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Abstract

In this paper, the parallel branch instruction is proposed which executes a branch instruction

and

the frequently used instruction simultaneously to improve the performance of Thumb-2

instruction set architecture. In the proposed approach, new 32-bit parallel branch instructions are
introduced which combine 16-bit branch instruction with each of the frequently used 16-bit LOAD,
ADD, MOV, STORE, and SUB instructions, respectively. To provide the encoding space of the new
instructions, the register field in less frequently executed instructions is reduced, and the new

instructions are encoded by using the saved bits. Experiments show that the proposed approach

improves performance by an average of 8.0% when compared to the conventional approach.
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Fig. 1. Instruction flow example in ARM, Thumb,
Thumb-2 architectures

Z2AAM] AeE Nk tgFst A7t KeiEo] om
Act dEAQA 7ol oy e AHdy 4
unit) & Fol HHEol £ WEA(instruction level
parallelism) & JA7]= 78 2Z e (superscalar) (4) <}
VLIW (Very Long Instruction Word) (4], (5)& & W'
BE A2 Z2lA] off] WEolSS wauAoz Agi)
oldet B 28 s1se W] =S e azelel VLIWO
M 247 stegolet Axd ezt A3t SR, T &
o] W A vkt studo] AXE Bz vt oW

of ofg] o] HEHAE EHE & e HH dF /4
(fetch unit), o1& 7ll9] BHFAE olqr(issue) 3l 2, =
YA WHES FAl AP 5 e oY 7l A
o] Jasi vﬂ*%ﬂ"ﬂﬁ“ =34 ?l BEolEs &
& de =7 FIE 8
= 3_‘413}1 HE Aol 7}“?‘ “533 1‘3—5—% BT ¥E
TETE] ¥EEE %
2a3e] = 7|7} F7ske Bl A
'z 3= A7 TP I Al @3
Il HxseluAE Weloje] WEA S2e g

3 (execution

et >L

O
g
E
i
r

e ok m} LT
o
o
rr
_h lH

ﬂ:
_rl'“: ox
Q7

e

*J*]ﬂil?‘} St} o] & 3] A HErt FowAE Bé"’—é‘ 2
2] 78 B34%rk W% 27](branch) BHol9 v HEo]
E SAo dashs Y 1] s =y’ —f7] kS
ol AA Z2age] A Alo]Z9 15/ 25%°] ¥l&2 2t
A A2 A WErt =oHA (4) g 4l :F'Z"ﬂ
Ae 8] dEolo| o]t Alo] o= q(con‘urol dependence)
= 20171 sl 7] "l F45 A8 dA7) ofd tEh
SAClA ALl wizel thE oo WE S A3t

2
rO
ol

E%lOH BRI} gl
£7] B#1E Thumb-2 BFo] {3

7] 913 F7H<l

.
of
E

B =M HE
T3 #8383 PABEX (PArallel Branch EXtension)©]
2t 2Ele AR BHol JF 725 ANkt o] T2l
ANE 16H1E #7] Haoiek ADD, MOV, LOAD & ®luis}
A AH&SHE 1681 E WEo)E WY Hdlshs A= 32HE
B

o8 Eqah Aze Weole] A=Y F1E A

Eij}ﬂg} Nz‘%] Exy=y
= 29E dett
B =29 A2 ot 2 TelMe 8- 975 7]
<8t [IIdAe BE w7] HEolE AAdtt. Vgl



Agto2n TeAM g MAsks
teket Aol aEo] $irh(6-16). WiEAQ] dut=

Z2AXl ARME] 32H]E ARM "ol g3t 16v1E
Thumb %] éa 7H*40P7l HAell ThFt 71 =0l
Aol eH6-15). °“:’«] 712 16H]E Thumb %%
ol A& A ‘&E‘r[ JolXE 16HI1E Thumb ¥
of R 7== M 0P7l Ho}oﬂ T2 217 824 (addressing

mode)S B3} dlo|E] 2]AE(data list)ol]l e A
EEF A7) fste] 2717 239 HA2H 2Al 5
2 A1 W2 (scaled register offset addressing mode) @}

ARE QgA 4 A% W4 (post-indexed addressing

mode) < =g x HHFoQl 2re A% Wilold &Y
gt A A7, AAE BH2 16H|E Thumb BEo 3
o] A%S it 8.5%9 ALY (7)), (8)% 22 7H
2 A 7Fs HR2H ] FE %7}"]7]i’>*1 sl
gt} vk [9)3) 22 7HoM e ZE 7|8 US A
A77] 98 BEE #A 28 & (partitioned register
extension)—c" A At

