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ERFELL, 5 BEETOTHEBI RSN TS, LS, RIEAOREDOFHBIIXEMEE D
EfRBET VIINLETH D %kéﬁ?r%&&%i%iﬁﬁz HEThHZ L&, BURTTHIMERED 4 Tl
728, FEEAEET ML D BRGRE THNTEAEIZIZE > Ty, BIE, FEEFIFBETET V%
%wtﬁ?/x#ww/xTA%ﬂ ML, BEGEE TRIORREEZR~ TS, 2oL 7 1L—A
U—27 T, BEGEEFHICE L BT T A Db DOOMEREICINZ T, WIS RS
@%ﬁ:%@féo%_T\Kﬁ%f@ﬁ%@ﬁ%ﬁ%@%@-%ﬁﬁmﬁw “SER TR (FETH)
FERIZIIT D, BEOUER & 58 O BB 2 FHIIRTIC X 0 S5,

FEBRH G SR & 2R & 7 B A8 AR LTZ B8l Choi—wan (2009) A58 A7, KT, HIEER
&SR DO FBUE I IVIE - BRSBTS 5, 207, PIHIE - BE5MEIZ JRA25/JCDAS &
ERA-Interim O 2 DD 2 5 FAT 2 VT, FHEL SN -BJROFREE 25~ 7-,

AWFGED /r — 2 TIEERIREIZONTILE S SOBRA LI/ NHETh o712, 2 DOFEMRITOREIC
<wwxi@%9@*&%WAmwnm%ﬁﬁbt£%®&iﬁNz%b?/&@wwm_Eﬁoto
7. WIHHE & BEFUE DA DY AL Z TR D . EROTFHISE % 11T 5 7211 R i % |
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1. [FCHIC

BEUIACTEAETHAE - HEL, KEEZ LT TREBL ThH D, il Tlid Talas(2011)
X Megi (2010) 72 2 X B EEMNFLEITH L, B ROBER-SCIRE 2 EMEICTHRT 5 2 LITEET
H5,

BEE GUREPBRE THT 27 OICEEE O T WM B 0T T VAR L T&E 7, IF
TIE, BT —2 o], 4 oeT —Z b FEORE, TRIET AV OEMREREL, T A XY
ﬁ—Va/®&%ﬁE X0, PHREEIIKIECH EL TS, [REITOBRRET MIONTH T

FRZEDORE/ MR, FEI O TYM(RETHERET V., [2]) 235 TEPS (Typhoon Ensemble Prediction
System [3)) ~BATS4., 5 HE TP THOIL TS,

HERS P 4RIZ B L Cid TIGGE (The THORPEX Interactive Grand Globak Ensemble) ZffiFH L 7=fi#ttir 6
HERE TR OREE 2 0] | S8 25 7= ORI B ST A NTKFT 5 2 E BB > T
5H4], —J7, BETHMTIERENEHO/NIEEIS (e. g. , Eyewal ]l Replacement Cycle) ZFELTX 515
FRAGRIE DEFMBET VST L 725 (5], EfHEIETT IR G RREE IR 2 LBl L, THEE S
RN LYUZE L TWRW2D BEGRE OLBIE THIXEA LT,

HE, SR THICE U QIIER I HUEE TV & D o A r— 1 7 & W T-F9E0M T
T3 [6], ZOFETIIHERET VEMERT D720, THKEEIIEEE T /L ORZAEOMIZYIIEC
BRMEICIEASND, FTo, XU AR r—1 o J % AT B RO TR T-H 5258 LI & TR A ERk
U= T — 2 SOIME & LT S Cun g [7](8], BT — & &1L, BEOBIIIT — % 25K
ETHRETMZEIE L, BEORKD 3T EHHIET-HLOTH Y, HRESCE TSNS O
RRAEFHT LA TH D,
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AAFFETIE JCDAS (Japan Climate Data Assimilation System : PAF JRA) [7] & ERA-interim(AF
ERA) (81D 2 SOFMRNTT — & ZAJHME L BB & LTl L7258858 %17 9, JRA25 (Japanese 25-year
Reanalysis)/JCDAS 13K ZRIT OFEMMNTC. ERA-Interim (ECMWF re—analysis) i ECMWF (European Center
for Medium—Range Weather Forecasts) ®{ERK L 7= ERA & JMA (Japan Meteorological agency) 2MERK
LT T 5, F£72. 2009 4R34 L2 B A Choi-wan Z %18 & L CRETHH 1T T v
(JMA-NIM) Z FAWCHIRERRZ 1T > 7=, 5B\ Choi-wan X 2009 FE|Z A L= BEOFCTH R IEL
TEEETHY, B EEERMEEZFFOT-OARMEOX G & U TEIR Lz, AM52E L T, mE s
HEREDSHIHUME & RSB D &6 BITEEZ 2T D0 FERIT 21T > 7o, Fio. ARFHEITHEAER A
—H A TR H—DH 32— H % VT 64 WA OFHE A 16 REf 3T L=,

2. EERME
2.1 & & Choi-wan (2009) DHEE

RRITRA N hF v 7935 Choi-wan 1% 2009 459 H 12 H 18:00UTC (Z 15.4° N, 150.9° E THE L
ot BIELN AL ~EEL, 9 H 15 H 12:00UTC I[ZHAKEJIEDS 915hPa, Fe KJEGEAS 55m/s 1
LTz, TO% LM MR Lo F FAmEIcEA, 9 A 18 H 00:00UTC (Z#Am L7z, HAMMZITIRED
59E 0. 9/ 20 H 12:00UTC |2 BHEAUEICZ L LT=,

AFETIL Choi-wan 2AEFEE LTZEMETH D 9 A 13 B 06:00UTC 2> 5 pEKREIZIZE L7729 A 16 H
12:00UTC & T FHHERH &3 %,

2.2 BEETILOBE

ARFFECIE JMA-NEM9] & %filie 7 /v & U CTREH L7z, IMA-NHM 1 X SR FZERT/ Bl T s —JE )
FE TV (MRI/NPD-NHM) ZJEIZ L72ET L TH Y A VBIEET VI AT LOBEET V& LTS
NTWD, ZOFT IVTFSIFERL A IO TN RN ORI KRG E 2 R4 2 B O FEL AN /]
BBThD, £/o, EOMWERFEZET MIETy, ZiUuX, FIZEOBEGHIAE O BUNSRE 25T
BRI DB BEEUIZ X - TREAGERFETZ 1T Tl /e < BUIEO 1Rt 2 b SE 5 7= O E 1 Kk %
PED KRGS EW D A IR 2 ST N2 M T2 Z EBRRE L D,

AMFFETHRE L T HBRRUIEILEOEAERTH Y | F/17abPl 2T 2 2 L 13#Ey i, S
HIZ, BRI LWEKZE Y KBS TH L IO EYFIRR 2 EHET N2 M AT Z ENEEL
WV D2 mMDIEFNFET NVERND Z LY TH D,

JMA-NHM DF%EIXFER 11T T,

KIFZETIILLF D 3 SO TCEBR AT T~ #£1 JVA-NHM D% E
« EI-EB (era)
FTHMIE ERA, %54 ERA KEERBE 2km
« EI-JB(era_bc_jra) - 2009.09,13.12-
MG ERA, SE5E JRA A EARUTO) 9009.09.16.12
"J I‘Ji % ?; . KRG E 15011001
JIEHE JRA, BESMIE JRA
ERA & JRA 12 FEBR A2 A ARG 2k & Lt HEE 305 (top ~27.8km)
ANTHLN =D, K4 % 30km (201 X 171 4% TR 72h
) —10km (481 X 391 #%-1-) —2km (1501 X 1001 #% N
dx=10km®
F)VNE B TGRS —=) T LT KA T AR — Em{? R
UL ZDORICAE LT v 7 e LT 3 B o A LAT 2T bs
Rl 279 5 LT b, RS R — A HIRAE
FBEM/ ST A X VB —2 3 & UK A7 . = 1 Mell
FEHS 30km & 10km DOFHHE %23 HEIZIX AErO— p— mproved Aellor=
Kain-Fritsch % -, $Hi S5 A % )P — Yamada Level3

o NIRGEEBSHLNE T L CRET 5 2 L 3k BHEHEE NOAA Daily OI 88T
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PWEEHEIC G2 THELZ T2 FETH D, LL, BEOEEILT A 7+ —/LINEOHS
(e. g., Eyewall Replacement Cycle, 2 EHIRH§E) DFEZZIT L A7 X Ve KRBT 52 L L E
LV, F72, BEARTAZ )P —2 g U E2AWTICA Vila BT 5 72O 3K ARG E A 2. Skm LA
TIZT 22 EDRDOENDH[10], Ko T, KRB 2km OFHR CIIEMBRFE DA% W TR R E
117,

2.3 MPI (Maximum Potential Intensity)
BROEAER 7258 2 3Hl 2 1k & LCMPI11] [12] 2 vz, FHREEIE,

V2 _ (Tv _TO)Ck(k; _ka)
- T&‘C’D

VZ
o= exp| ——= 2
P. =Py p( 2RdﬂJ (2)

Thb, o, RHFORT A= IZONTE, VT KRR, T I 3VEEIEE ., TyldBROIEE,
Co/ ColTBADZZHMFEL, k* I TBEH DO XNV E— kglIRKRDT= 2 — PAIFHOLRIE, Pyl
RBGE R TORIE, RJIXAEEETH D,

VPT (WIS O B RO R K ATRERE 23R D D FETH YD . WG ST HREZRD 5
ZEBHPRDETAY v MDD, —F, BREIIMEOBE Tl A RE S, WmREAL KT S8
LI REEMADNENH S (5], iz, R OHIESNHEE T U FT7r—& LTRSS DB
DEIZESTHELDIZRLF— L MIREOBEERIZ L DR RN T —0NE L b & EITRKATEE
BREE L LTV DT, HEAMAGTHET DM 5 2 RICEET 2 0ERH D,

m (1)

3. #ER
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1 TRMM OBLINE (X)) & FHRRER: (BT-EB (FFkX) & JT-JB (X))
TRMM 13 2009 4 9 H 15 H 23:20UTC, FHAAKEAE 2009 429 F 15 H 23:00UTC D7 — & 2]

I TED D D 72 D12 TRM (Tropical Rainfall Measuring Mission) DK T — & & 51 HHE
g5 (X 1), X175 EI-EB TlE7 A 74—V OBHE R EKC LA L3y REFBLL T
HOIZxE LT JI-JB TIRROB{EMENS N, £7o, JI-IJBITRWEAKZHE TE TV, Z0
fEi R 5. Choi-wan (2009) D — A TIXRE/K AR L CIL EI-EB D FEIMEN &L,
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3.2 ER%

BRORER A X 2 1287, TEREREIE 72 Typhoon Choi—wan
B CH D, FHEREREND EI-EB OFERAR
BIFRA N T v 7 LEKGIICHERE LD, “
LU, Hula b ORRZETIEHE I 50km 225
150km DFAZAEZFF D MEATHE NN N N7 »
v 7 LHRTGRWNZ E gD, £7-. JRA
ZEERYES LIZEI-JB & JI-JBiZ~ VU T T3¢
BICHEI%, NA N NT v 7T
Kitf'ﬂg@iﬁ%%:&éo :@%%73)%\ 2&% 16
B ClE B ROERR Z5 FUE &A1 5,

[0 31%2009 49 A 13 H 06:00UTC |Z331F %
ERA & JRA OEWE SO EGE Td 5, JRA 135 ¢
2 RIRICALFE 5 18 OFR N EEE & RFo, — 5, e m o mmemmee
ERA 126 1 SRR VG 7 A D5 MalE 2 FFo,

ARG HECSEDY ERA O ET-EB (I5E5ME & 2 A Choi-wan (2009) DRI

JRA & L7 EI-JB & JI-JB & Hofle L CRiD /L — AR | R, A R BT v i
b % & D B DEHEBIGERFOIUMKFE L TV s T— 2 47 a > b

Lo ZORERMND, BEUIKBBIG O E S

e L CBENT 5720, HERITET R UEIIKTF

240
200
160
120
B0

40

LicEBZbD,
6N SN
3N 25N
0 0
38 258
65 i 5
6w B3w ¥ 0  3E  6F SW 25w 0 25E SE
¢ 3 JRUEDOENEE SRSy (JRA(F5X) . ERA (X))
RENFLASRENLD 7T, F AT A D T5H
3.3 REE

