 20 k% & TSNS, <)V F a7 TlEEERET, »
D, YYINRATHROHENTEY, MEESE TR 5EE% 5, LD/ST
2=y MM LEREE L, DI MaEn EE2 RO L LD, LT
a7 eI LN REOBNICH s Tnhb, b A A, KIBICHEER 320
THhE, LD/ST 2=y M EIBENHER T 5 DONRNE WA 5,

IHIC, BEETIMIBITL LY A L SFT/MUL 2=y hoN— KT =7 &
WICOWTHIRT L, AP2OYIEL V27132 M) ThHhbLH, T2 hUIC
%, Yl VYR ZofEIC32Ey N, TS LT ARIC32E Y K,
HMERIC32Ey hO &6 By hDWESPFEL 5. £72, AP2DiRHL Y
21Ty MEOL D16 KH S5, AP2DKRA hapaldy — A 2{#l, ¥
T4 3= ay HETHD, KA4mBRITUAERDT, YL Y2y Ligti L
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VAEDY — RIIIE S AR, T4 MUIE 4 RVETHS., —7, CS1, CS2a,
CS2b DG L Y A X 1F 16 K TH A, ST MJIIELV Y A XY DERIC32E y
N DOWEMPRE L 7L, ARM an B3R kY — A4, 7 A5 12— a > 1{#T
MO, IR 2 ERITAER DT, WL Y27 DU — RIS AK, T4 M
[ N A

22T, LVEHHICEETMIBOTRERL YA D N T YA R
95, 18y OV YAZITFEEHIC N U2 7086 fl, A MRS
R b 1B 720 4, V— RHOE— R LEICO X SR EE 25, fiE-
T, AP2o 1y Mo 1> MUY T L LY AZFZTFIE, St
HH LR = "R L 020 7T, GH48{H, 4{foFEZALKR— NDZDICET16
fl&l, SSICEHERDO6ETEEF 70D T > P2 NE LD, AP2 O
LY ZZIE3R2 T Y, 96y METH L7280, 70 x 96 x 32 T 21.5 7 {#
DTV AZPVEL LD, AP2 Ofgii LY 271316 = hU, 32y K
ECHL7280, T0x32x 16 TR 35 TTMD N T T AZBFELIRL, wmiE L
VAL, MLV VAL EHOEIR N T VAR 25 il b, CS D
Iy METIZY MUMIHET L LY 22 FETICE, S{HoFAE LAR— |
MPEEL I L DT, EHA8{E, 2fHoFES ALK — FD-OIZF 8, S HIE
WHO 6 TEHMED ST I AFZNPE LD, CSOmiEL Y 221316
TUhY, 28y MMETHDD, 62x32x16 THN31 TR NI 2%
MPFEL 75, AP22 CSD T vV 22 Kz L =856, AP2 D 5h% 22
Ti%< 72 5.

T, AP2 & CS2b Z UL L 72855, CS2b @ /5A8SFT/MUL =y KA1 i
ZER SN TS, 22T, SFT/MUL2=y h®D b vV A7 EMTT
L. MULzt=y hClE32 v h x8 'y hDEFENTX, LMEHERIC 32
ffEL, Tz 8Bl 2 & THREIN TS, 1 HlofmBEERE, 28 #o
NI YAZTRERSINTEY, MUL2=y hTlE28 x32x 8 T 7168 fH{d h
T UV ALPRE L e D (K [, P.273]). SFT 2=y ME 32y MEDT —
1By R 28y N, 48y K, 8By N, 168y b7 b9 55 Ho[H]iE
EHEACL T 2 & THRTE 4. (B, 2 A1 L7 & ZRiiC 32 {#FX
% Z & THIKTE 5. 2 AJJNANDS il & kT &, NAND [B[#&1E, 1 {#ic
DXAFD ST I AF R T L, Thbb, 2K TIiH4x3x32x50DF)
2000 > s 5 > DAL IPREL D, HoET, SFT/MUL=2=y hOMK N
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VU AARUIA 9000 [H & s, £z, fhoiiEa=y MYEREE 2D,
2ODETINDON— R =7 BZHIRT L &, MEaA=y ML T Y
2 OMMEL Y b, LY RAZICLLHNEN B L7200, HENET VO
a VAT ART S, flxlE, AP2 & CS2b D k5 > Y 2 HEHEGL 1255,
CS2b 1L AP2 Y SFT/MUL ==y b1 HZLIEHK SN THBY, FIUR
A RFUEAT 9000 fEXEM 2708, AP2IFYIHEL P AZICL Y b T Y A X D] 22
M 5720, SRMciTY, AP2 O A%Y 21 F{ENd 2.