]E‘}%—% 32H|E ARM BHo] F3 72 /o] =
. (10)elM e vEY A, HEnho] A
FGoIA 2FHE HEETh A2 39 HelEE

ARG 5 g v Y
o
=

>t et m

H3 B (bit section extension) 71
(11)elX e AME W=7t B 24 3=
(conditional field) 9179 BIEES @A 2E] 7]&d| il
gFgtozy 7H8 HALH FE ST

ARM DSP ®#o] &4{12]2 i A2l 88 =
o] A3 £r2 A7) A8l DSP BHolE ARM %
o] gl F7leith o] W] u%% ARMO926EJ-S,
ARMI46E-S, ARMI66E-S 59 thder Z2A|AelA] A

L™ Audio $-8 T2 A9 T0%7H4 £=8 /WA

g},
ARMv6 F2(13)2 SIMD (Single Instruction
Adgt, o] W] 3t

Multiple Data) H#o] 3g<
M= F 79 16HE Ee ] 79 8HIE 4tk it 5
Bl A Sl T o2l /19 HlolElel tiE] Y 4
s wEA o £% 4 gltk o] P2 ARMI1 Z2A|
A Boll TgEeH ere 9 vt Fd g, oln

]. =8 Al 9 Tl f-854 4-8drt. ARMv7
e /i€ SIMD J3! NEON(14)& A g}, of
i—‘é Htle, ore 39 3§ e £us ) v &
= /N3 Cortex-A9 52 Z2A| Aol AeiHct.

ARM Tz /e e WA (parallelism)S 341717

S8l Tkt JTHES AARITHE). 1 7HES JEZR
A% (multiprocessing), 2#d= @9 WEA
(thread-level parallelism), 7F# A3 AlZH(variable
execution time), AMEL= 27 (subword

parallelism), A} DSP
= E3hei

2011l AXE ARMvS T3 71& el [l 64
HE §&x 2 03lA &8 7hee Asdehs HEo] Jgs
ksl 64HIE sk &R P Fa
addressing)= A 93}, A649] 7t HEjol= FAikalet 3
T A A% AEEA HE I=E sRE F2E 7RI
ol 3l ARMv8 Fxollxe tlado] deshel 534
g3qg 7l 17 7] dE& golai dt. o] 7z
e S S8l 31719 648 E W4 AN 2EE F7l8)
3 LDM/STM (load/store multiple) HHo1E A1 A8l
T ERE tfH] ARl o]Fe] 22 231N WHoE 4
A0 2] AHAQl WEle] [3E deslsle] ZRAA
=z 2 A2E FE2 AT 20140 64BIES
Adeks AW ARMv8 72 718F]  Cortex-A57%
Cortex-Ab371E0] A8 oot

A4HDSP-like operations) %

e o

. HEo g

ok

AA

1. JHI/\IEI HE 27 ggo

o WS 2HAT A M) B aele Tz
o gold 4 Qom Yol Mk S4S A% Zrade
¥e) AlgsEE dEA s i

CPU  #ix|nt=9l



4 Journal of The Korea Society of Computer and Information July 2013

MediaBenchellX g% Bebg oz Agaict gAet &2
Vg & 3& ushy] uidth, o] wix|njadx] WElolE
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Table 1. PABEX parallel branch instruction combination

27| eziof 27| eizofe) et 715 HRo]

BEQ

BNE

BCS

BCC ADD,
SUB,

BMI MOV,

BPL LDR,

BVS LDRH,

BVC LDRSH,

BH LDRB,

oS LDRSB,
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BGE STRH,

BLT STRB

BGT

BLE

B

F 12 PABEXCIA AAE = BE £7] g#olE HolF
th 27] Eeie) B¥E 4] xdEE WHE ADD
SUB, MOV B&ol9} LOAD % STORE ##Hol ajgs

£ LDR (Load word), LDRH (Load halfword),
LDRSH (Load signed halfword), LDRB (Load byte),
LDRSB (Load signed byte), STR (Store word),
STRH (Store halfword), STRB (Store byte) ©|t}. ©]
HEol 52 BEQ, BNE G ARM 724 Aldsh= 1571¢]
z 7] BHold 29 rhssitt. BE 7] WEele 9%
7]%.(mnemonic)& 7 BHo7 WE AgHrhs FE Vs
371 el VLIW 72448 | 7|g=2 Fddc. s
0], Thumb-2914e] ‘ADD  RI, R2, R3 %&ojs}
BEQ offset S ¥d A2lsl= 32H]E ¥ ol= PABEX
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AXNE BE 7] BHe] Z=E HAFrh 1" 2 (a)9

e

ADD®} BLT H&ole A& <& BA7L gloid 138 2 (b)
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Fig. 2. Parallel branch instruction example
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oFth. ol i @AleA £7] HHEold] JE goeg
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w71 Eo] A A2 7] e 425 24s] g ol

