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Abstract We have proposed environment-adaptive software that automatically converts code written by program-
mers for normal CPUs according to the deployment environment, enabling high performance operation. This paper
targets automatic offloading to appropriate hardware in a mixed environment that contains normal CPUs, multi-core
CPUs, FPGAs, GPUs, and quantum computers. We confirm how much the performance of normal CPUs can be
achieved with each hardware, and based on cost performance, we determine the appropriate hardware for offloading
and perform automatic offloading. We confirm that the proposed method can automatically offload by measuring
the processing time using actual heterogeneous hardware.

Key words Environment Adaptive Software, Automatic Offloading, Quantum Computers, Mixed Environment,

Hardware Selection

LHBL, NTaY=TAN=FY =7 THEEIT 27201

1. > -
Lol &, N—F v =27 OWEZERL LRES 3 — FMERPBET,

CPU (Central Processing Unit) O#R4EE#(L %L /-
L—=7 DEMZEDZVEIBRHTE TS EEbhTW
5. 2D, BED CPU 23Tk, wLFa7 CPU R,
FPGA (Field Programmable Gate Array), GPU (Graphics
Processing Unit) FEDANT AT =F7 ABN—RKT =2 7D7 7Y
r—ya VHRBEZ T3, HlZ1E, Microsoft #1iZ FPGA
DRBERAHZ BT WS L [1], Amazon #ti%, FPGA, GPU
2759 F (BRI, [2-5) 4 v A&y REBH LTV 3 [6].
%72, FPGA ® GPU 2 TH<, IoTHARSZ LD (fl
Z43, [7)-[15)), #HzrBMoN—Fv 27 LT, DPU (Data
Processing Unit) RETFIY a2 —XEHHTETVS

OpenCL (Open Computing Language) [16], OpenMP (Open
Multi-Processing) [17], CUDA (Compute Unified Device Ar-
chitecture) [18] % T C SR EZ AW T 075 I v /2 F
ADEENS. ZD/=, PHP X Python EDX 7V S+ &
RHHARERE o722 DRI Iv—Ic>TE, AFL
DoN— RILAE.

FPGA % GPU, BFaY V¥ a—XEDATHI =T AN—
FY =27 RA7 i3, BHAERSFIRETH D, SBIREIHRE
ENBD, TS DFFITIERAFNLDAN— FADEN. ZIT,
N=FLZRE, ATRYZTAN-FY =72+ DIEHTE
720, Jurow—mEE R UCBICUEEER LY 7 b

1 —



v 7%, BELORE (FPCGA, GPU, BETar P a—Xx%)
WKL T, EHikEr L, BRECHEICEE 2, itk T I v
N7 3 —ADEEICR->TL 3.

ZD7=%, MEX, BFEY 7 v 7a— Rk, BELEREE
FIFT& 2% %5, FPGA R GPU M} &, VY —REREE
HEICL, 77V r—yaviemdlbd s, BRE#EEY 7 by
TEREBRLE BEELY 7 b7 EREE LT, BFa—F
DIL—FXRET v v 7%, FPGA, GPU, BTav b a—
ZEICHEA 7 a— R332 AREERFEE L TV 3 [19)- [27].

UL, FAEMGLIZ ZNE T, FPGA, GPU, EFavV¥a—
ZEEBDN—F Y 2712 70— R 3HOHBLAERT
HbY, ZhoDRERBEAOEYIZA 70— REMFTEATH
otz HlziE, GPU 47 o— FTMHAE 10 £, FPGA #
Ju— RFTHEE20 5D, 777 FOAFIARNZ FPGA £ > &
RYABGPUA VARV RAD 3f572561F, GPU A 7mr—FK
MEYIL 2D 5 5.

AR, % CPU, w1527 CPU, FPGA, GPU, ¥
AV 2 —XHFET ZRERFEOHT, WA Fv 7
ANDOHEA 7u—FEMNRL T 3. 93, A 70— F LW
BO7 PV r—>ayiEnafiLT, +7a— FalgEdn %5
B, BEFREEARZHOTENAN—F Y27 IcA 7 — FR
79%. &= K7 TEHE CPU OIFMEREDIH 2 220 FR
L, ZON—=Fv =702 5y FFHRD»LEE SR b3
TH—<YABLIZ, F7u— FIC#YBZAN— Ry 27 2ED
HEIA 70 —-F35. #EAATCHEA 70— FTE32L
%, AMD Ryzen, Intel Stratix, NVIDIA Geforce, Microsoft
Azure Quantum [28] DEAT BRI =7 AN—-RFY = 72 HL
T, JLPERER 2 A U CHERE S 5.