T B RDFEE e KEREGE, fKEUT) Th 5, RN Che H KV VZUEIX ET-EB T 954. 8hPa,
EI-JB C961. OhPa, JI-JB T986. 2hPa & 72— 7=, e KGR IZ- DUV CTIE EI-EB 13 43. 9m/s E1-JB 11 40. Tm/s,
JI-JBIL 27. 8m/s Tdb 5, e KRG L O RRUTIX ET-EB Tl b XA b b7 » ZITIEVMEE 72 5,
EI-EB &[] UAIIE A5 ] U 7= EI-JB {2 oW\ C b EI-EB & [A UBRAEZE (b2 L CU N5 S EHERRE 30 (]
HosS Tl L, FHERFRA Tl 6hPa FEEEDOZEE Ule, JI-JB A OW IR EBIMAED D REN D
Nighote, ZORER G B BROBEIIHIIEIKTT 5 Z EBH LN ST,

FREEIZOWTRA N T w7 EHET D TR TCOERER TRERENE LT, HEEITo724)
HIENIE T X ABRER Ch o 20 A 1= DI WPT 23 %, MPT OfEE & EI-EB & JI-JB O
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RIEGH, IEGEZ R 2 17T, MPT OFER B AHIGIRIERTETH D Z L1 00 %D, £/, ERA
& JRA TITAMIG DIEEIC R E IQENDB RN LD, 6o T, BIEEXRE LIARHTIE
BB L0 b BROENRO BN ZmO 5 2 ENEETH L LR ILD,

wind-speed typhoon Choi-wan(2km,no K-F) psea typhoon Choi-wan(Zkm,no K-F)
50
980 1
. 40t o
E N 960 |
30 b
940
20 M
920
10 : : : : : : : : : : : : : :
10 20 30 40 50 60 70 10 20 30 40 50 60 70
time time
jra era_bc jra jra era_bc jra
era best track era best track
4 FfRSRE () & e REER G (£21X)
FHEAE R T 1 R, XA M N T v 27X 6 FgEOT—4 %7 vy FLTZ, &
7=, AfEhIT 2009 4 9 H 13 H 12:00UTC(time=1h) 7>5 2009 4 9 A 16 H
12:00UTC (time=73h)
# 2 MPI & EI-EB(ERA). JI-JB(JRA) DR LL#ER
= KXEIE(m/s) mEAXSKE(hPa)
MPI(JRA) 78.3 895.5
MPI{ERA) 80.2 886.5
ERA(dx2km) 43.9 954.7
JRA(dx2km) 27.8 986.2
4. £&H

ERA-Interim & JRA25/JCDAS O 2 DD FHENTT — % 2 #JHHE & Bl & LT JMA-NHM 2 W TR R
Choi-wan (2009) OFEHIBR AT~ 7, AFHITIIHER & 50 TERA 2 L7-5HE DR A N h7
v 7 (FEMEER T — ) o T, BRIBEKRDAIIEET — & L L < —E Uiz, F7-. #IHifE
EBESMEOMA GO AL 2 T2 FHR D, T T VAR L CRBOEEIER A DB,
IEBEFVEIC L R <RS2 Lotz BIROMER T A IR 72 B o |l & Femit & LT
L TWDLIDEeEZ BN, ZHUCK LT, BROBEOFHIIZIL, BHE L D YIS0 5 &
W TH o7, MPT ERKFTREFREE) 1%, JRA & ERA TITEVNIRE IR oTz, o T, AJEED 1~2
HATZ#IIERE & T 25 O EROGA X, WIFROEENBRREOHIIZE > TEXVEETHD
ZEERLTVWD, bhAA, BEET MIONTY, EWEIBREC RGN E L & F s 20
[13]), A% FH|% B TERETT VORMBESZENH L, BETT LV ESE L T BERH D,

5. B
RGBT X 0 KRG IEER 15TV (JMA-NIM) 255 LU CTAVW =, F£72, ABFFRIEEAL R A R —
AT AU A —HRHTDHZ LI TEIETDHZ Eke, ZZICHEE2ET D,
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This paper presents flexible inner—outer Krylov subspace methods, which are implemented
using the fast multipole method (FMM) for solving scattering problems with mixed dielectric
and conducting object. The flexible Krylov subspace methods refer to a class of methods
that accept variable preconditioning. To obtain the maximum efficiency of the inner—outer
methods, it is desirable to compute the inner iterations with the least possible effort.
To this end, we construct a less—accurate but much cheaper version of the FMM by
intentionally setting the truncation number to a sufficiently low value, and then use it
for the computation of inaccurate matrix—vector multiplication in the inner solver. The
main focus of this study is to clarify the relationship between the overall efficiency of
the flexible inner—outer Krylov solver and the accuracy of the FMM within the inner solver.
Numerical experiments reveal that there exits an optimal accuracy level for the FMM within
the inner solver, and that a moderately accurate FMM operator serves as the optimal
preconditioner. The accomplishments presented in this paper would contribute to not only
the facilitation of the utilization of numerical methods for electromaghetic wave problems
but also the further development of the computer aided engineering (CAE) technology

1. Introduction

Amongst various numerical methods, the method of moments (MoM) is one of the most powerful
techniques for solving large—scale electromagnetic wave problems, and it is usually
implemented in conjunction with iterative linear system solvers. Recently, in the area of
scientific computations, Krylov subspace methods (KSM), which are used for iteratively
solving linear systems, have enjoyed widespread success and popularity in scientific
computing because of significant advantages such as low memory requirements and good
approximation properties

Since the fast multipole method (FMM) [1] does not explicitly generate the coefficient
matrix, it has been still a challenging problem to establish a strategy to design an
efficient preconditioner for iterative methods implemented with the FMM. In recent years,
novel iterative methods, which are classified as so—called flexible KSM, have been proposed
[2][3]. The flexible KSM refer to a class of methods which accept preconditioning that can
change from one step to the next. Malas [4] and Fan [5] have studied the flexible KSM in
the context of multipole techniques; the former takes into account only the near field
interaction for the preconditioner, whereas the latter includes also the far field
interaction expressed by the multipole expansion as well as the near field interaction for
further enhancement of the preconditioner. However, the flexible KSM have been less
extensively studied or practiced so far for the electromagnetic wave problems. In this paper,
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we propose an efficient implementation of the inner-outer flexible GMRES (FGMRES) in the
context of the multipole techniques. The main contribution of this paper is to clarify the
relation between overall efficiency of the inner—outer FGMRES and the accuracy of the inner
solver’ s matrix-vector multiplication (MATVEC).

2. Inner—Outer Flexible GMRES

The flexible Krylov subspace methods belong to a class of methods that allow variable
preconditioning; in other words, these methods accept preconditioning that can vary at each
iteration step. Assume that the system Ax=56 is solved, where A4 denotes the coefficient
matrix, b 1is the right hand side vector, and x represents the unknown vector. In the
conventional right—hand preconditioned algorithm, the right-hand preconditioning
operation z=K'v is calculated in each iteration, where z and v are vectors and K 1is
the preconditioning matrix. The preconditioner K must be a good approximation to 4, and
it should be relatively cheap to construct. Here, the operation z=K"'v can be considered
to be a method for approximately solving A4z=v. Hence, we can replace the computation
z=K"'v byroughly solving Az=v withan iterative solver toobtain z. Here, the iterative
solver for the original linear system is generally referred to as the “outer” solver,
and the iterative solver that performs the preconditioning is referred to as the “inner’
solver. This inner—outer concept implies that different values of K are obtained at each
step of the KSM; hence, the outer solver must be able to work with variable preconditioners.
This is facilitated by the use of flexible KSM. In addition, we also note that the particular
case where the flexible GMRES (FGMRES) is employed for the outer solver and the GMRES is
used for the inner solver is usually called “inner—outer flexible GMRES.”

To obtain maximum efficiency of the inner—outer methods, it is desirable to compute
the inner iterations with the least possible effort. Hence, in general, inaccurate MATVEC
is performed in the inner solver within a short computation time. This is realized by using
a particular feature of the multipole techniques. The accuracy and computational cost of
the FMM can be controlled by selecting the truncation number, which indicates the number
of multipoles used to express far—field interactions. On the basis of this fact, we construct
a less—accurate but much cheaper version of FMM by intentionally setting the truncation
number to a sufficiently lower value, and then use it for inaccurate MATVEC computation
in the inner solver. Accordingly, two FMM operators with different levels of accuracy are
used; the one is highly accurate and was used for the MATVEC within the outer solver, whereas
the other operator, which is less accurate and a cheaper version of FMM, is employed for
the computation of the MATVEC within the inner solver.

To control the accuracy and computational cost of the FMM operator, we introduce two
defines the truncation number for the lowest MLFMA level

parameters, L, and p. L

low low

within the inner solver. The parameter p defines the increasing rate of the truncation
number when the level increases from the lowest to the highest, and it indicates the overall
accuracy and computational cost. By using these two parameters, we can define the truncation
number for the FMM within the inner solver, L., as follows:

i

L, =c(ka)’, (D

where a denotes the cluster size of a level, and < 1is a constant that is pre—computed
that is, ¢ is set such that
L, for the lowest MLFMA level becomes equal to L, . We notice that for the determination

prior to the solver execution according to the value of L

low ?

of the two parameters L, and p, both parameters should be set such that all the truncation

low



Convergence Property of Flexible GMRES for the Method of Moments — 19 —
Based on a Volume-Surface Integral Equation

numbers for the inner iteration (L,) are less than those for the outer iteration. From
Eq. (1), it is inferred that p affects the overall accuracy and computational cost; as
p increases, the FMM within the inner solver becomes more accurate and increasingly more
expensive.

3. Numerical Experiments

In this section, some numerical results will be presented to verify the efficiency of
the inner—outer flexible GMRES with the proposed inner solver implemented in the multipole
context

We consider the following three geometries in the numerical experiments:

(a) Dielectric—coated conducting sphere,

(b) Dielectric—coated conducting NASA almond,
(c) Frequency selective surface (FSS) structure.

The first geometry (a) is a dielectric—coated conducting sphere. Since the analytical
solution (Mie series) is available for this test case, it provides a reference solution
for evaluating the accuracy of our software. The core of the conducting sphere has a radius
of 51, and the thickness of the dielectric layer, having a relative permittivity
&, =15-i0.5, is 0.25 1. The volume of the dielectric layer and the surface of the PEC sphere
are discretized into 338,074 tetrahedrons and 53,432 triangular patches, respectively,
leading to a total of 812, 114 unknowns. In this test case, the solver generates four MLFMA
levels with the truncation number for the outer solver’s FMM being {10,15,24,41}. Next, a
dielectric—coated NASA almond is considered as the second test case (b). The dimensions
of the PEC body are 32.021 x12.351 x4.204, and the dielectric layer has a thickness of
0.1, witharelative permittivity &, =1.5-i0.5. 93, 042 tetrahedrons and 38, 208 triangles
are generated for the volume and surface region, respectively, resulting in a total of
274, 463 unknowns. For this example, the MLFMA operator in the outer solver consists of five
levels, and {9,13,20,33,58} are used as the truncation numbers. The third test example (c)
deals with an FSS structure that is 104 x1041 x0.14, which is discretized into 60, 796
tetrahedrons and 206, 400 triangles, where the degrees of freedom for the resultant linear
system become 424, 504. The relative permittivity of the dielectric layer is ¢, =1.1. This
test case yields four levels MLEMA operator within the outer solver, with the truncation
number being {10,14,23,39}. All the truncation numbers are defined using the equation shown
in [7]. This last example is the most realistic and complicated problem and is the most
difficult to solve among the three geometries. In all of the cases, the scatterers are
illuminated by an x—polarized and -z-traveling incident plane wave.