=N

oy
€

N

o

719} PSR (Program Status Register)ollrd &7 2
HolAl 7] W] 27 vwsla T2 a3 73 Y&
Ashe st=dolz AEEd. B2 AL s e
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Eg} slxos £AE HoiFEth  Hwlel AHA] HlolE,
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STMIA (L H|E=0) H&o] F4& ¥7Ag Aot} AAl€
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o] HE 7)& AoRitt, o HEE o] 83t H
g =gt o] HEE LDMIAZ STMIA Bl
allAle 0, A2 PABEX Baold diside 19] 3t 7
Ztk. LDMIA, STMIA W&ol 16HIE Wolelt H]s)
PABEX #ol 32H|E Waoidel] frelshal.

Hwl9] B|E 0%H 2, ¥|E 8%H 10= 474 F 79 4
Z|2H, Rd% Rng 33} HIE QoA 2&
wEole] BA7] A 2EE 1Rt HE 8% E 102 =
=, A% wEole] g ol HRA2EE, dolE A H
K - A WA Sk HA 2B E Q12 A
7 wEe] T o#AzEY HEe 16HE
Hol9} nF7A 2 RO~R7= Agkdt.

E'T‘7]

E’T‘7]

2
o
on,

15 1110 8 7 0

1[1]o]loJL] Rn ] 8 bit_register_list

LDMIA/STMIA Rn!, (8 bit register list)

Thumb-2

hw1

15 11 10 8 7 6 0

1[1]o]o]L] RBRn  [O]  7bitregister list

LDMIA/STMIA Rn!, {7 bit register list)

15 111 8 7 6 3 2 0
[1]1]0o]o[L] Rn [1] op [ Rd ]
hw2
15 211 8 7 6 5 0
[ cond Jo]o[o] Rm | imm6(B) |
15 12 11 10 765 0
[ cond [ 1] immb \ imm6(B) |

op bit 11 EEY T|OIARL A
0 Rt, (Rn,Rm)
0000 1 STRB Rt, (Rn, #imm)
0 Rt, (Rn,Rm)
0001 1 LDRB Rt, (Rn, #imm)
0 Rt, (Rn,Rm)
0010 1 STRH Rt, (Rn,#imm)
0 Rt, (Rn,Rm)
0011 1 LDRH Rt, (Rn, #imm)
0 Rt, (Rn,Rm)
0100 1 STR Rt, (Rn, #imm)
0 Rt, (Rn,Rm)
0101 1 LOR Rt, (Rn, #imm)
0110 (1) LDJRH Rt, (Rn,Rm, I:SL #1)
0111 (1) LI?R Rt, (Rn,Rm, I:SL #2)
1000 X - -
0 Rt, (Rn,Rm)
1001 1 LDRSB Rt, (Rn,#imm)
0 Rd,Rm
1010 1 MOV Rd. #imm
0 Rt, (Rn,Rm)
1011 1 LDRSH Rt, (Rn, #imm)
1100 X - -
0 Rd,Rn,Rm
1101 1 SUB Rd,Rn, #imm
0 Rd,Rn,Rm
1110 1 ADD Rd,Rn, #imm
0 ADD Rd,Rn,Rm LSL #2
111 1 — —
PABEX

T2 5. Thumb-2 LDMIA/STMIA 0] &§4ln} o] galg
0|&st PABEX HZH0| &4
Fig. 5. Thumb-2 LDMIA/STMIA instruction format and its
corresponding PABEX instruction format

Hwle] H|E 304 6& £7] Woje} A3 HHoio
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(Load halfword), LDRSH (Load signed halfword),
LDRB (Load byte), LDRSB (Load signed byte), STR
(Store word), STRH (Store halfword), STRB (Store
byte) BEIE AAg}, 2o} A4 R olo] tis) QA
T4 XA W2 (offset addressing mode)& A ¢3l=t ©]
WAle F8 Fi(effective address)E 71F A 2E
(base register)®] el @A gk& t]gh gro2 Attt
L2ZA FH& SA](immediate), HA2H (register) % 3ht
2 9AIE 4 9lem LDRe LDRHel tisixle 72t 324
E 9= ujd 9 16H]E St = wige] 248 Fdshe

o f-83 2V E H 1H|E 9% A ZEH YR 2F QZA F
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T4 Akl gl AHEE ADD B30l teide
A AR 2HE dF oz A|ZEH gR|2E 2
712 A,