2. BBERMN

2.1 M HEm

GPGPU (General Purpose GPU) [AiF DBAFEIC NVIDIA
1 CUDA 2% L TWw5%. CUDA X GPU %72, GPU,
<L F a7 CPU, FPGAHFEDATOI =7 AIN—FY 7%
PS5 ERRIC OpenCL MERINTE D, TDOYV =L HFAEHM
AL TW3 1 CUDA, OpenCL &, C S#BILEDO T0 S
2R RETH L (FPGA ZHDH —%Lr CPUDERR k
COBDOAEY EF—R YY) =2 a -tk %17 55%)

CUDA % OpenCL B2 D, BEIIAT BRI =7 AN—=F
v 7 EMETNL, ER1T (Directive) X— T, MEET
Sy EIEEL, ERTICHE> T GPU HIZADbE/ NS F Y
77 ANEERT 23284 5235 5. HHRIZ, OpenACC [29]
% OpenMP &, a>,%34 12 PGl 2> %4 F [30] R gee
H5.

CUDA, OpenCL, OpenACC, OpenMP FH\W\WT, GPU,
<L F a7 CPU, FPGA A 70— RIZA[REICZ > TW5. L
D LUAEIZ IT-Td, maftid# L v, flzX, v vFar
CPU MiFHkIZ, Intel 2> o84 F [31] B3 5. ZhuE, L+—7
XONFLEATRER 2 WHIIE ST 2. UL, XEVUFTHIC
N— T AFIME L T E#E LT E RV, GPU FTmsbs

1-2. Analyze application code
2. Extract offloadable area and
output intermediate file

C‘Gu:‘ 3. Deploy execution files and
Measure performance to
computer
search appropriate patterns
e

ntermediate file
(ex. CUDA, OpenCL)

location

Environment
Adaptation
function

Application y .
coclle 1-1. Specify application code
T f
= 5. Select
ode Pa
e —

4. Determine resource sizes

6-2. Extract test cases and
Run to verify behaviors

6-1. Deploy final files to
roduction environment

= =) o)

T

Production environment [ ]

6-3. Provide price and
erformance to a user to judge
Fﬂl user

X1 BRESEIGY 7 b7 OUBEEEE ([19)

52X, CUDA EMRENF 2 —= Y J1EEZITV, a v
4 7 AW CHETIRIGTILEERREN XN TV S, HERAFL
Y LT, EHOEGTEEEA VWA 7n— FEEEL TV .

Hfarva—&iE, BEFH¥EZISHLEZaYC2—-2TH
5. WAL 28157 — METOREF VY 2 — XDIHF5H
FHHBWZ TED, Microsoft, Amazon, IBM, Google F% <
DEEPED TS, Azure Quantum X AWS Braket &, %
N2 4 Microsoft @ Azure ®° Amazon ® AWS 7 77 F D%
RETHRMIhTED, 77V FORMAMANGETH D, &F
AV 2 —XOMMEMIIAECHHTES. LrL, BT
Y2 —REAWTRRBOIRS T v Ty 7 BEORIRE,
BFT7NVIAV X L2EMRPERLT, —D0—D2FEHHL TV
DOBBIRTH D, —RL—FDEZIHATE 2D TIEARW.

2.2 WRFEHEIGY I U T7OBE

FhEK 1 OUHBEDBREEIGY 7 b v = 7 2B LTV
5 [19]- [27). FEEEHIRM T 2 REEICEEED P RICHIE L,
ARG, WILEE, &Y Y — 2 DB, 7 X k7 —2 DB,
a— KX —YDBEHET ST, BEHEIGY 7 by 2T
BEMET 5.

Stepl Z—FHEfta— FoHT !

Step2 A 7w — FA[REER M ¢

Step3 YA 7 v — FEROERER .

Stepd TPV Y — AEFHE

Steps  FIFIECEIGATIE |

Step6 N4 FV 7 7 A ILEGHELE ¥ ARALE

Step7  FEFEA MR

-t a— FE2aW L, rEAEHBEGRTIC, Stepl-6 T,
MAEERE SRR ERBE L Ta— RE8, VY —X®F%, B
EIGFTIRE BEMEEZ 1T 5. Step7 IX, PEAMEHBLBRIC,
EBROFAT =2 &2 58 LT, MEZEE LR HPEY)REHH
SR EICHEBR TS .