For the aforementioned three test cases, we conduct comparative experiments with

respect to various sets of L, and p introduced in the previous section. In addition, for

low
comparison purpose, the strategies for the FMM operator within the inner solver employed
in Malas [4] and Fan [5] as well as non—preconditioned GMRES case will also be investigated.
Hereafter, we refer to the strategy proposed in [4] as “Malas’ strategy,” and that adopted
in [6] as “Fan’ s strategy.” The settings and conditions for the inner—outer flexible GMRES
for all the strategies are summarized in Table 1. The same settings are used for all the
three test cases. As shown in Table 1, we use two stopping criteria for both of the inner
and outer solver; one of the criteria is error-bound (tolerance) and the other is the maximum
number iterations. The settings for the Maras’ and Fan’ s strategies shown in Table 1 are

consistent with those in their original studies of [4] and [5]
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(a) Dielectric—coated conducting sphere

(b) Dielectric—coated conducting NASA almond

(c) FSS structure

Fig. 1 Geometry of three test examples.
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Table 1: Settings and conditions for inner—-outer flexible GMRES.

(a) Proposed strategy

Maximum number of iterations 20
Inner | Tolerance 0.1
GMRES | Definition of the truncation number Eq. (23)

Restart cycle 20

Maximum number of iterations 1000
Outer o or 1. 0E-4

n . OE-

FGMRES |——0e®

Restart cycle 40

(b) Malas’ strategy [4]

Maximum number of iterations 10
Inner Tolerance 0.1
GMRES | Definition of the truncation number Eq. (2) in [4]

Restart cycle 10

Maximum number of iterations 1000
Outer 1 T er 1. 0E-4

n . OE-

FGMRES  f—— ot cC

Restart cycle 45

(c) Fan's strategy [5]

Maximum number of iterations 7
Inner Tolerance 0.1
GMRES | Definition of the truncation number -

Restart cycle 7

Maximum number of iterations 1000
Outer

Tolerance 1. 0E-4
FGMRES

Restart cycle 47

(d) Non—preconditioned GMRES

Maximum number of iterations -
Inner Tolerance -
GMRES Definition of the truncation number -

Restart cycle -

Maximum number of iterations 2000
Outer

Tolerance 1. 0E-4
FGMRES

Restart cycle 100
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It should be pointed out that Malas’ strategy has a noticeable feature in that the
truncation number for FMM within the inner solver is equivalent to that for the FMM within
the outer solver, and Fan’ s strategy does not take into account the far-field interaction
expressed by the multipole expansion within the inner solver. It should be also noted that
the comparison among all the strategies is fair with regard to memory requirements. In fact,
for the same restart value, the storage requirements for FGMRES are twice that for the
standard GMRES, because FGMRES also stores the preconditioned vectors of the Krylov basis
as well as the original Krylov basis. Further, for the inner solver, we do not restart and
perform a prescribed number of full GMRES iterations. All the runs have been performed in
single precision on a parallel computer Expressb800 of Cyberscience Center, Tohoku
University, Japan.

Fig. 2 displays the bistatic RCS for the dielectric—coated conducting sphere of test
case (a), calculated by the inner—outer flexible GMRES and Mie series. It can be observed
that inner—outer flexible GMRES agrees quite well with the Mie series for both polarizations,
validating the accuracy of the solver code that we developed

Table 2 tabulates the iteration times and the CPU time required for the convergence for
the presented strategy with various sets of ;,and ,, along with Malas’ strategy [4],
Fan’ s strategy [5], and non—preconditioned GMRES (100), and Fig. 3 compares the convergence
history for the presented strategy with (7, , ,) = (6, 0.75), Malas’ strategy [4], Fan's
strategy [5], and non—preconditioned GMRES (100). From Table 2, it can be inferred that the
combination (z, , p) = (6, 0.75) perform quite well among all of the sets for all three
test cases. Especially, it is worth noticing that, in the test case (c), the proposed method
is the one that attains the solution, and all the other methods fail to converge. This
observation reveals that there is an optimal accuracy for the FMM within the inner solver,
and that a moderately accurate FMM operator is optimal. This implies that when the FMM within
the inner solver is deteriorated, the inner solver can no longer serve as the preconditioner,
and thus in both the cases, the total performance of the solver is not sufficiently improved.
Additionally, it should be noted that the proposed strategy was proven to be superior to
those of both Malas and Fan.

Table 3 lists the memory requirements for the presented strategy with (1, , ,) = (6, 0.75),
Malas’ strategy, Fan’s strategy, and non—preconditioned GMRES(100). Fan’s strategy needs no
extra memory storage as compared to non—preconditioned GMRES since it does not take into
account the far—-field interaction within the inner solver, thus, the memory requirements
for Fan's strategy are always equal to that for the non—preconditioned GMRES. Malas’
strategy has an advantage with regard to memory utilization as compared to the proposed
strategy. This is because the truncation number for FMM within the inner solver is equivalent
to that for the FMM within the outer solver; therefore, the ¢2# and [2p translators for
the outer solver can be reused for the inner solver. Consequently, Malas’ strategy does
not require extra memory storage for the ¢2/ and L2p translators for the inner solver.
However, the strategy does not sufficiently reduce the CPU time, as shown in Table 2. On
the other hand, the proposed strategy requires a slightly larger amount of memory storage
compared to other methods; however, the impact is not very significant as compared to the
basic requirements for the FMM operator within the outer solver. From the observations
provided, we can state that the proposed strategy with (7, , ,) = (6, 0.75) achieves the
optimal performance with regard to the balance between the memory requirements and
convergence behavior.
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Fig. 2 Bistatic RCS of a dielectric—coated conducting sphere for V-V and H-H polarizations

computed by inner—-outer flexible GMRES and Mie series.
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Table 2: Comparison of CPU time for presented strategy with various sets of , ~and p,

along with Malas’ strategy [4], Fan's strategy [5], and non—preconditioned GMRES (100) ;
Acronyms: N.C. = “not converged.”

(a) Dielectric—coated conducting sphere

L. p L Tteration times CPU time
[s]

0.5 3, 4, 6, 8 200 260118';

3 0.85 3, b, 9, 17 76 94765. 04
1.0 3, 6, 12, 24 72 61750. 63

0. 25 6, 7, 8, 10 115 140056'3

6 0. 55 6, 8, 12, 18 43 49121. 40
0.75 6, 10, 16, 28 40 45445. 70

0.1 10, 10, 11, 12 N. C. N. C.

10 0.4 10, 13, 17, 22 39 51128. 32
0. 58 10, 14, 22, 33 39 54802. 14

Malas’ [4] 10, 11, 12, 16 78 63192. 40
Fan’s [5] 0, 0, 0, 0 716 300452';
Non—preconditioned GMRES (100) 1922 98959. 89

(b) Dielectric—coated NASA almond
Ligy, , , CPU  time
4 L Iteration times
[s]

0.5 3, 4, 6, 8, 12 123 25499. 16
3 0.85 3, 5, 9, 17, 31 52 8840. 75
1.0 3, 6, 12, 24, 48 48 8567. 96
0.25 6, 7, 8, 10, 12 116 21706. 89
6 0. 55 6, 8, 12, 18, 27 29 6416. 50
0.75 6, 10, 16, 28, 48 27 4499. 97

0.1 9, 9, 10, 11, 11 N. C. N. C.
9 0.4 9, 11, 15, 20, 27 29 6892. 78
0.58 9, 13, 20, 30, 44 27 9103. 85
Malas’ [4] 9, 9, 11, 13, 18 68 9927. 53
Fan’s [5] 0, 0, 0, 0 N. C. N. C.
Non—preconditioned GMRES (100) 1056 17420. 14
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(c) FSS structure

. . CPU time
L. p L Iteration times [s]
S

0.5 3, 4, 6, 8 N. C. N. C.
3 0. 85 3, 5, 9, 17 N. C. N. C.
3, 6, 12, 24 206705. 4

1.0 225
4
0. 25 6, 7, 8, 10 N. C. N. C.
6, 8, 12, 18 113951. 0

§) 0. 55 149
2
0.75 6, 10, 16, 28 108 91884. 92
0.1 10, 10, 11, 12 N. C. N. C.
10 0.4 10, 13, 17, 22 110 94949. 39
0. 58 10, 14, 22, 33 107 99498. 96
Malas' [4] 10, 11, 12, 15 N. C. N. C.
Fan's [5] 0, 0, 0, O N. C. N. C.
Non—preconditioned GMRES (100) N. C. N. C.
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Table 3: Comparison of the memory requirements for presented strategy with (1, , ,) =

(6, 0.75), Malas’ strategy, Fan’s strategy, and non—preconditioned GMRES (100).
(a) Dielectric—coated conducting sphere

Memory usage

[GByte]

Proposed strategy with (r,, ,) = (6, 0.75) 46. 7
Malas’ strategy [4] 44.8

Fan’s strategy [5] 44.7
Non—preconditioned GMRES (220) 44. 7

(b) Dielectric—coated NASA almond

Memory usage

[GByte]

Proposed strategy with (g, , ,) = (6, 0.75) 9.09
Malas’ strategy [4] 8.22

Fan’ s strategy [5] 8. 12
Non—preconditioned GMRES (220) 8.12

(c) FSS structure

Memory usage

[GByte]

Proposed strategy with (g, , ,) = (6, 0.75) 25.2
Malas’ strategy [4] 24.0

Fan’ s strategy [5] 23.9

Non—preconditioned GMRES (220) 23.9
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4. Conclusions

In this paper, we have reported the performance of the inner—outer flexible GMRES,
implemented in the context of FMM techniques. Specifically, we have investigated the
relationship between the overall performance of the inner—outer flexible GMRES and the
accuracy of the MVM within the inner solver. We introduced two parameters for controlling
the accuracy and computational cost of the inner FMM operator with the solver. In the
numerical experiments, we employed the volume—surface integral equation for solving
scattering problems with mixed dielectric and conducting objects. These numerical
experiments revealed that there is an optimal accuracy for the FMM within the inner solver,
and that a moderately accurate FMM operator serves as an optimal preconditioner. By using
the preconditioner with the optimal accuracy, even though we require a slightly larger
amount of memory storage compared to conventional methods, the proposed method
significantly enhanced the convergence behavior.
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AiElOS T —F o OFEIT, v— D NERIIE N —F DT — Z IR L T\ 5D & )it
ZLELEN, LIV LFELLEY &, YT A—F o7 —XERIZiZ2@EEH Y 3. —oIF,
I N—F PN a— L SN TR ER SN D AT VT, b o —2i%, 7 A—F
Y OREOH LIZBEIR 72 < WICHER SNTZ A VEITY. AT, AiEzE “—RFA T Y fEiE”
LR, $%E A “BEATVEE LIEEZLIZLET. BROBEEXTCES Lz — I VEHR
%, —FREAEVHEBUCETR LEJ2 —REXAE Y kX, Y7 —F 2RO T - NCEITRN
RNEDLDLAREMERHHDOT, MUY T N—F & 2bBla— L LEgLE, 1REOa—LTr—
T NVIEFNARAN LA, 2B a— LV LR A TEDE EHE > TS EIERY FHA.
B Z 18,
program stest2
implicit none
call subr2(1)
call subr2(2)
end program stest2
subroutine subr2(n)
implicit none
integer n
real x,y
if (n == 2) print %, x,y | ZOHNEIZRE
x = 10.0
y = 100.0
end subroutine subr2

DEosTu I aEENL LET. 1EAOa—LI, call subr2(1) T, v —h/LEE x
Eyll, FNEI10.0 & 100.0 EWHSERRASNETD, 2EE O —/L3L, call subr2(2)
ZREITLIZE XIT, print XTHALZx &y 23 10.0 & 100. 0 1272 DRFEIT RO TS, o—
FVEFITARAN LT B2 RFET 2120, EE AT VHERICHTE S 0iud7en S8 A. JEEE
S EME S THIIMEZ A Llc e — VAR, —BFAE Y kI <, BEE AT Y AT
BLET. OV TN—F A, subrl OFEFn 3, a2 —135T L1121 T8N L 7fE% H
NT 2500, PIHE1LZRALTESTHZ L THEEATY fEKICHTE I 272D T
BUEZRAETIZ, v — D VB ZEE ATV EBICHTR S ¥ 51T, BT save BIELFEE
LET.HI2I1E, o7 —F 2 subr2 LA FO X 9 ICEE Bz 0X, 2EHO=2—/LT10.0
L 100. 0 S ENET.

subroutine subr2 (n)
implicit none

integer n

real, save :: X,y | save BHEZHE
if (n == 2) print *, x,y

x = 10.0

y = 100.0

end subroutine subr2

EROIIENRRED & &0, v— VRSN A [EE A E Y SEBICHTE S 7o & Z 13, save B
EHESTFREW. £, VIHMEEZRATIHATYH, BEE ATV ERICHTES® 2 2 & 2/
R 2O THIUE, RO L HIZ save BHEEZMIILT, BEAEVEKICHLZ EZPRLEE
FHREWEBNET.