Hw2e £7] W#ole] 2737 22As 7|&dth vE
12414 HE 15% EQ, NE, CS, CC, MI, PL, VS, VC,
HI, LS, GE, LT, GT, LE, AL®] 157X 1< 71%3t).
H|E (oflA] H|E 5= £7] WHole] ZAE x| gt H|E
6ollM HIE 102 HE 119] gl wieg} th2A] sjxdgc}. v
E 11°] 1°]H H|E 6ol HIE 102 5H|ES] SAIgeR
g} HE 110] OoH HIE 60l H|E 8L x| ~H
WSR2 ey 2= A7 HEoloE Q2 X 2H,
dlole] 7] wHele] A F WAl gdiat dx=EHZ &)
g},

tlo 4 ok

s T= )
b

fu

Iv. 45 gt

AAE o] 5848 S45P7] 21519 Qemu ARM Al
EolH(17)9M Cortex-M3 Z2AA(18)E tdez 4
S5 WKtk AlEdolHE A2 PABEX HEo] 1
19st7] 98l ety 2 Z=adde] dis] ARM
Realview AZLH 7} Cortex-M3 Z2A|A HF o] 3H
Thumb-2 ®H#o] Jg oJlEe] =& A8t A€
A& ZolA PABEXS] WE £7] Wiolz WAd
£ F= HfElg 7]¥ EZ(basic block) A Zohfje] ¥i7
gttt sl o] WEo] AuiR] (instruction scheduling)
o 213 &S A|AsIe] Thumb-2 =9} FU3 2704
Ae2 vlmap] Slste] AAIE 7oA = F71AQ o
ANXE 38k ek=th. ARM Realview Z9He{7} A
s AAE EE Hg8s] A
Thumb-2 Z=9} 24 $91 PABEX Z=9] 4%5S Qemu
ARM AlEgo|H 2 4%t

A e 8l AR Wixnia Z2 e ut=
Wlx]ul=9] MiBench, CPU ®WIX|ul=9] SPEC2006, HE]
v|tjo] #Mixnka9]l MediaBenchollM 4% Hebzoz A4
3l MiBenchollA o]m]x] =€o]
adpem, Flofe] 453} 2239l shas. SPEC2006°14
dole & 29 164(gzip) ¥ mcfS AHI}
MediaBenchoIME 9% 4% 2991 mpeg¥ tlolE
o3t 2 QlF RO pegwits AFTTE Jpegt
adpcm< MiBench¢} MediaBench E5ol 23t} % 3

N

2l
o]
A

4% F=g

jpeg, &4 =4

o AMRE wx|ula 2 g3 ek 7]%git)

3. HIXol3 =20
Table 3. Benchmark program

Lalal=t Ay
ipeg ojo|x| &= BE
mpeg YN AF BE
164 GNU gzip HlolH 4%
sha Hot siA| 2ailE
adpcm 24 olzg A C|=g
pegwit h7| Lzst Y olF
mcf 2k A= x5 555 25|

X 4= Thumb-2 BWaEo] FHF 729 vlwsle] AAE
71H<l PABEXS] A%< HAFT) o] ZolMe 43 719
7} Wixwial 2 a8l tjste] Thumb-29] A8 Ale] S}
PABEX®] 438 Afo]E9] 4=, 12|31 PABEX AlelE
Thumb-2 Ale]Z9] H] &S Hol&t} Wixnja Z2 73|
sl it 8.0%9] A5l =™ jpeg, mpeg, 164, sha,
adpcm, pegwit, mcfellX] Hdoz 247t 5.7%, 6.1%,
8.4%, 8.4%, 5.4%, 12.3%, 10.1% %3°| /1€t A
T gl W= 5.4%°014 12.3%°]t}. Pegwit Z21%
o] A% 71 3A A%(12.3%)°] SgET) o)l Z2a3
o] R lollx] BE £7] WHol2 ¥k £ gle # 1

sole] 47} 7] wFelch,

E 4. Thumb-2 CHH| PABEXS| 22

Table 4. Efficiency of PABEX compared to Thumb-2
87| s b | 5 ue | P
Ato| 2 £ Ato| 2

jpeg 11,937,548 11,258,544 94.3
mpeg 57,170,864 53,679,136 93.9
164 9,948,213 9,116,250 91.6
sha 14,061,131 12,881,624 91.6
adpcm 16,663,431 15,771,579 94.6
pegwit 50,034,843 43,861,701 87.7
mcf 117,378,155 105,511,838 89.9
g - - 92.0

bW 7] Yol XRY Wels AH 9
#7] 33

:Oél
=
5

A

DO

3,

—

D
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Im
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27| mEofe} 7 7453