2.3 AXFORE

HErEBHT 2. ATRI=TAN=Fy =7 HuiE#H
LZEMROFEDPHETH 5. FIILENCERE#EICY 7 b
v =7 %BEL, FPGA % GPU, BEfaryta—XOHEA
7 —FARSEHLTE. LirL, S TEHENDN—F
vz7k7u— RHILAENT, REREANOHEYIA 7
0 — RigTamit s Ttnid o7z, flZX, GPU THEE 10



Quantum Function blocks
C/C++ code computer 431 offloadingto 14
offloading multi-core CPU
L Loop statements Loop statements
offloadingto 13t offloadingto
multi-core CPU GPU

Function blocks Function blocks

offloadingto GPU ] offloadingto FPGA

Select appropriate

4> offloading
hardware

Loop statements | f  Comparison of
offloadingto FPGA cost performances

2 RERBEAOWEYIZHEA 70— PR

%, FPGA THRE 20 53, FIAKT FPGA 23 GPU @ 3 %
251, GPU Yy &%, 22T, AfX, @ CPU, <
JF a7 CPU, FPGA, GPU, BT aYVa—X»EHET 3
BREOHT, @Y N—FY 2 7AOHEF 70— FEMSRE
T3, REBETOWYIZE#A 7 — FAREREL, EA
TRYZF7AN= Ry 2 7REREZ VT, BEAXEZMHR
55

3. BFAYE21—2SCREREADL 7
o—k

il =Ry 2 7~ADF 71— FRITILUADOHRTITS.
%3, BN Clang [32] FOMX 74 75V TTR T T L
MEZBLEE, BFas¥a—&t7a— R2RITT 5.
BfarPa—&+7n—-FTlE #EE7ny 4+ 7n—F%
fT50T, BFar¥a—xokic, vILFa7 CPU, GPU,
FPGA THHTE 254 77 V4PN DPMEL, Roh-o
ToffET Yy 7 vn— R UTHEENIET 2. HiEomy >
A7a—FORIBIZE ST, WiET oy 74 7 a— FilfTo%
12, W=7k 7u—R%, wLFay CPU, GPU, FPGA
DIEFETHEITL, EEHEORKBECHREAE T 2. 282 —
v OMBEHERRENE SN Z DT, &— Ny =7 OFHET
12, ARAMRT =Y RERD, HYRAN—FY =7 %2ER
5.

X 2 ZHWT, BETXOFFMZHAT 5.

3.1 Hee7ovoxro—RrET

BETFaVYEa—RED7BEE 7 ny 74+ 70— RilfT2 %
N=FT 7ML TITS. EN—FU =714+ 70— RTE
DHEEE T 1 v 7 DV DE, Deckard [33] ZMEMIEM T Y —
LVTHAT S, FHOMEHRHY —L ik, a¥—%EHEL/za—
FO XS REMa—- POz T2 Y -1 THS. F
PR HNCIE, MIRMESOR, ER, 17, 727 0KEF0 77,
T4 H =TV VEOREMEEH WS, WMREHESORER S
Y — LTINS 5.

FA7u—RTEBHEET Ry I DPRAINZHEE, a—F
NRE—Y DB IREFRINTVD, ZOa—FIZEYTEN—F
v =7 R2FAT 37DDNEES (477 VYY) ICEHEL
T, A7u—F3%. &Farva—2MHOEEE, BT7
NIV XLZTTICLTED U NIz v HErinb.
Qiskit [34] X IBM 2834 —F > Y —2{bLiB&TFar¥a—X
7L =LY —2T, Cirq ¥ Google 34 —7> YV —Z2{tL L1 &
Farba—&RI7L—LU—2T, Q#F Microsoft 2318%R 3
2EFaYYa—ZHA7M 7 LA5ETHS. BTFaEa—
2Tk, v LFa7 CPU ZMHT 2EE~ 1527 CPU D

54759 ZHEL OpenMP 7 7 £ L, GPU ZHIHT 3K
X GPU DI A 75 &FEE LT OpenACC 7 7 £ )L, FPGA
ZRAT 283 FPGA D IP 27 &% % OpenCL 7 7 £ Wi
Bt 5.

A 7u— FERET B v 7 0F R T S E BT X 2255
&, A7u—-FLAEGEONMERM Y, @5 CPU TETLL
LA ONIRREE 2 D THEL, * 71— F LGS DOMERER
EBEETEET 5.

3.2 I—7XA70—-FR&ET

N—=TXA 70— FRRTEEN N FY 27 LTITS.
-7V r—ark, MXENIA 779 E2HWT, for
XOEZRIRET 5. BHO for XITH LT, "— KV 271
FI7R—RIB3RLRVHLDNRE—2ED, BIFBRETOR
EMREHIEZ B U TEER A 70— R & — 2 2 RT3 DI,
EN—FY 7 HETH 2. BIHEFIZEEDED S5 2205, £
A, ~LF a7 CPU, GPU, FPGA DJEX T 5. Zhii,
FHZ FPGA 132 > A W 5 FERRHIE SRR 0200 5 729,
FEEORED~/LFa7 CPU, GPU A 70— FifTTH 3
BERWERNIHZS, 2F v L THRVLLTHS.