E6E FA

3EEABIIER L 20D, TS5,V ETNEYIab—Y a2l kD,
L9 5.

6.1 FHEAE

ARM 7 =% 577 F v sty e RX—= LA L 754 VT
ML T, 32DR AT —RUNAL TS VBT NVEREL, RVFv—7
MiBench Z W TIPC [a] FOMREZHIEL /2. £72, 3HMD N A — RN
{74 T IVOMBERLILE SPEC CPU2000 Z W T T>72. > /"4 5
lFgee Wz, Fibd 7Y a 213 -02 TH 4.

MiBench TlX 17 il 7 v 75 L% {FH L 7=,

e basicmath :3 XEECT AR Lo Bl L2175 7ar s A

e bitcount : FEUI D bit AT A 5 Z & Thit RIFRENEZ T AN T 571
VAT

o gsort: 7 A v 7V — NTHIENEZFINCEN SELTar 5L

o susan XIS 2 A L Tl WERSIE % [I§E8E8 2 71 75 L

o jpeg : 1T —IH{§% jpeg & O FHILIEG T — 7 O AT\ % - TR
L7075 b

o typeset: 7= 7 X—=YDHTML 57— % ZEFIHL T 75 L

o dijkstra FZITIIRBZMKL, YAV ANTOT7INTY ALZEDIRL
H->7T, 2rRMORNMBEZEIET LT s I A

e patricia: V= D 2EFH D IP kT 7 4 v 7 % patricia & D 5 — 7 Kb

18



295 7a s 5 N

ghostscript :PostScript St % iR 92 7 7o Ak

ispell SEDANNVF = 7 &2AT5 7T T A

stringsearch (W Z2PET T s o L

blowfish :® 5ilFE% 32 &y b2 65 448 By M Cou]E RO % i,
Ty J eIl LR T T L

rijndael :H» il FELFOESEZ 128y b, 192w K, 256 £y ko
MOIFELTTry 7 & L THEIL TEE(LT 57 7o A
sha:H5ilFE%Zsha W IO Ny a7V TY ALEZHNTI60E y KDy
ValikAERT L TarT A,

CRC32 Uy R7 7 A 32ty hollWEkMEZITY) 7075 A
FFT 57 > ¥ LRIEO ZIHAF 2 Fif 7 — U 22/ 5 T 75 L
adpcm : AV —F ZHWICHED NIV ATFFER OO NG TTY Y
VT = 2R 5T a5 L

SPEC CPU2000 T, T 1l {HoTar s Lz L /-,

164.gzip : 7 — ¥ % gzip 5\ THA, AT L7075 L
175.vpr :FPGA O[n|fEMEE & Blik 2170 71 75 L

176.gcc CEBLZANANT LT T T L

181.mcf (/N2 A b 7 — KIS K W IRELE 7D 7R T L
186.crafty :64 £y FNEIOF = AT 1175 AL

197.parser X E % HIRSENIE T 5 70 75 I

253.perlbmk :Perl S3E% T 5 7107 L

254.gap =i, 74 77V EFEET LTI A

255.vortex <A 7Y =7 MEM DT —Z X—2MH %175 T s 5 A
256.bzip2 : 7 — ¥ % bzip2 Jja\ CIEAl, MHT L7 r o L
300.twolf :> I 2L —7 v K7 = U 7KLY EEREZTD 77T L

6.2 HIERLR
6.2.1 AEBEFINEART—REEFILOEE

[ 1712 taken 2METHI N DG D MiBench 711 75 L& F 72 & h A5 —
RETIL & HNET VO IPC DfE%Z7RY. [XICiE MiBench ® & 711 75 L
WIS L 72 1Tl oN—=03% 5. ST 4HON—=15720, JEn s AP2-t,CS1-
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L1 e 1

R
L2 e R N

IPC

< € € D © © 3 < © Ql
c
®T 3 6 § o 9 5 © B & © 5 s S & I E
a © b3 5 o o 2 ) 3 O I35]