16H|E Hoo| S eiE HiT

Table 5. Frequency of the 16-bit instruction that can be combined with a branch instruction

x| Thumo20 LOAD ADD MoV STORE sUB
i Mo & AlsY = = = = =
ol= Hlg Hlg Hlg Hig Hlg
JEES JEES JEES Aloj2 £ AlojZ %=
AR = jo|g &= (%) o|g &= (%) o|g &= (%) lolg += (%) e (%)
jpeg 11,937,548 209,680 1.8 129,040 1.1 122,032 1.0 209,956 1.8 8,296 0.1
mpeg 57,170,864 973,226 1.7 609,813 1.1 137,403 0.2 1,714,817 3.0 56,469 0.1
164 9,948,213 558,166 5.6 133,225 1.3 18,905 0.2 118,905 1.2 2,762 0.0
sha 14,061,131 2 0.0 779,681 5.5 399,783 2.8 41 0.0 0 0.0
a(::c 16,663,431 442 561 2.7 0 0.0 308,416 1.9 1 0.0 140,874 0.8
pegwi
; 50,034,843| 5,413,229 10.8 362,544 0.7 147,574 0.3 102,670 0.2 147,125 0.3
mcf 117,378,155| 4,916,701 42| 1,763,629 15| 3,166,814 2.7 744,080 0.6 1,275,193 1.1
o - - 3.8 - 1.6 - 1.3 - 1.0 - 0.3
3 zz o] thle] ARM Realview H3dd] & A& T 6. 16H|E E7| maiofe] vz
- - Table 6. Frequency of the 16-bit branch instruction
A}8-3] — Mg =2 AYAsta B 2]

F8ie] Thumb-2 o} 432 Vistn 7] ol WA | EAg AR | Sl gEo A8 | Sl 55
o} WE A3 7ed WHolE 71 BEdx] ol ARM el S Aoj2 = sle (%)
Realview AlBH|CIHZ 54 43 Weg 430} 7] ¥ ipeg 11,937,548 973,814 8.2
Holol BE A 7ksdt WHo] F Wyt B WHs mpeg 57,170,864 4,012,893 7.0
LOAD, ADD, MOV, STORE, SUB9| &o|H 5% &&2 164 9,948,213 910,449 9.2
Y7t 3.8%, 1.6%, 1.3%, 1.0%, 0.3%°|t}. 7] HHo sha 14,061,131 1,328,701 9.4
ot 2% 75 e LOAD ®ele] Wl el HA A3 Aol adpcm 16,663,431 3,681,360 22.1
=o ) 0, o] WOl Y

0, A 0, X 0, A 12 VS
5.5%, MOVE 0.2%°14 2.8%, STORExE 0.0%c1A ot 117.378.155 20,328,544 173
3.0%°1H SUB Wl 0.0%0014 1.1%Ak0]2] Mo & — ~ ~ 123

gk, ANE el BE s I 8.0%E
olst W& 43 7@ LOAD, ADD, MOV, STORE,
SUB WHele] B vl 583 $Lsic.

o %7] Beole] 54 MES BolFch AAE ¥E

7] 8%

=
==

X 7. R7E AEst= LDMIARE STMIA ool Hix
Table 7. Frequency of the LDMIA and STMIA instructions

that use register R7
| = A LDMIA STMIA
o= NEES AlIE Hig Afo[Z Cli=
- (%) - (%)
ireg 11,937,548 99 | 0.0008 99 | 0.0008
mpeg 57,170,864 0| 0.0000 0| 0.0000
164 9,948,213 0| 0.0000 0| 0.0000
sha 14,061,131 0| 0.0000 0| 0.0000
adpcm | 16,663,431 0| 0.0000 0| 0.0000
pegwit | 50,034,843 0| 0.0000 0| 0.0000
mcf 117,378,165 2| 0.0000 0| 0.0000
= rus - -] 0.0001 -| 0.0001
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