MEFBBE T OITTIE, ~1F a7 CPU, GPU X [19] 0
HRETTC LT, EGEHETFEOBEZHN T LY XA 2HWT,
for XA 70— FAIEDZRZ -V EE LERR X — V%
RO 5. FPGA X [22) Fo7 A% L T, ROSE 7L —
L7 — 2 [35] T LIBEWRER L — T, VY —X&T
L — TR ERDIAA TS, WARE TOBEER X — %
HERIEZITWV, Sl At 7a— FRX—V R RO 2. RikE
%, v vF2a7 CPU DA OpenMP 7 7 4 )L, GPU OFHE
OpenACC 7 7 4 )L, FPGA Y& OpenCL 7 7 A L TH 5.

BT HHEEIEIE LIToTWa A, KTt 7o —
F L2356 OMBERR &, @5 CPU THRAT L HE OULEK
MERDTHEL, 70— FLEGAEOMNTRENER S
T 5.

3.3 JAXMNT3—IVATICLIzN—FK I T 7R

ERTEZ2UHEPEOLSTA 7 — RTERVWEESR, £
70— RFLTHHEMELEWESEDH 2, HiEony »
PETFarY¥Pa—X&, wiLFa7 CPU, GPU, FPGA IZ4+ 7
O—RL7RXX—VE, V=X E~vLF a7 CPU, GPU,
FPGA IZA7m— R L7, K7 2=U04i5. BRI
WiE7 vy 74 7a— RIZEHOMEES (5477 VHEYS)
BT 20T, GELESIIKETVWENZL L, [25] T, CPU
TO7— ) ZEHE%E GPU DT 4 75V cuFFT IZEL
7235 50% 730 (SO MRESH T WS, ZDOEET 0y 2 F 7
0 — R CERGEE, WERTICERY T2 — F Y o 7HERH
BhBEMrdzs. —5, #iE7ey 7470 —RFT&F
N—=TXA 78— FDAEDEGE, EDON—FY 7\t 70—
RS0 e 2 BN D 5.

ZIT, 2a—VHEHEEZEELIRX M7 + =< Y ATCITED
LZHERRET S, A70—F 7% =R LT, @% CPU
T 3REBERHESNATNWS., 22T, BEFart¥a—X&
THEDEZEX, 23 %2 CPU TIHBIRVWIEENFEL D

— 3 —



BH CPUTIERAA LT Y T 57280, WEEIIRDZLTR
V. BRI, FO/A 70— PR — Y DREER, + 7
B—RN—FY = 7ORAR (757 F4 VARV ADEER
FAARS) THDY, aX b7 5x—< 2B RDB. aX b
N7 =< Y AP CPUDHBE XD BEL, 288 —2T
BEEOGEX, TON—FRv 2 7EY k570, Zh%z
SRATLAE L TERLI-PRET 3.

#1212, @EH CPU @ VM & 60USD/Month, GPU ® VM
1% 200USD/Month, FPGA @ VM & 700USD/Month D&
2, 577V r—>avyB GPU A 7u— RTHEH CPUD
10 %, FPGA 4 7 u— FT##% CPU @ 20 f51EREA H 725
B2, ARMRT =<V RAEHETS. ZO5ES GPU 47
O— R EE DT, FhEI—PIRRTS

4. &% i

I—FPEETRA4T7 TV —varvERTaVPa—X,
~)LF a7 CPU, GPU, FPGA DIRTEEREE MM AT HE)
70— FBTE, IZXAMRT7+—<VARWA— R =275
BIhTw3 Z e 2R LAROBMMEL FHE3 2

4.1 FFfl & %

4.1.1 FF A A 5

TV —2aii4O0THB.

M RIS E A R E TS 5. EXITTERITIIOSHE,
BRI o REHE CEHE% BRI T % 2 5B FIEIFE
LW, 2Ok, EEHERMEOEMEMRTI IR & KIEE
PHOWLIATEZ, CAEETIYEa—X0RTREDER
EhEREEAAT2 e TEE(LTE 2. BEOARE X
H72 n KRBT X OETH OFEGEEZ KD 2 TH D,
BRI NI R —ZDBE NI L > THES. FAvoh 3 EEME
FEMTRIEIX [36] TH 3. [36] BIRT LI, BEFavyPa—X&
LoEHEFETEEOBED BT 712V X 4% AWT Qiskit
ICHEEIhTWS.