2 ZhICKRL, ATl T AOEREEY 2 —VNO 7 v —VEHRIE, EFXORRITHND LT, & T
[ E A€ U IR L £

3 ar A FICEoTE, BTOr—INEHEEEAET)HBEICHBIEL2LDORHY), Z07v I A5TY
IESWKEAER DV ET. LL, SUEMITIIRFE SN TRV OTTND, B TZTHRETIEDH Y A
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integer, save :: n=1

FOMOER 7R JEIEEZ W ORI LET. £9, RO EZZHESTDHEED-OIT,
dimension BN HAE IR TWET. Bz, 10X10 O 2 RILFEHMESZ 5 =T & %,
BEDES T,

real a(10,10), b(10,10), c(10,10), d(10,10), e(10,10)
LEXFT, dimension BHAH 21X, THEZKROLIICEL ZENTEET.

real, dimension(10,10) :: a, b, ¢, d, e

T 725, dimension BYEICESIOIK (Koo EFEL) 2B WTEBITIE, E5THEHOME
Wi, B4 AR T 57200027 £, BHIIEEMINT S LN TE 5D T, dimension J&
MEIZ save BEZNMATEST5H5Z & HARETT.

H o —D, B EEST DL EIMERZRDON, parameter B A ¥EE LT-EH, parameter 225
T, parameter BEUIILTEANRA LT IER Y /A, HlZIF,

integer, parameter :: imax=10, jmax=200

DX HizEL L, imax & jmax 7Y parameter B2/ 4.

ST, BAZEET DL E, TOEFRBIBLEHTHELRTNERY FHEAL. 207D,
BAIORIAZZETTH L EITE, BE5 LEBEFRRCHE LEEELA 2 TEE T HLERHD, F
RPN DTET TR, AL LY, EXMEZXDATREERHY £3. #1213,

real a(100), b(100) 1 100 23 2 BT
integer i
do i =1, 100 1 100 28 1 A FF
a(i) = ixi
b(i) = a(i)**2
enddo

EWVWH T ST ATEWT, BSIEREEKO 100 1%, S X2 TR<, do XOKTMIZH A>T
WET. 20, BYVEERALETTLHEEI3IIHERELRTUERY FHA. ZDL X,
BLAE S OBEZH A parameter BEUZMRAT L THE L TEBL &, Bl¥|EEK % % O parameter
B TEENZALAZENTEET. HIZIE, Lol I8 3RkOEHIICEXWLZ L LNTE
T

integer, parameter :: imax=100
real a(imax), b (imax)
integer 1
do i = 1, imax
a(i) = i*i
b(i) = a(i)**2
enddo

Zo7u T T L5, inax TRATLIHMEAEE S 57200 T, BVIEREBOEEITE T TT.
parameter 2% & AT HE KX AR D parameter ZBEA~DINAEIZ L2V, BAIES OEEH
i 2 b TEET. Zhbid, TOHERXORERTES Lo LITHY LET. Flxd,
integer, parameter :: imax=100, imax2=imaxk*2
real a(imax—1), b (imax*2), c (imax2)

EWOHHEEIL UTOESLER%ETT.
integer, parameter :: imax=100, imax2=10000
real a(99), b(200), ¢ (10000)

7272 L, o parameter BEUZMARAT S & &%, MASNDEH (ZOHITIX imax2) 2%, LA
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T HEHRERUCHE 5 A (ZofTld inax) KV HTES SATERY £ A.

F1x, parameter JEMEAFEE L2, “BE=8E" OB TEES L EMEOXHEBEGEZ R
LTWAETT, AV ELTOEKITHY $HA. ZOXSEMRAH 72 “BE” b B
~NDOBEHZIL, T NVDEETITONEDT, EFTLTHHESLTHHEZ LD TT.
WIZE 2L, parameter ZBEICEIT L H > TRATHZ LIXTEEEA. Bz,

integer, parameter :: imax=100
real a(imax), b (imax)
imax = 5 I 25—

EENWZEE, “imax=b” 1%, A NS T —TT. ZhuE, ey T AT “100=57 L EW -
ZEIZELVOTTINLYRELEZLET.

SR NVBFICHIEDOBE WX 2T 50 TT NG, AAE W) ETEENRREICARY, DLT
FTOREREMOEMIC /A £3. £, FRICATY OERICHR . 22T, FHETHED
T % parameter Z2#Z LT EERITY. #HilxiE,

real, parameter :: d13=1.0/3.0, pi=3.141592653589793, pi2=pi*2
real, parameter :: clight=2.99792458e8, hplanck=6.62606896e¢—34

DL, FFEEMILESR & parameter R THE L TBIFIZWVWWTLE Y. I b EEY
2= LD ANTZ B — VB LTEL &, EHIZRWEEWET. parameter 2%,
RFHBICEXWBZ SNDHZENRNDT, ZOLIREBDERICTIT D > THOITTT.

1.3 BET—20RERTE
F AT, FEARMZREERNC I TEEEI SN B 0, SRR I RS SR b R SR
MWD E VNI EEE LE LTz, Fortran OF 7 /L M SEHIREE TR, a4 JOHE)
ERSERRE 2 2 12T 7 4 v 2SR EEEO AT TEX 50T, AfRTIEInE CERIEDORE
WL CTHRICERZ LWHiHEZ LT E L. L, RKEDT—X &1 F VB TRET
HEXIIRGEREEZIEMT DIDITREZE LTI ENBEZONET L, “4ERBEER L
IERBE XY SAEIMMEDOZWFEE 2> C, MBEHELZT L b TEETL. ZoZ en
O, BMEEZRET D HIEEZM-> T T,
EEOREZEET 2120, SHEEOFERHY £3. 2 2T, EANRES T 2/
LETH, BESCEERAZEDILRES b AHETT.
REEMEER 81, %2, ...
RIEE BER £H1, £%2, ...
AR kind=EEH) ZE#H1, £%2, ...
ZIT, REHC oL AL, BEMO byte BAEBETIRE L 7. EEMOGE, HIEE
B4, [EREEZRD 8, 4fERERD 16 T, BlxiE, HKEELNEKEZEST 5121,
real*4 xsl,ysl, asl(100)

real (4) xs2, ys2, as2(100)
real (kind=4) xs3, ys3, ds3 (100, 100)

el lEXF4 Fo, EEOEBHEIT dbyte TT D, BTl “fERSEEE” L9 8byte DIK
BAEEH) Z LN TEXHDOT, ZNERHATS L 12T,
integer*8 n81, m81, k81 (100)
integer (8) n82, m82, k82 (100)
integer (kind=8) n83, m83, ka83 (100, 100)
Rl LEEET.
SHEHOEXOT TENNABRWDIET—IIEES 2 FTA. —FEBDO % 2ffo=EAUL, TV

4 7L, AfEREEEHEENE, MPEE LTS LRV TIERWE S T, 3 itk Tz 7
WEANRH Y £, gfortran T, /A—T a3 4.8 TIIMEZE TN, 4.2 TEFEZ2VWEH TT.
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%nmnﬂgﬁbhfwémf,:yﬂ4§ﬁﬁw%é%,%@fmﬁ?A%%%ﬁéE—@k
DOICHZTEBWEFREWEBWETN, 2hunb 7 e /T AxEIMGO LA, FEHM,
BEHROBRZPARLLEZFHOFNEVWEBNET. 2L, RO KD _#EEZ%I% parameter
B> THRET A ENTEET.

integer, parameter :: kp=16

real (kp) xq2, yq2, aq2 (100)

real (kind=kp) xq3, yq3, dq3 (100, 100)

TR L, N BEEoEXTIE, MTEETHRELRTNER Y F¥A. parameter 24T
FEERTEEY LT, HREBEREIOSC CEE2LE T T8RS 5 & & ITERTT.

7P L, EREOHELZT LA, ERLEREICLRTE R E8A. fIE, “1.237
EEFIE, TIANNOFEENCIRH DT, AR TIHMERBEILTT. LoT, ZOFEFE A
FEOFEIHE S ERBEENELTLENET. AXI0P TRENDIFEH A AEBETEET L L XX
“AB” L EXFET. o=, “1.237 1 “1.23q07 EENRTIER D FHAS.

LML, parameter B THEZIETE L TVNDHE XL, e R qD X I BT THERELZ LT
Ll BEZEFT IS, EROEENIBRLETT. 22T, KEOKRIZT X —RaT “7
CREER AT CEROREZET D2 ENTEET. FIIE, HBHEED “1.237 1% “1.23.8”
CE, AERBED “1.23907 1%, “1.23.167 L ELS Z N TEXET. ZOBEEIZIT parameter
BEELEH ZENTEDHDOT, MOEHITEL ZENRTETET.

integer, parameter :: kp=16
real (kp) xx, yy

xx = 1.23_kp

yy = 1.2345e—15_kpkxx**3

ZOFID yy ITARA L TWAEHOEEIEEIZ e o> TOETHR, BN 16 72DT, 4[58
EEEICR Y 9.

1.4 include X
parameter ZA B2 1E, EUFIOBHREKI T T  SKIEHORE £ THET 5 2 LA TEET
B, TNTHL—F U ZEICEEEZ LTS L, BERMNEIR-Z X, HLTHWDARET
DV—F T parameter ZHEOELZZEL L2TNITXRY $HA. £ T,
module global_ param
integer, parameter :: imax=300, jmax=200
end module global_ param

DX HIZ, parameter BT 2R L -FY 22— E2HAELT, HAETHL—F L Tuse 5
ZTHONRENEENVET. use BEEFETY2—LOPTHHEI ZENTEXHDT, UFD LD
R4 2 E A RIEE T .
module global_ param
integer, parameter :: imax=300, jmax=200
end module global_param
module mod_array
use global_param | £V 2—/LNTYH use B = A f2
real abc (imax, jmax), cd (jmax*2-1)
end module mod_array
program mtestl
use mod_array | use global_param TR E
implicit none
integer km(imax)

5 LR RIZ, T 7 4V MEBRPEIEEORE, SREEEEEITAB” EEXET. HIxE, “L.27 X “1.2d0” TT.
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ZIT, BHBHEVa—LDOFRTHDEY 22—V % use B LIZHA, BIBEDEY 2—/L% use B
SLIENV—F T, REOEVa2a— L bEbETCuse BE5 L2 &2V ET. EREOA AV
7’177 Amtest]l TIXEY =2 —/Lmod_array L2ruse 5% L CWEH AN, mod_array DT
use 5% L TWAEY 22—/l global_param HEIFICES L7-Z2 L1220, ZOHICH HEH
imax b AA 70T ATRMARRICRY EF. 72720, ROXIIZ, AL Tar T A
global_param ® use B & MZ T, TOHHEHARTHZ L TEET.
program mtestl

use global param ' ENWTH T —TiE2w

use mod_array

implicit none

integer km(imax)

ZhE, FALEYa2—Duse EE4EEAL THENTHLZ T =TI R LRV HTT.

ST, a7 T ANRENR LT, %RIZMEIZG U T parameter B AEEH T 572071275 &,
parameter B OELDT=DEFIZT 0T T ARKEZEELETLHOFHb LWL, BHT 5 L X
MOTARZEZBMZTLEIVRAZEHVET. Il 7020 THE, TulIoh774
NOAMPEEINDDT, WODORKRTER LT B 7 T L0066V ET. Znb
L, FRCMANICT v 7T AR5 & S ICEE 2D 7.