E 8 o & g § £ E 5§ 2 § ¥ ¢ ©° g 4+ 2o
O = = = 5] 7] (o] k]
2 3 n 2 © a 5 2} o = (@) ©

o c re)
el = £

(o] "J')

program

17: MiBench I2B 5 &ET IV D IPC

t,CS2a-t,CS2b-t DIHICAEA TS,

x0T rs Lg%, AP2-t @ IPCOSEEICH F L7 ar s
LEZFET D,
e jpeg TD AP2-t ® IPC 8 CS1-t & U A 50%, CS2a-t & U #J20%, CS2b-t
L0 25% 1) kL 7z,
e rijandael TD AP2-t ® IPCAYCS1-t & VY 124%, CS2a-t & V#Y96%, CS2b-
t L0 94% Iy L 7=,
o sha TP AP2-t ® IPCAYCS1-t & VI 78%, CS2a-t & V#J38%, CS2b-t &
0 #32% I\ |- L 7=,
fl% DTz s Lk gL 72458, CSl-t, CS2a-t, CS2b-t @ IPC ASEAE IS
M ELzTdarshezZE T 5.
e basicmath T® CS1-t ® IPC 2% AP2-t & U 18%, CS2a-t @ IPC A% AP2-t

20



s2a-t NNN\CS2b-t [////|cs1g

T T T

dos2a-g [ cs2v-¢

IPC

.

7///////////////////////\////////////////////////1

R

% %: £ [
Q Q P = =< o =
N 3 8 E 5 s £ & a S

> > : © 2] o) N =

o)) > — s Fel o)) S 2
< 0 © © Q 5] P < 2 :
© ~ ~ — © Q o o © o
° — — © N~ g N & 8

- o [+9) 3
- &
program

18: SPEC CPU2000 Z /=& Hh A/ — RTEF )L IPC

F U 61%, CS2b-t ® IPC A% AP2-t &V #Y62% Ia] L /=.
e patricia T? CS1-t D IPCAYAP2-t & U 12%, CS2a-t ® IPC H¥AP2-t &
D 51%, CS2b-t @ IPCASAP2-t & V# 53% ] kL 7=.
e FFT To CS1-t ® IPCAYAP2-t £ VY 15%, CS2a-t D IPCAYAP2-t LU
#952%, CS2b-t @ IPC 2% AP2-t L VY 53% [a) | L 7=.
27175 LOXEFEL 72 IPC 13 AP2-t 13 0.70 £ 72 V), CS1-t, CS2a-t,
CS2b-t 1EZhZh, 0.60, 0.77, 0.78 L7 -7z,
6.2.2 BHART—RFREFILOLEE
18 12 taken Mg T-HI 5, gshare 2RI N 015 & o SPEC CPU2000
Tar s hHAWEEN A — REF LD IPC D% ~7. X2l SPEC
CPU2000 & 7 7S5 MG L 72 1Ll N—=230 5, &#IZ 6 [fo /N —0
570, NS CS1-t,CS2a-t, CS2b-t,CS1-g,CS2a-g,CS2b-g DIFEIC A A TS,
&7 75 Lo IPC D&M V1] %2 K, L 7.
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o (CS1-t, CS2a-t, CS2b-t OFHJL 7z IPCIXZNZH0.54, 0.94, 0.99 &7«
-7z,

o CS1-t 25 CS2a-t 129 % &P L TIPC %Y 87% In] |- L 7=.

o CSI-t 25 CS2b-t 129 % &FE] L TIPC A%Y 98% I\) | L 7=.

o CS2b-t 2065 CS2a-t 12§ % & FH L TIPC 3 5% (I T L 7=.

e (CSl-g, CS2a-g, CS2b-g »FH)L 7= IPCIEZNZh 059, 1.10, 1.17 &
ALY

o CSl-g»5 CS2a-gll¥ % & ¥ L TIPC A 73% In) L 7-.

o CSl-g»5 CS2b-giZd % &FE]L TIPCA%%Y 83% Im) L 7=.

o CS2b-g M5 CS2a-gil ¥ 5 & L TIPC I 5% KT L 7=,

6.3 =

MiBench # H\T, 27— RUEF )L & e T )V oERER LR L 7246
B, CS1-t 5 AP2-t 12T % &L TIPC A 16% 1] F L 72, AP2-t1%, CSI-
t &L CTALU LA EAG 2=y M &2 1 HZ 5L THBY, 5FTHA
THEBY OGRS Tnd, 72721, basicmath 7z W< Db 7S
LT, CSI-t oMREWN R E M EL72. 2hid, AP2D 3o TS5 4 VITEL,
P THRENC L RXFIvT e KLz EA 615, $£72, rijandael, sha
T AP2 OMEENNKE L[ F L7z, 2, 7o AT — FFRITIC kD %0E
IREWEEZEZOLNDS, AP2-t 6 CS2a-t 129 5 &P L TIPC %Y 10% [n]
FU7. CS2a-tiE, AP2-t &zl CTSFT/MUL 2=y b % 1% JE# L C
BY, 5BTHRNRNTHEY ORI o> Tnd, AP2t 25 CS2b-t 12T 5 &
T L CTIPC 239 11% 1) B L 7243, CS2b-t 1%, AP2-t & ikl T SFT/MUL
2=y, LD/ST 2=y b & 1HITHLZIHEHEKL TEBH, 5FETIEKIEIT IPC
ME) E2 & THL TR, CS2a-t & ZNF e IPC [0 ERIFED 62—
Iz, DIEofiiR&V, AP213CS ML THE TN LI VLY AZ D b
TUVAIRMTELL L ZL b 2 e 2 BRT H L, AP2 Z8HRH L TIHAER I
RRDDHEY, CSEHRMAL APMREL M L2 EE, JV v v T ukark
FEBTE D,