Tay Z3E Y NFHED NAS.BT [37] 3% 5. 780 v Xt
AYNAANIREESAEROBUERIETDH 5. BEFTE I 4
TREEAR I D BH3, T TR — T8 100 BB Z % R
OB E 7 SV 7 — a >0l LT NAS.BT(NASA 7
0y 7 =AY N) 37 AT 5. 7 A —21% CLASS A
FET, 7V v FHA RZ 64%64%64, KEMEEE 200 [E], K
A7 v 71% 0.0008 TH 5.

WEEPAR Y F < — 27 [38] 1%, FEFEMETRIARMEAT OPERERIE I FW
BNBZRYF—2Y T NT, R7 v Y v ENEEYa LK
BETHOTWS., 77t 5 L — X TOFEEELISEEIF
ATy, BEOAFHHRTHEHLTE S Z ¥ OERD /-
DFAT 2. FHAT 27 —%9% 4 X%, LARGE(512*256%256)
TH5.

MRI-Q[39] 1%, ¥% V7L —>avDhdDAF ¥ F—F&
EEXRHTZ Q~ bV v 7 kitH T2 MRI BHRLETH 5.
MRI-Q 1ZIEH L7 7 > ZEHC 3D MRI B 7 L2 Y X 4T
fFHXNS. 0T FZ L O T, EHFLEZLIXLIZI X S
WO BENEEHREICRE L R D, ERLEDO A V—Ty M ER

Lo, Frvm—-RiZEHRZNS. MRI-Q & 3D MRI Hif§
WA FEITL, T—RY A XL, 64%64%64 4 XDF—X %
i U CALBERE R 2 JE 3 %

4.1.2 Gl F &

2—HRFA T TV r—varorya— FEKIET 2. HE
HTT7v W74 —3KEERZ I =67 TV 5 — a YRR
L, ko7 my 2 7u—F, v—IF7u—F%, B¥a
Y¥a—2%&, wLFa7 CPU, GPU, FPGA IZRL TIT5.

FIFE . BFa > ¥ a—&Iid 90USD/hour, &% CPU VM
1% 60USD/Month, <527 CPU VM i 140USD/Month,
GPU VM & 200USD /Month, FPGA VM i& 700USD/Month.
it 27 79 RTORAREZSZE L LTV,

Khe7ay 74 70— RFATIZLLTTITS.

HEE7 v v 7 FEEEENTEE, NAS.BT, EHNYF<—
2, MRI-Q

e my VHRAFE a—-FIEEN e 0y 7 28
LU H Y — L Deckard Zf\WT, a— K& —>Y DB IZH
Fhda— KA.

N—T Xt 7a— RRfTIELIRTT 5.

~<)LF a7 CPU, GPU TIXEEN 7 LY XLHW3S.

F7u— PR IV— T E  EEEFRE 0, NAS.BT
120, WHEEF~N>F~<—2 13, MRI-Q 12.

EAE M : v— 7 XXELIR (NAS.BT 20, R F~<—
2 10, MRI-Q 10)

HARE T L— LR (NAS.BT 20, iEFFRYF<v—2
10, MRI-Q 10)

AT T (LERRERT) Y2 R RS RS S T2 5.
F/2, ((1/2) Fr 35 22T, WEEREREEOREEME DA
EREL R DBET, BREFHIEL RE2DEHL. 72, M
HERIED —ERF 3 D TRO LRI XA 47V b X8, AL
Moo L THAEHET .

R oL— Ly MR 2L, RToORSEEEEET
R DFEAER G ITRIMRICHEFT 20— VMEEDED
BTITS.

RXF Pc:0.9

ZEIRAH Pm 1 0.05

FPGA TIEDiAAE L THrBHEET 2

BT D AA - BATREDHT O _EAL 5 DD — UK
D AR

)Y — 2B DIAR L VY — ARG D BN 3 DD —
TR D AR (EMRE/ VY Y — 2B EW AL 3 DD —
T )

EHATT—F X -84 QEBIEEM 3 DDIL—FX
Frma—FZ—yEAEL, 2EHE 1 EECEERER -7z
2 0DN—TXAT7u— ROMAGELE X =2 THIE.

PERERIE @ Y NIRRT X—RZDF FIZ, YRR Z IE
T5.

FELHT, HRETa Yy 2k 7 a— FEMT, v — A 7 a—
REITEITV, F 70— FUE L 2o 2 IEL, 4
77V =2 a v OMERKR MR 2 —F IR ENS.