% Z T, parameter ZEDOMHNTIZ T &2 T 07T AARENS 3EEL TIRIFL, BEIDSELTHS
T 5 EMERTT. BETDH - oODOFEIT include XOFHNRH Y £9°. include L &1, LLFD
£ 91T include D&IZ, 7 7 A W4 % CFHITrial L7230 T

include " 7 7 A V4’

include XA HEHL &, AL A FIFEDMEIZ “Tr7ANE" TRHRELELZ 7 A VONEETFEA
L7l I LEERLT, Thrdar A LET. flziE, EidFE Y 2 —/L global param
% “global.inc” L9 77 A MCHFZIAATREL TBHIE, ROX S ICRHRTLH I LnTX
E3c

include ’global. inc’ | Z 21T global_param ’FFAEN B

module mod_array

use global_param

real abc (imax, jmax), cd (jmax*2-1)
end module mod_array
program mtestl

use mod_array

implicit none

integer km(imax)

include XMBET D7 7 A LVONFIL, £ % include XDONMEICHHA L & X, vl
T AEENIE L EETIUIWVND T, EVa— AT A—F DX RE/K LT e s T A
THHVEITIH Y A, £z, A7 7ANE—D2DT 0/ T LAOBEEDOLHTT include f§7E
THZELTEET. HlxIT,

integer, parameter :: imax=300, jmax=200

P ua 77 AMCENT, Y7 —F o T LI include $5ETH = & & A[RETT.

2. XFIDER

ZAVETprint X write LA LT, BEOEWR E2ERRTHDIHE > TX 72307 T
T, ZOMICHERA 2 HEAH Y £9. Fiz, EELIESCFEOWOTZT TR, SUFFIEE
ST, SIS CTEFONBREZLER LIZY, U5 & CFH 2R L0, —HEamy L
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TeXLTFHN AR T D72 8D “CFHIHA” 29252 &b TEET. REITIILTH % £ 0 EHY
(IEMT 2 FEE/HEIT LET.

2.1 XFINEHLEXFIEH
Fortran [ZBT A CFHE X 2D | £721% 7)) THAEXFOW OO Z LT, iz,

’ "Taguchi T.” 7(123.5678+X°2)” "EFTHLEITET”

ENLTHNTT. XFINNIAR—ARREEEANDS Z L TExET0 M) & 7)) [ FR%ERD
T, B EMEIMNIEBTT. B, EmEE U THEY, XFHoHIC T EEnTzund
X, [MTeacher’s”] O L STk %Z 7] THTe, LW XOWCHEDTHBIFITEREWVWTL L ).

T2 —HO “UFT I Fa - REWIERE L RS LTV, CFANIF a2 — FER
FTHEEOBFN TEIHINTWET. 207D, BHERD 1 L3XFHND "1 T2 BbrH507T
T WFa— FIREARETR 5 1 XFEHT-V 1byte DEE, BADEFRVUL N D 1 3F
H71- 0 2byte DEF T, FAFHTOa— NL, BEIZEALELETOa L B a—~Z TASCIL =
— RBfEDLONTWET. 2D, FHARETE T T r s 7 22 EFIEBEEOREIZH Y F
HFhA. UL, &ACTIH0S O AREIC L TXFa— FREI AffEERNHLDT, 7Turs
LAHICHAGEEZRR T D E, loarBa—H B L EXICXRT T2 0 £97.
Fortran {(CBWTCHAFEMEZ 2D AL b L ETHFA MRS LWROT, THITEEET
EH 0 ERA. LU, XFHH O “SCF7 1% Ibyte D ASCII 21— RTH D EREL THHAL £

) ETx 17 CTHAZESCFINE, “SCFFNERT TN, XFEIERA L TRAFET 5 3055
OEEEVEDLZ &L TEFET. UFHNEHEZEDITIX character BEE AV £9. character &
SE, UFD ko nELTT.

character XFF|EE 1 +XFH 1, XFIEH 2+XFHK 2, ...

L, SCFANEBISARATRE R R RO FHTY. ETE 2R/DOICFHEIT L T, £
7o, PEREEC L TRMER EE2MINT 5 Z L b ARETY. flId,

character cl1%10, c2%20, cc*l1, chr (20)*30, chs (100, 200) *50

LEETDE, WFHINIE LI I0EET, 22X 20HETOXLTERATLIZENTEE
T ZAUSK L cc IR T XFLMAD FHAL E72 chr R0 chs O X S I CFHIOES %2 E ST
% Z & HAHEETT . chr (X130 L5 FE TAD 1 IRILALHIT, chs 1L 50 XFE TAD 2 RITESITT.
[ USSP O CTHNER A EEBES T2 X213, UTOEXTESETH2Z LR TEET.
character*CF# XFFIEHK 1, XFHEH2, ...
character CCF#) XXFINEH 1, XFIEHK2, ...
character (len=3CF#) XFHEHK 1, XFIEH2, ...
ZIC, “SUEANVERC X, A, YA EEOEFER AR LET. 20 3SFEBEOMIER
%, L3EORBEROIREEFMET, &0 SXTH” NIRRkROENX, ZnlsnHm LnEXT
T FLWEXDGAICTIE, parameter ZHAFIH L CXFRERET HZ N TEET.
SCFHNEBNSCTHN AT DI, FIEORA LR U T, 4 a2— =) ZENET. 20,
RO 10 SLFEOLCFHNEEL 1 I XFHNEERZRAT D121,

bl

)

abc

cl = abe

DEHcEXFET. Zolx, MASHALE "abe’ X3 XFERDT, 10 SLFEOER 1 OYCHA

6 REITIXLAAR—RLEEWLT D &I “ 2V ET.

T %Y a s THEDILTWS DX Shift JIS =2 — K23 <, Linux 72 £ ™ UNIX % OS T T\ 5 Dk EUC =
— RM™ENE ST, ik, 22— RERE LV #H—{k L7 Unicode Zff5 OS M x T E L7,

8 SLEMITIE “IUFHT AN L CERATIST CTES T4 L, SUFERN 1 OXXFINC/RD 3. LirL, 7rns
FEBROMDIZL LK 2BDT, FWIZ *” ML TXTFHLEZBICEELTZFNRBWLTLE ).



Fortran A¥—bh70a 2753 7 — 37 —
— H3ME boblAY—FIAETOrILICLEY) —

MBNAIZ 1 PO ORAS I, Y ORI A AR—ABMEAEINET. A=A L LFTT
ME, el OXXFHIL, A LT XFHNOSLFHIZ b 59, 10 D £ T, KIZHITIE, UL
DL A A=V TT.

ctfafblef Julolful.T.]

12, AT D XFHNOLFEHDITNENGEEITIE, FOFEFNOLENS, (RATE 5RK
j(%%(i’(ﬁ RAEN, HVIIEHINET. HEESXEHEZE, ROXIIZHLNL LD LT
SIEE RN LT CTFINESEAETHZ E L AHETT.

character :: chr*10="abcde’
j(?ﬁu’ﬁifl RN SN SCFANIERENCE D H3 2 E R TEFET. e o 3ess)” &
WWET . B SCTFANE, CFANEBOLEN G2 TER O OMER E W o i 2z ) 24#
> THE Liﬁ.mz X, cl LW IXFHNEHD nl FEND n2 FHOXFZ2IY H7 1l
cl(nl:n2)
ERELET. ZoXFINE, n2-nl+l XFOXTFHE L THROET. HlxiX, cl= abedefg’

2lE, c1(3:5)1%, 'ede’ T . nl ¢ 2 2L THZ LTI XFEROVHEI b TEET.
B Z 1

cl =’ abcdefg’
doi=1, 7
print *,cl(i:i)
enddo
UL, 1T oM S ET.
j(%ﬁ']@iﬁﬂ@*ﬁ SCFHNERY HTEAICIE, BREELLIC, MOXFIEEERICESE
T B2, 1 RICOSCTFHIES chr | ﬂb k%ﬁ@?f@*ﬂ j(%ﬁﬂ
chr (k) (n1:n2)

DEIIHRELET. Do INHEKTHOT, IEFICKR AT TTFEN
LFEINLERET D2 b TEET. XFEYNOERIITEETF [//] 2HVWEST. #Hilzx

= "abc’ // xyz’

LEL L, I abexyz &) SCFFINRASNET. CFHNOMEFE L, SCFFIEE & CFF
I, X%Wﬁiﬁki%ﬂﬁiﬁkb‘57@@/\3’)’@??%7 ETT. 2720, XFHEHBIRAIN
7T H AT 5 & XTITEESLETT. HlxX

character cl#*10, c2%20

cl = " abc’

c2 = cl//) xyz’

EENGA, 212 abexyz’ £V UFEHIBRASND L Bo - HRTENTT. ELLIX

DRASHET. i, ERROX T 10 CFOLFEH 1 123 LFD "abc” ZRALTH,
cl ODXXLFEIFIZEDL LRV L TY . REORERAR—ZAZHIFRT DI, #5030 F50 %1 5 &
HERH ET.
character cl#*10, c2%20
cl = "abc’
c2 =¢c1(1:3)// xyz’
o T T A BIE, 212 abexyzr DMRUASINET.
LinL, ZOHEFESICRASH TS XTFHERAHO L X231 A, 22T, B
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trimMAERINTWET. trim (TRBDAR—2AZRE LT CFH 2K THHAAA LS T,
Z1E, EFLopflid,

character cl1%*10, c2%*20

cl = " abc’

c2 = trim(el)// xyz’

LELZENTEET. ZOFED c2121F abexyz BRXASINET.
XTI TN—F ORI THEXE, T ZEELTES LET. B2,
subroutine subr3(chr)
implicit none
character (%) chr I XFHIIARE
® chr DX HICEEF LET. Fortran OLFHNIIL, XFa— ROWRET TIEARL, XFHD
BHRLEENTWET. 207D, OFEDOLIITLTEIPIHATE SN TN TH, 23—/l T
BELEXTHEOLTINE L THEHAT S Z EnTExEd. Hilxid,
program ctestl
implicit none
call subr3( abcde’)
end program ctestl

subroutine subr3(chr)
implicit none
character (%) chr
print *, chr, len(chr) | X% ’abced EXFEHSBHEHAEIND
end subroutine subr3
DEHIRT T T LB NT, BT —F > subrd @ print XOH L, SLFH] " abede’ & LT
B52720ET. 22T, B lenid, XFHOXTHERSGT 2T, CFINCBET 5
FIAFBEEE, 2. ABCRBAL £,
SCTFHNCII RN RS, ZNEFIHA L Tif XTCHRUEDIEEZTHZEHTEET. 2D
TH| R S & XX, LFOFRIARTITWET.

(1) XFHOEINELRD L X1, BEWHFDOLTHNORREBIZAR—RA BN L T T
LL<T%

(2) 2MEHDOSCFHNZEHEND 1 LFIOHE L TV -T, TR URBIE, “FGLv (=7

(3) B BHLFENHIUE, FUNCHEI DT ASCIT =2 — RAE LT, 22— REDOK/IH
CFHD K O) F2E N (7

ASCIT 1 — R, “AAN—R7 < “BF27 < “WRLF < “9/h30F” OIETREL 20, i~
DILFAZNIRD L 5 72 K/NBRN H 0 £
U077 KONCTBK L. a7
Bl 21X, XFHNDEE>TIRO LS 7 mn 7 I heELZENTETET.
character cl1%*10, c2*20
cl = " abede’ ' 3SBEHD ¢’
c2 = abdce’ ' 3BED °Jd°
if (cl < ¢2) print *, ’cl < c2’
if (¢l == c¢2) print %, cl == c2’
if (¢l > ¢2) print %, cl > c2
ZORERIL, el 2 TY. Zp¥e s, 3FHOXFERWDTHRARD, clix ', c2iL'd T
T, I ENSTT. 2B, el X 10 307, 21X 20 LETTD, BAICAL—R &M D
T, ZOFIORRITITHERELR T
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2.2 HAICET5XFHIDOHA
b X < SCFH AR 9 BiEIE, print TR write SLOHFIZ AN TR ROMINAHE S 2L TL &
9. BzIZ,

real spd, pres

spd = 10.0
pres = 960.0
print %,  Wind Speed = ’, spd,” Pressure =, pres
EETIX, HAON
Wind Speed = 10. 0000000000000 Pressure = 960. 000000000000

DI o>T, EOBMEN EDEBDERDON)NB—HTHONY £7.

ZIT, XFINFEORIICEDLETCHASNTWET. ZHUE, print IBLFINIA ST
WA ST OERICEDETHANT 205 TY. ZOEREIX, format 21> CTXFH|DOH 18 E
HETHEEICHMED 2N TEET. XFFNOHIEEICIE, AfREZHWET D, AfREIL, Ta)
FELS L, XFHOITFHEBPH IR0 £9. FlxF LR print XE,

print 600, Wind Speed = ’, spd,” m/s’
print 600,  Pressure = ’,pres, hPa’
600 format (a, 8.2, a)

EETIE, RO LX) RLFRICAEDELHIFRPIGONET.