SPEC CPU2000 % F{\\T, &HhAS — RET )V &R L 7245, CS1
M6 CS2biC T 5 & FHIL TIPCA%Y 90% a] | L7243, CS2bld, CS1 & Mgl
TIRCOEEZ=y M2 G125 TBY, S5ETHANLZIPCAK 251225
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L) FAUSITUMIE & 2o T d, IPCAS2 S B - 7201, IKIFICELS
A8y 7DD THSH, CS1H6 CS2alld 5 & FH L TIPC A 80% [n]
EU7A, CS2ald, CS1 &gl ¢ SFT/MUL =v k, ALU % 1 i3 >%<
EIL CBY, 5ETHRALTHIBY OfHR e 2> Tnvd, CS2b 5 CS2al
T2 L)L TIPCH 5.1% K T L7278, CS2bl¥, CS2a & HiigL CLD/ST
2=y M LERMHERL ThbL 0o, 5E TN KD kS s
SN >Tz LD/ST 2=y M & LAZIERKL, a7 HfE2 KE <95 CS2b
EIRHT L E0IE, KO IV arEEET SH CS2a T 5 AR
FEDOHMITH > T b,

2 O0DHEMENS, S FaFTICBTLa 7 omite LgE, Mt
FNERATL LY, hAr—RFREFAVERFALLAD, Yo I Nnaryk
KHTEL, &1, MM by v INaryZEt2 28 T5L, HAT —
RUETNVOHRTY C2aNk VERZMLTa7E2EBETES L0 A5,

BTE HHYIS

AETELVFarIicBdb120a7e L, ARM7—%5727F v ZH0
1220DFTIVEMEI LI, 121F, 3TICHEARHUET LTHY, ARM iy
W% RISCHan L, WHFEITTLETIV(AP2) THLH., &I 121, 4
EVRRIzh A — KT NV CH Y, CISCTUNAS T4 »%&WiE L T, ARM
MmaEWNFEITTLETINTHL., ZOETFTVCEEI—DNRAL TI5A VR WE
L7=E5)V (CS2b) oftic, LD/ST =y h%& 1 D72FEIK T 5 €5 )L (CS2a)
b RET L 7z,

Ny F~<—2 7012772 MiBench Z HO T MNET Ve h 27— KD
MEREZ HUlR L 72455, CS1 Tk AP2 £V 14%IPC MK TFL72b DD, CS2a,
CS2b TIEZNZN10%, 11% W EL . e IVE h Ay — RET
WEHBEL CVY AT DN T VY AZRINTELL EZL b 2 e 2 ERT 5
L, WA — KUEFNVERHLEZGNED Y IV Ra 72 RETEL2 8
Moy Tz, SPEC CPU2000 & HWT & A A7 — RE T )V OMEREZR [LHR L 7=
FR, CS2bl CS2alcit LT, #5.1% oMaEm ELE S e -7z, CS2a
DFEARIIIVF T TN TN D LR D,

23



Bt

KEFFEDRERZ H AT S S LEHERRIICRE R LME LKL £7.
FARMSRICE L Clt7e 21 2 b - 2 e REZIER, |3,
UE AV, i @B SO S L £

S 51, HUED S ZEmTAG 7 s R B a2 7ERhl G5 A 7 LEIL
EHIFEE O L& D EHT 2L £
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Steve Furber : ARM &t v ¥ ,CQ kX (2001)

HRE— . ~f 7oy s oay HiEBP t (1999)

TREFS - dn D LoV ARYILEE ) e -1 (2005)

HERZ, R IE@, &E—EB, EHEn - INGEE N Y 7 7 2 (i A 5 SpMT
EF VDN, FeiE MBI S 257 L R Y w  SACSIS 2005,pp. 397-
406 (2005)

[5] Neil H.E.West,Kamran Eshraghian, &R=%, M ILZESE : CMOS VLSI &t
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