4



Azure
Quantum

Verification Verification Client
machine for multi-core machine for FPGA
CPU and GPU
PGI compiler Intel Acceleration C/C++
CUDA Stack code
Multi-core | GPU | | cpU | FPGA ‘
CPIL
Intel
Name Hardware cPU RAM GPU/FPGA os gcc GUDAA PGl Acceleration
toolkit | Compiler St.
LEVEL- AMD Ryzen NVIDIA GeForce RTX
F039- Threadripper |32GB 2080 Ti Ubuntu 10| 101 191
LCRT2W- 2990WX 2 (CUDA core: 4352, 16.046 LTS - .
XYVI (32 Core) Memory:GDDR6 11GB)
Dell Intel(R) Xeon
32GB| Intel PAC D5005 (Intel
P"'.;‘;;i“‘ Bronze S205R |4 | ‘stratix 10 Gx FPGA) |CONt OS 79 2
Azure
Quantum
" HP ProBook | Intel Core i5— Windows 10
Client 47063 | 62000 @2.3GHz | °C® ro
W Py
3 MEREMIE B
ElIR
4.1.3 FF Al B8R 5%

FHT 28 F3 Y E2—&E Azure Quantum T, 4 ¥ X —
Fov MEHT, BF3 ¥ a—&H Qiskit HE 2N LTS
%. T3 ~LF2a7 CPU X, AMD Ryzen Threadripper
2990WX (32 core) T, OpenMP MLHHIZ gee 10.1 Z V5. F
H3 % GPU & NVIDIA GeForce RTX 2080 Ti (CUDA core:
4352, Memory : GDDR6 11GB) T, OpenACC AL PGI
a>%4 7 19.10 & CUDA Toolkit 10.1 ZFHW2%. Ryzen &
GeForce lI[A—/ — FIZHEH XN TWS. FPGA & Intel PAC
D5005 (Intel Stratix 10 GX FPGA) ZfH\W53. a ¥ 811
~ > »id, DELL EMC PowerEdge R740 (CPU : Intel Xeon
Bronze 3206R *2, RAM : 32GB RDIMM * 4) T, Intel Accel-
eration Stack 2.0 T OpenCL %2 > 84 )L 5. FHliBEE E X
Ry %M 3RS, ZIT, Client /—F PC2 5, 2—8H
FFT2 C/CH+EfBE7 7V 7 —> a Y EIEEL, Verification
machine %% Deckard Z W TCH—./ — K Ld DB & IEE& L
RI 5. BRI Verfication machine FTHIZ X, Y]
BAN—=RT 2 72ED S, RO —FHE S wEAREICED
BXhb.

4.2 R

M4, BEARTAT7 TV r—>a VERERTICA Y
0— F Lo, LB, HiedEE, @% CPU VM % 1
ELERDARAMRT 3=V RAERLTWS, 477 7 —
Y aYiEaRMRT = VADBENN— F Y 2 7% HENRR
LTW53,

%9, EAMHEMEITHEXZ S 2 8 CPU TR 2 0nEH
BEZVH, BFAVYEa—XZA7n—-F353227T 15 MR
BT HED > TS, KT NAS.BT L —7 A 71—
FEITOMER, v F a7 CPU Zi#itlit 7 v — RFEICHE)
BRLTH D, @K CPU O 5 FL EOMREL 2.3 ffDa X b
N7 =Y RAERLTVWS. RITEHRYFv—2731—7
XA 7u— FRITOMRE, GPU ZHEYILA 7 u— FEICED)
BIRLTED, JEH CPU © 20 5 LoMREL 6.6 ffD a2

Cost performance
[/ Offloading VM fee
/normal CPU VM fee]

Offloading |Performance|Processing

Applications R )
P destination |improvement [time

Eigenvalue |Quantum

15.7 sec
solvers computer
NASBT multi-core
pa 539 241 sec 231
Himeno gy, 22| 187 sec 6.59
benchmark
MR-Q FPGA 118 221 sec 1.01

M4 477V —aryOREREA 70— FER

FRT7 =< RERLTWVS. RIZ MRI-Q 3V —7F XA 7
o — REITORE, FPGA ZEYI A4 71— REICHERHER
LTHED, #@E CPU D 11 M EoMiEr 1.01 fFoax + o1
74—V RAERLTVWS (—RIIZ FPGA 4 ¥ A& ¥ &
HH CPU VM @ 10 fEREEOFHARNZ L, a R T7 4 —
T YRR ZFREEE L F o TWRW).

Fo7n— R332 TORMENL, HiEony 24 70— REfT
BR-0TRT T 505, V— 7 F 70— P TIZRRAHE »
3. wNFa7 CPUR GPU OFA, EEHN7 12V XLT
DOREMRIET 355, NAS.BT %5 for XZ L HIEHZ 2355
X, SKHEREEL2>TW5. £72, FPGA 0%, OpenCL
ay AN LT 1ERIES 2 % T 8 MERE»» %720, JIE
B2 5 BRE 725, Tz, A —E 22 LT, Azure
EFRWTWS 720, Azure 29— REHEZ TR 2—VHE
DT BB, BEEDRERD, BT 2 ETII—ED
R e BRI AR TH 5.