Wind Speed = 10. 00 m/s
Pressure = 960. 00 hPa

BiElD format DA TR LE L7222, HAEXIEE R print P write SLOHFIZHHIATeE:
X, XFHNORHGEO—>TT. HlzIZ,
print 600, x
write (10, 600) x
600 format( x=",esl2.5)

WS TR T NIROEHICEZBZ L ENTEET.
print 7 x=,esl2.5)7, x
write(10,”C x=,esl2.5)”) x

T2 b, format XD -> Z LT %, WmdD D> Z 28 TIFESFNT LT print X0 write LD
EABEOMNBICEZIALET. 20L& X, UFHEREZME 2L, EEOLFTClH U format %
)& EIERTZ L, HAORNERIZR LT, FEITHERZ format 2 H 352 & HAa[RETT. Bl 21T,

real x
character form#*20
if (abs(x) >= 1.eb) then
form = 7 (C x=", esl2.5)”
else
form = 7 (C x=", f10.5)”
endif
print form, x

EFTIUE, x OHERHEN 10° 2L ED & & 11T esl2. 5 fRET, SR IE F10. 5 fRETH N E 7.
Flo, HOXTFINEFRH L TCERETLHZ B2 ET. flzig,
real x
character form*20
form = 7 (C x=", £10.5)”
if (x >= 100.0) form(8:11)="12.3 1'10.5 225 12. 3 IZERE
print form, x



— 40 — SENAC Vol. 46, No. 1 (2013. 1)

DEHITETFIE, x 23 100. 0 LL ED & X 1T F12.3FRET, 12T F10. 5 METHIEINET.

2.3 BE - XFNEH
ZE Tl write XX read XOEXIFE DN EIZLFHN ZHH L CTUVE L2, EEE 5 OAL
3(%57' FLR T 52 &b TEET. ZHUL “CFH” o BE” ~0EH, FiolXE o
W@%ﬁo&%_ﬁﬁbiﬁxtamxotw3kwbﬁﬁ&%2¥kw5£$ﬂﬁ%%%ﬁ%@
RENRR D 97, LHEOBFRT 123 LW I BUEN D ZNITHE T 5 XF%2Eo72 0, i
7123 LW AN EEMEE L CHEICRIH L-WEER"BY £9. 28%FH, EXH Y read XL
X7 7 ANTRENS “UFTRELINTHE 2 AT LT “FHEEBNEORIE” (£ 83 281E
Thv, HXH Y write T “FIHRENEOEME” % “SCFTRBLSNVTEE” IZEH L TH)
TLHEECT. HEFSOMBIZCFINEZFHT DL, ZOEBEEIZTEME S Z LN TEHD
T
FE” — ST AT AT write XEHWET. BT
real x
character ch*20
x = 123.5
write (ch, 7 (£10.5)”) x

EEITIX, SCFFNIEE ch 127 123.50000" &5 SCFFINRASIVET. 727250, CFFNTEHS
HEXE, HOXFELU EOEIZEOXFINELEZHE L TR LENDH Y £9°.
open LEF ST T 7 A NEBF =T THLE, 77 A NLITLFITHRETHLENH Y £1.
D=, fileOl. dat, file02.dat, ..., filel0.dat W I B LEZSDOFWZ 10HO 7 7 A L0
fFELT, %M%m%&%ﬁﬁu~mkbfﬁ~7/¢5&%i WOLHICHEZET.
character name%*20
integer m
dom=1, 10
write (name, ”C file',i2.2, .dat’)”) m
open (10+i, file=name)
enddo

ZIT, BHan O IREEL 2.2 LTWAHDIE, AN—2% 0 THOH T, 8o & 01,
02, ...0OX 2T HDHTT.
Wz, “XFT - BET BiE T 512  read XEHWE T, #ilX

real x
character ch*20
ch = 7 12345.0’
read(ch, ¥) x

CEFIE, EEOAE x 1T 12345.0 20D BUE” MU ASNET.

2.4 XFHIEHTHMBAHRAHERK
SN BI DM AR A BT, trin OHUICH AL H YD 4. AEMWRLDER IR LET.

K 1. PPN DM AIA A B

A B ClE -4z BAXE D B D E R

trim(c) pasdl pas ] KEBDZEH % HIBR

len(c) paEll L S'g SCTFBN D LTI
len_trim(c) pas2dl R KEBDZEH ZHIBR LT 0T8O 055K
adjustl (c) pac2] P& SCFHN B FEASE A 27230
adjustr(c) SCFH) SCFH SFHIN e FIZZE A Z T2 30T
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K1 (W), CFPNCET DHAIALBERL

AR Ik ki RE % fitr o> 7Ry R RS
XFH| ¢ FITTILFA cp DNEFIL TV
index (c, cp) 2 {E D5 HH %, ZFORMBAEZ KT,
HEFIUE 0 2T
repeat (c, n) SCERA b sk ==l SCFH ¢ & on fERESE L 72 30T
- . - ASCIT o — NEZ 525 &, FRITkGL
char (n) B 1 XXFOLFH 2 B % i
. . MR FER G2 D L, TSRS
- = bivd ’
ichar(e) | LXFQLSA | B | g wsein a— plgiET

EAFIZ W< DHvRLET. 2.1 8l TE 2B len 13, XFHNOXFEETIGT 57200
BT, FEHOBITEENLETE. filxid,

character cl1*10
integer m, n

m = len( abc’) 'm =3
cl = abc’
n = len(cl) 'n =10

ET5HE, mOfEIX3 T, n OEIX 1012720 9. UL, XFHNERO SCTFHNE SO
LTINS T KROAR—RAERE LT XTINORE S EZBGT 5121, B3 trim 245 T
BB LT b %L len TS, B len_trim ZfFWET. 21, Fo7F e s I AT, K%
D n ~DRAL%E
n=len(trim(cl)) F 77X n=len_trim(cl)

THEXH2 T, n=32720 1.

%D char & ichar OFAFIZ R LET. 20O SO EHLELENIDE, read 3L write
WEHHR TY, WFELHEOEWMETHZENTEET. FIZIE, 2HOEHE 340 8 i
BCERTHI a7 I LI TOL I 9.

integer zero, num
character cl1*10

num = 12
cl =000
zero = ichar(C 0’) 170 ODXXFa— FE2EBEEICE#
¢1(3:3) = char (zero+mod (num, 8)) ! num @ 1 OHLDLE
c1(2:2) = char (zero+mod (num/8, 8)) ! num @ 8 DN D LF
cl(1:1) = char (zerot+mod (num/64, 8)) ! num @ 64 DAHLDLF
print %, decimal C,num,’) = octal( ’, trim(cl),’ )’
ASCIT =—FR—<Ti%, '0,7 1,72 ,..., 8,9 DIETHED 1 FOEMLTWET. £ T, LD

Y0 D a— NEIZ 1 HIOBFE2 ML, EOBFOa— MENGOLNET. FERIZ, KICFOHE
Bere, INCFOFEBFEH 1 TOMML TIHEATHWDLIDT, LEOLFETHL N a Da—F
I, ZOXFOIRFEDZDOBEFE#MA THEBLTIUL, SHETIHXFEH/DLIIENTEET.
D 16 EBFRRETH IO T LE2EZTHTUTODNTL X 9.

3. EHEHER

AN OMERE, ZHETHA L CEBEOFHE LD LEAMENET. BEFEL 1 FHOHIE
ENEOBIEDOBOEEAZ IR L L TWDDIZH L, CFHNOMUETIE, “XFF)” L) Fa— K
DELEZOEE EDITL TR H, T ESCTFFNOHERELC L FINEE~DRANZE — 2> DX THEAT
THZENTEET. XFHEEILFa— ROESN RO TT NG, ZhEEERFEHICOUET L7225
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1T, AR 1 CFEF OB L AT TR E/A. SURFIOEBANRER DL, Fortran =173 5
D, LFH) LW EEEAS DML, NET 1L XFT LT 27077 MIEHBE LTI NDE NS
T

Fortran T, Z OE&E —ROBSNCHRE L= “BeyEE” Nalee 3. EFIEE &%, #%4E
@%A%Mﬁ%fﬁ%éﬁ BoAIBESE L RSB E DA %, A4 & B4 OER O TRk 4
b0 TY. BAHE 2 2L, do XEMHELTICESNEZHE - REZRRTHZ LN TEET.
e CBIAIGHER EEONE T EAIEHE R AR S FE, I e ST ARELRD IR T
IH0 FHA. HERKEICRD LI, BOELOIERFRCATYEEZ 23 T8RO TL
NoOT, FAILL > T, do LEF-TE LY EFICHAE ST Z LN TE ET.

3.1 EXMLGERIFEN
EHIE AT, BAAORERIZx LT, R TR AAY = OEFEEZTH5ONEARTT. 20w,

1ATOBEFNFHRATHWDESNE, Kot & BRTOEFEHNETEHELY, OS] TRiTh
X720 FHA. ZORICEERZ TN, BEIOETOERIZFCERZRATL L0, 2#O
BB Db 2 BHFEM TR THE CMAERZ 32 & E12, HIerbEIIAN —D2DOERTH D)
DEIRFTRETLHZENTEET. HIZIE, ROL D RFLBNATEETT.

real x(10,10), y(10, 10), z (10, 10)

X 1.0

y = 2.0

z = x t y*3.5

ZOTur I LEFETTLHE, B x OETOERILL.0IIZRD, By ODETOERIT2.01
720, Bz OETOEFILS8.0 (=1.0+2.0%3.5) ([Z72 0 £9. o7 s T At do LEE-T-
UTO7a 7o AERUERICRD 970

real x(10,10), y (10, 10), z (10, 10)

integer i, j

do j =1, 10
doi=1, 10
x(i,j) = 1.0
y(i,j) =2.0
z(i,]J) = x(i,J) +y(, j)*3.5
enddo
enddo

FAIGHEA P OERIL, REHRIIK L THBOEE LCEHRELET.
WD X D7, B A 7B RS TR T

real a(10,10),b(10, 10), ¢ (10, 10)

é.; sqrt (bxsin(c) /(3. 2%c + 1.5e-3))
ZORESFERXAE do SLTHRT &L, ROLHIT70 F7.

do j =1, 10
do i=1, 10
a(i, j) = sqrt(b(i, j)*sin(c (i, j)) /(3. 2%c (i, j) + 1.5e-T7))
enddo
enddo

oA ERICBWTIEL, RPICE TN 22 TOERANFER TR IUIR SR 00T, B Hk
TRBEEHMOEIDRE L > TWNWA LT =0T . 72770, FIRIZEZR > THEMhFENERTA.