5. ¥ £ &

AT, FEIERELTWS, BEEEY 7 b2 70—
e LT, 2—¥»RtT27 7V —>ar%, @ CPU,
<) F a7 CPU, GPU, FPGA, BFavV¥a—XRET
ZEREC, BYNCHEIA Vo — R 3 AREREELE

ERIAN—F Y = 7O HEA 70— FEITEKIZEERROLL
AMAREHWS. 23, 2—F 7SV r—>a v i2omd 5.
Deckard W HESCOREELIETTIC, BiE7ny 747 — K
#TE~NLF a7 CPU, GPU, FPGA, BFar¥r¥a—&IiZ
LTIV, @ CPU K LTS EHIC R - f2 B FoN—
Fw=7icnf LIRS 2. Xz, ooy 24 70— Fon]
B &, ELiERWEL— T 70— FRITE~ L
Fa7 CPU, GPU, FPGA IZR L TITS. fifEhaEHE —F
Y7 OHFARTEHZZ T, AR T+ —2 Y R%KD
%. #% CPUDHBA LD BEL, BDIRXIRNT 4 —T VR
BRON=FY 27 LT, &7 SV r—>aryre A
7rn— K535,

SEMGEE T, FEEMEENEE, NAS.BT, EHNYF~—
7, MRI-Q ® 4 =¥ 7V 5 —>a v%, 5, HEERIE
LT, #hzh, B7raryva—&, wiLFa7 CPU, GPU,
FPGA iCHEIA 7u— R L, HNEMMEEMEEL .

SHIFZ200AMEEFELTWS. — 23X DZLDE
A7 70—y a oo UTREREA 70— F 2179 5.



b5 —DoiF, BEIA 7 v — FIIBITE, WSORELUIE R -HEE 7
0y 274 7n— R eEGEHERWEL— T 7 a— FBET
FRLE E AR EED 2 DTH 2720, HREDOA 77— F, filz
BRFUINEHERLZDOF 7u— FEDE, Z2HETT 3.

X 7

[1] A. Putnam, et al., "A reconfigurable fabric for accelerating
large-scale datacenter services," Proceedings of the 41th An-
nual International Symposium on Computer Architecture
(ISCA’14), pp.13-24, June 2014.

[2] O. Sefraoui, et al., "OpenStack: toward an open-source so-
lution for cloud computing," International Journal of Com-
puter Applications, Vol.55, No.3, 2012.

[3] Y. Yamato, "Automatic Verification for Plural Virtual Ma-
chines Patches," The 7th International Conference on Ubig-
uitous and Future Networks (ICUFN 2015), pp.837-838,
July 2015.

[4] Y. Yamato, "Use Case Study of HDD-SSD Hybrid Storage,
Distributed Storage and HDD Storage on OpenStack," 19th
International Database Engineering & Applications Sympo-
sium (IDEAS ’15), pp.228-229, July 2015.

[5] Y. Yamato, et al., "Fast Restoration Method of Virtual Re-
sources on OpenStack," IEEE Consumer Communications
and Networking Conference (CCNC 2015), pp.607-608, Jan.
2015.

[6] AWS EC2 web site, https://aws.amazon.com/ec2/instance-
types/

[7] M. Hermann, et al., "Design Principles for Industrie 4.0 Sce-
narios," Rechnische Universitat Dortmund. 2015.

[8] H. Noguchi, et al., "Autonomous Device Identification Ar-
chitecture for Internet of Things," 2018 IEEE 4th World
Forum on Internet of Things (WF-IoT 2018), pp.407-411,
Feb. 2018.

[9] Y. Yamato, et al., "Method of Service Template Generation
on a Service Coordination Framework," 2nd International
Symposium on Ubiquitous Computing Systems (UCS 2004),
Nov. 2004.

[10] H. Noguchi, et al., "Distributed Search Architecture for Ob-
ject Tracking in the Internet of Things," IEEE Access, DOI:
10.1109/ACCESS.2018.2875734, Oct. 2018.

[11] H. Sunaga, Yet al., "Service Delivery Platform Architecture
for the Next-Generation Network," ICIN 2008, Oct. 2008.

[12] Y. Nakano, et al., "Method of Creating Web Services
from Web Applications," IEEE International Conference on
Service-Oriented Computing and Applications (SOCA ’07),
pp.65-71, June 2007.