9 L, V=T ORBIT IR, TRHIRNCERT D DT, ERRICZOBEY OIEFCHET 2008 50 Tb
MO FERHAL. BSETYH, ZOTBTTALRIUERICRDEVIBRIEEZ X TIIEIN.
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B 212,
real a(3,3),r(-1:1,0:2)

a = 3. 14krkk2
DEINCEHETLZZENTEET. 72770, ZORIFHERXE do X THEEIT,
do j=1, 3
doi=1, 3
a(i, j) = 3.14%r (i-2, j=1)**2
enddo
enddo

DI, ST HEBDOMENTNLLHOTEELTFIW
ZOXINT, BAEEREMES L Ta ST AR TR £, L, B0 ER
EBRAIH AR E ORBINR L 7D DT, MEBAVLZLDLETa T ARNbnIiz{ <Ry, =
FT=NRDTFIIKLKRDENIRELH Y 7.
¥, VT N—F OB EES o TRAIFE AT 5 & IITEBRPLETT. 20T,
subroutine subr(a, b)
implicit none
real a(k),b(x)
a = bkk2 P Zhid=o—ic72 %

@J: 5 73:70& 7\\3 Afﬂi, EE&U%{‘%KGii?‘—L:fi D \i‘@"‘ fcﬁ_@_:‘fca ﬁ)’ “*37 %ﬂhfﬁﬂﬁ”ﬁ%%
L72Ga1E, BEREDAELNSLTT. ZioxL,
subroutine subr (a, b, n)
implicit none
real a(n),b(n)

integer n
a = bk I ZOHAIE 0K

DRI, BEWINZM S &, BAIEENAERIZRY £,

3.2 #RHEsl
B4 7200 2 > T2 EAIGH R A TR 2 TOERIZOWTHELZ LETD, WICEBEROFEN
B L IFRY FHA. £2TT, BAIO—HEZRY H L2ES], “Hakdd]” ZETHI LN TE
FT. ARSI 7 (avy) 2o THEFEFFOHMMLIEE LET. HlxIE, 1%khSa
WX L,
a(nl:n2)

EEFIE, alnl) ~a(n2) LWV 9 n2-nl+1 AOEREN SRR I/ 1 kool & L CEEILE S &
EMTEFET. F, 2RI b IZK LT,

b(nll:nl2, n21:n22)
L EHE, b(nll, n21) ~b(n12, n21) ~b (nl1, n22) ~b (n12, n22) 9 (n12-n11+1) X (n22-n21+1)
D2WITEHNE UTCEEICH D) Z 2N TEET. 72, DARTOEREFESZETEL T,

b (n, n21:n22)
EEIFIE, b(n,n21) ~b(n, n22) &9 n22-n21+1 HOBEE SRR S 72 1 Rockd & L CEE
IS Z N TEET.
BLFH R TH B A2 D & &1, Z OB Z OMMOES & R CHIUXEW DT,
BHE L TORTREZLN —H L TWAXLEITIH Y T A. BI2IE 1 RTESR S,
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real a(10), b(5)

;(:3 5) = b(1:3)*%2
DEHINCELZENTEET. 72, 2R TBFIOESEH 2 {H - C,

real a(10,10),b(5,4), c(10)

é'(:3:5,6:8) = b(1:3, 1:3)%%2
P eELZENTEET. ZOBEFEERE do XTEEIZL,
do j =6, 8
doi=3, 5
a(i, j) = b(i-2, j—b)**2
enddo
enddo
R0 ET. BOWTOERFFZEE L 2 RekyIE 1 Wotkds e L TR D DT, 2T
BoAl & 1 RoTECFIDNRIE LT=3HE b AlRE T3, #l 2 1,
real a(10,10), c(10)

¢(3:8) = a(3,3:8)%#2
L D LT EF. T ORFIEERE do TR,

do j =3, 8
c(j) = a(3, j)*x2
enddo
LR ET
B, BREOLZIAIZ 7 B ERRT LS E “FORTOERER” LW HERIZRY 7.
T, Y EEEFESESIHEREZES LXICH 07 2o TESITH D Z L AR T

LT ENTEET. HlxIX, AiFio 2 kookdIFHE,
a = sqrt(b*sin(c) /(3. 2%c + 1.5e-3))
%, WOEHIZESZENTEET.
a(:, ) = sqrt(b(:, )*sin(c(:, :)) /(3. 2%c(:, 1) + 1.5e-3))
ZOHN, B—EHEOHELXBITELOTRENTLLE Y. ARTH NI 0ELEME -
TRk L E 7.

3.3 where XIC&kB&H2I%

BFE B LER] T, RTOEFIZOWTHUBOHEEZT LD T, BEROFMITS T TR
IRBHMBEE XD ENTEERA. £IT, BIEZOLRMIZL U TEEEZ DI I E 57200
where XA E I TWET. where 1%, L TFTD L 5 AT,

where (BlFI&4) BLEE =X
AU, “BAISIE I o BERICH L TOR, “BIEHER #ETTLHEVWIEKRTT. f
Z1Z,

real a(10,10),b(10, 10)

where (a(:, 1) > 0) b(:,:) = a(:, )%k
DEITEZTET. TD where XD % do LTHEEIE, ROE ST 7.
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do j =1, 10
doi=1, 10
if (a(di, ) > 0) b(i, j) = a(d, j)**2
enddo
enddo

where I7 v v 7HIZTHZEHTEET. 712 v 7 where LTIE, IRD K 91T else where
LEAMMLUT, FHFC—BLR2WGAEORBRETHZ b TEET.

where (EEXI5M 1)
BoFE HEX 1

else where (BEEFISAE 2)
BlFE H X 2

eléé.&hére
ALFIEtER O

endwhere
ZO%E, BAISGE1 2T 2 ERIFESFHEXN1 07 e v 7 25T, EAISHE 1 23t
T, BASR 2 e T A ERITEAHEN 20T 0 v 7 2ETL, ... W) EAICEWNT, &
TOEMZE LA WEZITEVEFERN0n T o v 7 2F T+ WoEEICRY 4. T
elsewhere [ZBT 57 0 v 7 IIEMEAHETY. if LEE ST, “then” WAHERZ L, “BTOSH
LAV BT LN “else where” THDH I L, 71 v Okl “endwhere” LEFHINT 5 Z
L, REZEELTEFIW. #ilzid,

real a(10,10), b (10, 10)

where (3.0%b(:,:) > 0)
a(:, 1) = b(:, :)*x2
else where
a(:, 1) = b(:, 1)%x3

endwhere

DESTESZLENTEET. ZDT Ry where L& do LTHREE, KDL DT 9.
do j =1, 10
doi=1, 10
if (3.0%b(i, j) > 0) then
a(i, j) = b(i, j)#*2
else
a(i, j) = b(i, j)**3
endif
enddo
enddo
where 7' 10w 7 AT AL, R CTREBITRITIUEZRD FHAL. 207D, where 712 v
7 O, H—EEOHERL, WX EBEREHO R VAR EZ AND Z LT TEEEA.

3.4 ERIEH

FLAI R 2 21, do a7 < THEINEZOFHEATE £95, T2 EFTOHFENTIIAR
FIER T IR R D ER T2 ENTEETA. £IT, 1RETEINIIZT TR, BAIE
BHAMBEESNTWET. nflOERENLRD 1 IRITCOEINEBITLL F O TT.

(/&% 1, €%2,..., EHn/)
ZoLE, nHOERTETHE CHOBER TRIFTR Y A, FIZIT,
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real a(b)
a(:) = (/1.0,2.0,3.0,4.0,5.0/)

EEITIE, ALEEENO 1 RTESIER TH Y, ZofSIFERXIE, a(l)=1.0, a(2)=2.0,
a(3)=3.0, a(4)=4.0, a(5)=5.0 L5 5HDOMRAXLEFITLI-Z LY LET. ZORIIEE
X, RO LS IHHEE S XOMMERACES 2 b TEET.

real :: a(5)=(/1.0,2.0,3.0,4.0,5.0/)

L2L, ZOBEXTIIEELZ @ —EErXe b3, BEHENSZWERE TS, 22T, i
BIOAH N LOFBAICHTE 2, “do A 2o CERKEELTHIENTEET. Zhr
do BUEE L WV ETF . do BUEE & 1E, LT L) AT

(FT—%1,7—%2,..., BEAEK=-0H1E, &7T1HE)

ZORATIE, ETEEMER (DY U 2EE) APEICLT, 741, T—%2, ..
AR, WIS, B EREIBEMLT, BE, %1, T—X2, ... WX, hUHE
BB THEICR 2 ETHRVIEL TEONDESERIC/ZY £9. 2ok, EAIERKT “T—
AT ODEX T3 7 2 EHD AT > NEET (20 9. FilZ0T,

(/(n, n=1,5)/)

LS do BUEH A i o 7o ELAERE, M OB EHL,
(/1,2,3,4,5/)

LRICTY. £/,
(/(n, n¥¥2, n=1,5)/)

LS do BUEH A i o 7o FLAEEE, FEHM OB EHL,
(/1,1,2,4,3,9, 4, 16, 5, 25/)

ERILTT. D do BHUES A WA=V, WHEOEHLIRESESHZ L HARETT. Flx i,
(/(real (n), n=0,2),1.5,1.8, (real (n), n=3,5)/)

&V ) EHHR ORI EEAL,
(/0.0,1.0,2.0,1.5,1.8,3.0,4.0,5.0/)

LRICTY. 2ok X, RIEHEI O real(n) ZHiZn £ ELL LT —IZRDOTHEELTES
VY. ZAUE, n NEEHEZ O T, n P2 EL L —oOESIER O I EZE L BRI NEAET S
MH T
do BUERIILEICT HZ L L AHETT. il 213,

(/((i+j,i=1,3), j=1,4)/)
LS do BUEEAE - T- B O FLY EEIT,

(/2,3,4,3,4,5,4,5,6,5,6,7/)

ERICTY. ZEICLESA, U X ERTNAINEICERE T,
KERAIOFNE, KDL I do BUEEKZ > TEL Z N TEET.

real a(h)

a(:) = (/(n, n=1,5)/)
T, AIEEERORST, EITFEERIOESTTR, ZORAITAEE TR L TR
IO FEBRIAOEEPITON TRAINAZDTZ T —I2iT D A, 728, do BEEIIIIEX
NIZES L TOPIMERAIHE S & TEETN, IV HFEKIIZTOES LI VANCES
NTWDRENH Y 5.
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BOAESRIT 1 ot L HE SN TOWERA. 207, 2Tl EORFIFFE T - & &
L, 1REZEICHAETIVNERS Y 3. #lz21F,
real a(3,4)
integer 1, j
do j=1, 4
a(:, j) = (/(sin(0.5%(i+j)), i=1,3)/)
enddo
DEITEZET. NI TOT e T T A LERFETT.
real a(3,4)
integer 1, j
do j=1, 4
doi=1, 3
a(i, j) = sin(0.5%(i+j))
enddo
enddo

7272, BAIFBE CTdo LA H>DITHENV A~—FTIEH Y £ A. T2 T, BIIDOIIK AL
T 5 RLAIAF B reshape 28 HE STV E T, reshape Z# > T 1 IRITOESIEE % 2 Ik TTld
FNCEHT UL, TOEEZRTOEIFHERICERTEET. ZOHFETRE THBALET.

3.5 ERHIZBET A AABEE
B % B3I oA A B ST 2 3 0 £478, & L CEAINERICET 2B A2 £ 2 1R
LE9.
£ 2. BANZEET B AA A BEEK

IR IESE e CIE ki B fiE DAY BE D E R
sum(a)* il IRYIE=okit] 2 CORHNEFE DR
product (a)* il BA B SR DY 2 CORHNESE DOFE
minval (a)* Bl 51 BA B3R DY T DOBCHNELFE D f /M
maxval (a)* iyl B A Bk DY T DOBCHNELFE D fe KA
minloc (a) B FEHON RS 2T ORHNESE O e/ IME DL E
maxloc (a) i1l RO R 2T ORLINEE D i KB DL E
Ibound (a)* i1l g et BHN DR ITC D e/ NEEFE 5 U A b
ubound (a) * il R B B DBIRITC DI KEFRFE Y A b
shape (a) il RO BB BN DA IR TT D EF Y A K
size(a)* il I Bl DR BRI
reshape (a,5) | BB & BHOMALS) | o oMomy | T é’ggﬂ égﬁif;z“ IR
n Bl a 235 0 T G TWVIUIEE,
allocated(a) [ine gl i B X470 < 12

22T, T OWEREEIE, BIEESIORICIR T E R TEEOF A BN T, FORITIZ
B+ AEAZRY T TxET. HlxlT,

real array(3,4) 1 3X4 OFLH|
integer m, nl, n2

m = size(array) | 2B R 3X4=12
nl = size(array, 1) | M1 RTERE 3
n2 = size(array, 2) | BMo2WRTTERE 4

LEFIE, mlTlE, array DEEFEBTH S 12 DRASH, nl (21T array DF 1 RTOEZ T
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HD 3N, n2iliLarray DF 2WILOERBTH L 4 HMUASINET.