[13] M. Takemoto, et al.,"Service-composition method and its
implementation in service-provision architecture for ubiqui-
tous computing environments," IPSJ Journal, Vol.46, No.2,
pp.418-433, Feb. 2005.

[14] Y. Yamato, et al., "Proposal of Shoplifting Prevention Ser-
vice Using Image Analysis and ERP Check," IEEJ Trans-
actions on Electrical and Electronic Engineering, Vol.12, Is-
sue.S1, pp.141-145, June 2017.

[15] P. C. Evans and M. Annunziata, "Industrial Internet: Push-
ing the Boundaries of Minds and Machines," Technical re-
port of General Electric (GE), Nov. 2012.

[16] J. E. Stone, et al., "OpenCL: A parallel programming stan-
dard for heterogeneous computing systems," Computing in
science & engineering, Vol.12, No.3, pp.66-73, 2010.

[17] T. Sterling, et al., "High performance computing : modern
systems and practices," Cambridge, MA : Morgan Kauf-
mann, ISBN 9780124202153, 2018.

(18] J. Sanders and E. Kandrot, "CUDA by example : an intro-
duction to general-purpose GPU programming,” Addison-
Wesley, 2011.

[19] Y. Yamato, "Proposal and evaluation of GPU offloading

20]

(21]

(22]

23]

[24]

(25]

[26]

27]

(28]
29]

(30]

(31]

32]
(33]
(34]
(35]
(36]

(37]
(38]
(39]

parts reconfiguration during applications operations for en-
vironment adaptation,” Journal of Network and Systems
Management, Springer, DOI: 10.1007/s10922-023-09789-2,
Nov. 2023.

Y. Yamato, "Study and Evaluation of Automatic Offload-
ing Method in Mixed Offloading Destination Environment,"
Cogent Engineering, Taylor & Francis, Vol.9, Issue 1, DOI:
10.1080,/23311916.2022.2080624, June 2022.

Y. Yamato, "Proposal of Automatic GPU Offloading
Method from Various Language Applications," The 9th In-
ternational Conference on Information and Education Tech-
nology (ICIET 2021), pp.400-404, Mar. 2021.

Y. Yamato, "Automatic Offloading Method of Loop State-
ments of Software to FPGA," International Journal of Paral-
lel, Emergent and Distributed Systems, Taylor and Francis,
DOI: 10.1080/17445760.2021.1916020, Apr. 2021.

Y. Yamato, et al., "Automatic GPU Offloading Technology
for Open IoT Environment," IEEE Internet of Things Jour-
nal, DOI: 10.1109/JI0T.2018.2872545, Sep. 2018.

Y. Yamato, "Improvement Proposal of Automatic GPU
Offloading Technology," The 8th International Conference
on Information and Education Technology (ICIET 2020),
pp.242-246, Mar. 2020.

Y. Yamato, "Proposal of Automatic Offloading for Function
Blocks of Applications," The 8th IIAE International Con-
ference on Industrial Application Engineering 2020 (ICIAE
2020), pp.4-11, Mar. 2020.

Y. Yamato, "Study and Evaluation of Automatic
GPU Offloading Method from Various Language Ap-
plications," International Journal of Parallel, Emergent
and Distributed Systems, Taylor and Francis, DOI:
10.1080/17445760.2021.1971666, Sep. 2021.

Y. Yamato, "Study and Evaluation of Improved Automatic
GPU Offloading Method," International Journal of Paral-
lel, Emergent and Distributed Systems, Taylor and Francis,
DOI: 10.1080/17445760.2021.1941010, June 2021.

Azure quantum website, https://azure.microsoft.com/products/quanturn

S. Wienke, et al., "OpenACC-first experiences with real-
world applications," Euro-Par 2012 Parallel Processing,
pp-859-870, 2012.

M. Wolfe, "Implementing the PGI accelerator model," ACM
the 3rd Workshop on General-Purpose Computation on
Graphics Processing Units, pp.43-50, Mar. 2010.

E. Su, et al., "Compiler support of the workqueuing execu-
tion model for Intel SMP architectures," In Fourth Euro-
pean Workshop on OpenMP, Sep. 2002.

Clang website, http://llvim.org/

Deckard website, http://github.com/skyhover/Deckard
Qiskit website, https://www.ibm.com/quantum/qiskit

ROSE framework website, http://rosecompiler.org/ROSE_ HTML_Refe
Eigenvalue Solver website, https://learning.quantum.ibm.com/course/va

algorithm-design/instances-and-extensions

NAS.BT website, https://www.nas.nasa.gov/publications/npb.html
Himeno benchmark web site, http://accc.riken.jp/en/supercom/

MRI-Q website, http://impact.crhc.illinois.edu/parboil/