F 2T, BEEUEDOR N “BEEOUFY]” (2725 T DB, 51T E 2 2B H DRI % BHEEL
WZFFO 1 OB BOUELSIN R VETY. 20, Z£0 1 IRICEHIOKERITIE, 5IEESI DI
TEDTERPRAINTWET. Flz1E, TFREERZEET 572D O%, 1bound & ubound |X
LT X o izfiivEd.

real bb(-10:10, 4) I 2 RIuELF

integer blow(2), bupp (2) | 2T D TEEE 2 OBELF|
blow = 1bound (bb)

bupp = ubound (bb)

print *, blow, bupp

ZIZT, 2WItEAI bb IX, F1RoTd FEERA-10, EIR2YN 10, FE2RcO FEMN 1, EEN4 T
TG, EETETIE, blow i (/-10,1/), bupp i%(/10,4/) 12720 £4. Z DL =, ubound (bb, 2)
DE T, WILICHET D81 EEMNAD L, TORBIT—EOEE (ZofTikd) (220 7.
reshape %, FCHIDIRAZLHT HBEBTT. 2% H, FARKRTOESL AEY ETiH1
WITHINZW A TWD DT, 2WIchis a(3,4) & 1 RICESI b (12) D XK 512, EEFREHNE LVED
FNERC K D CH D 2 D133 T2, BAIEEIE, KRB I OKRTOERLENE LY, [
DOEHIMTULIHFIENTWVERA. £2T, aB3,4) & b(12) O THEHEAT 5I21E, B L,
FIRNZ 72D X5 BB VI TT . ZNEFEITT D DB reshape T3 . reshape (21, A
DB L T-WESNZ 5 %2, 2F B OBIEBICE#EL DR ERT 1 kekdd a5 259, =
IO ERT 1 IRGCBY &1, % OESIN, k1 Xk2X. .. Xkn @ n IKICESITHIUTE,

(/k1,k2,...,kn/)
THZONHEZ K n O 1 IRTTEEUES O Z LT, HilziE, 3.4 Hifkthop s,
real a(3,4)

integer 1, j

a(:, ) = reshape ((/((sin(0.5%(i+j)), i=1,3), j=1,4)/), (/3,4/))
LELL Z LN TEET. reshape OF 1 51300% do BEH 2 DT 1 RILEAH T, ZHzaid 25|
5> (/3,4/) T3X4 D 2WITHRINCEH#LT H L IBEL TWDH DI TT.

ZOEFIOTR EET 1 WTESNE, B shape 2~ CTHRET A Z LN TXF3. 213,
FFo a(3,4) L \WHEEE LIEEANCK L, shape(a)lX, 1 RICEEMIES], (/3,4/)12720 F
4. FIC, RERoOESFHARIIKO L ICEL ZENTEET.

a(:, 1) = reshape((/((sin(0.5%(i+j)), i=1,3), j=1,4)/), shape(a))

LL, ZNTITERLE do MEKICKIT S 10 j OfHBEENEROEETT. £2T, ZZi3%k
I FETA L72B M size TEEXETERWTL L D.

a(:, 1) =reshape ((/((sin(0.5%(i+j)), i=1, size(a, 1)), j=1, size(a, 2)) /), shape(a))
ZOBSFHAERL D, EEXOERKELEETHEIT CERIISET TT.

3.6 EZSIDEIRIEIY 1T

BB ZES T 5 & 212lE, BEEMEZ 52 CTERBEPRLRITUIRY FEA. 2L, £
DIFERIZFESNT, v 7T AOBMIERKBRICEIR CHENT 2 AT B2MET 5720 TT. L
ML, EOa s Ea—FTIE7 el 7 AOFITHRICHNEINZR>T- AT Y 2R LTZD, REIC
Tpo T AEY BRRT D E VO EHENBEBEIITONTCWET. 2ok o7k, Tu T a0ETH
WCHEIZIE U TAEY 2R T 5 2 & &2 “8iE v fHF” L WvwinvEJ . Fortran % Fortran90 7»
HEIEID T A FREIZZR Y, T'a s T AOBNRICLER BRI A R OB 2 FATHICHR TZ
HEDICHRVFELE. BMEIDHTEHES &, AFVRORBWIHAMEDOH D 7 1 7T b EVERK
THZENTEET. ZZCEOHEERMNLET.
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£7, V7NN —FrOP THREIS U ER RO 2R 22 ke LT, 71—
F U DB EFEST-EIES RO £7. Hl1E, WOV T /V—F 2 Treal 5 I TND 2R
JEHEA b 23 ZAUCHE Y L E T

subroutine memoryl (a, m, n)
implicit none
real a(m, n),b(m n), x | B|#¥méndfEoTESETH
integer m, n, i, j
x = 10.0
b(:, :) = x*reshape ((/((i*j, i=1,m), j=1,n)/), shape (b))
a(:,:) = b(:, :)%x3
end subroutine memoryl
BlFlb X, ZOHTNA—FrRna—LIniceEil, 5l#in & n OEZE> THRERINET. Z
DL E, blmn) DX REMARAESZT TIEAR, b(0:24m,n-1) DX 572, TIRIEECFHHEXE
o EEbAMRETT. 22k, fdla oA Mio TEE SN TWETR, alIslBIcEZENT
W5 O THIEIF L7 AR T ARSI, 51 BESI DI Y &2 o) DRI T &7,
BAS HARIZ T 7 v —F Al hH D FHA.

FIEIZEENTWRWES b Ze —AAESITH Y, EE SN 7 r—F o O—kAE U #H
WICHTR LE . 1.2 @iCHA Lk o, —KEATVMERICHTET 20 —h v E5i%, 7
—F PO LR R TERSE Y. SIEOEITY 7 —F U BMGIHCHEE L TW5 DT,
I EMES TEANCKLER AT Y ZfERT D2 ENAEERDTY. 2720, ZUEbH< ETHH
TN—F TCEHETDEINZONWTOREZ HHEETHY, AL 70l T LORIIREY 22—
NHRO 7 a— s e L TCIE R E8A.

22T, AEVOEBBYEIY AT 2 ARICAT O AR E S TWET . Fortran THEIFYE
DT ZITOIZIE, ZODOFREPMLETT. —2F, BT AEY 285 LTHEHATS
TOORINLDOESTYT. T, BIVMTZATY OFIET RLAZRFETH720OOAEY %
HETAZEEEEZONET. b —2l%, TOESILIZ, EEOAEY ZEIV 1T 58ET
T BIEIXES RO TIEFEITIL, BH I 0T T LI ATHICEID 41T 5D THEITLTT.

AU ZE T L TEDOESNLIL, allocatable BMZ T TCHRES A2 LET. DL x|,
BSNOWTelE A avy 7 o TRTRENH Y 7. EAIORTITam O THRED,
FITRRHCERTH Z LiIx T EHA. BRI,

real, allocatable :: ab(:),z2(:, )

integer, allocatable, dimension(:,:) :: km
DEDICEELET. 1THOLIIC, ARHIOBRAITRITHEREZMAMLTHRWL, 29THDOX
912, dimension JBMEZAM H Z & L ARETY . ZOFIDEA, ab it 1 RITTEHIES, 22132 K
JCFEHOURLE, km i 2 WOTEEERRSN & LCRIVAAIT D 2 LnTE £,

BESIOE Y 1713 allocate LTITWE T . allocate X, KD X HIZEFDOERfEELE YT
N—F DX HTho I THATRRIBLET.

allocate ( ab(100), z2(0:m, —m:m), km(k—1, 2%k) )

o ZIE, BAES LRI CERTT. abRkm DL H T, BHRECEEKZTE25258, 0
WD FIRITLICARDL, 220E 912 “:7 2> TFRIEELZT L2 & bARETY. HIV AT
B EEIL, BAOELRNEEL THTHMNEWNWER A, allocate UIFEITL/R DT, 22 X° km
D E ) NZEEHON BN OFHERE R 2> TEHOHTF A Z EbARETT. —HEID T oh
72EANE, BFEOES X CES LS ERRICERT L ENTEET.

72720, RoAZEY T EREYIRTE, aEa— 2 THHATELIRELZBZD “AEIV A
— N IR D EREER DY £ £ 2T, FHIZR S T2ESI O A E Y fHIkIT deal locate U THE
BT A ENTEET. deallocate ik, RO L AL T T ZH > Z CHATHEELET.
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deallocate ( ab, z2, 1m )

AU OO ORI IZUE ERERIR D BB T2 WD T, B e & X120 1T,
RBEIZRoTMET oL ICLEL X Y. FlZIE, EIFEOH 7V —F 2 memoryl 1%, LLFOD
INCEZBRZHZENTEET.
subroutine memoryl (a, m, n)
implicit none
real a(m, n), x

real, allocatable :: b(:,:) VEIY AT 2 ReEEAES)
integer m, n, i, j

allocate (b(m, n)) 'mXn @ 2 KRITEFZE Y £FiF
x = 10.0

b(:,:) = x*reshape ((/((i*j, i=1,m), j=1,n)/), shape (b))

a(:,:) = b(:, :)%x3

deallocate (b) I 2V Ok
end subroutine memoryl

7B, BIHEREE S TES Lo — U VESNT—FEAE Y SEIICETE L £ 725, allocate XC
TEIY AT 2 BINEEE A€ Y EIRICHTE LETY. 70 —F Il 5~k AT Y falid[E
EAFVMHEBEIVEBEERDRNW ERZNOT, BREOKRXZESNZE 1T 5 L XX
allocate LZFE 9 FREBWTL & 9. allocate L& 72BN EI O F1H1X, AA 70T AT
HLRHTEDL, EVa2a—/LOFTEIIESZ LT, Zr— g E L THEMHTHZ &b
<.
7272 L, allocate XL CTHIV fHF GBS %, L L 72\ CHE allocate L THIV fF1T & 9
<‘:"9“ZD EFEATREZ T =220 3. F£7o, BT LRNCZEORSIZERH L XL 9 & LTHFEATH
—IZ72DET. Z 2T, BN T TIZH AT N TWD N E S AT 585 allocated
ﬁ‘fﬁ (SN TCUVWET . allocated IFFREEM OE 2 I3 BI# T, allocatable JB&M: &2 FroBLF % 55k
WZhH 25 &, ZORPIDTTIZEID T o T0iuE “B7, BT ohTunZeidiuid “4” =
ELUET. B oOEBIEL, TOFEE If LOFHELTES ZENTELOT, FIXIFROED
K%Uﬁﬁﬁ“é_kiﬁfé’iﬁ—.
real, allocatable :: a(:)
integer i,n

if (allocated(a)) then

a(:) = (/(100%i, i=1,n) /) FRRA1
else

allocate ( a(n) )

a(:) = (/(200%i, i=1,n)/) FRA2
endif

ZOWE, WA a NTTICEY b TuhiIE ALY ZEITL, BT snTunwiRiTh
X, allocate XXTEID AT THE “MRA2” Z2FEITLET.

4 BEHEERHTETU—DFIN—F LS54T

AFEIZRIT D Fortran 70 7 I U 7 OEHIILL ETY. 2 ETRN LIEUEE > TR~
7T T LEENTHRTEIN. 127, BMRHET VI A LEHoT 7 n VT AET T
—MHEL DI OFEMBNY ET. TAITY AN >TIFA v F—% v kRl 7L
—F U TAT TV ELTRARENTVWDEDT, ZNLEMALTTe s T L581ED & FRMBAE T

0 72720, ¥ 7 N—F a8 2 — 0§ 5720 EEAE U SEBICHTE S5 2 L 2RI 2561203, Bls
%@E%meﬁﬁ%%if,Mﬂ%%ﬂm%%)ﬁﬁ»%Eéﬁ&ihi&@iﬁh
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. ZZTIREEMESTZ DB TAT TV ORNLBEDEZ N OBEA LET

4.1 EEI7—VIER
TR R DIRELT — Z it TR <A 5 @i 7 — Y =28 # (Fast Fourier Transform, FFT)
1L, 7Y RAPNEHET, BEORNWT v T A AETHOIIRETT. FEHITL - L bl
Bl DT a7 T haffo7c 2 idd 0 £908, Ritldxry FTREASHLTWD b DEfE-
TWET. BEIDZDIX, FFTW (Fastest Fourier Transform in the West) T
http://www. £ftw. org/

ZDT7A7Z VI, Fortran WHFEHTE A2V 7 —F N A-THET.

4.2 ZERIHE
Fortran TOfEKEEEEIL 8byte T, ARELTIL 15 HTFEE T, 45K EFEHIT 16byte TH
NECTH 30 MTRRFEIZHEIN L £ 9723, T BRI L, 2031 12X - T 4 (5 FEEN
Ex72NZ bbb 0ET. EFEFZHAXOMREZHET D L S ICEBEHRENLEIC o722 &R
bV ET. BAHROZEXEZHET D & XL, RRREOEL F/NRBOE & OBIED 2D IER
WCREL T, M BN RARMEICZ2 2026 TT.
ZOLEIMFERRORSEEHRETIA T 7Y T, 2L, EEORECEEHELZTHZ &
NTEDLHLOTYT. W OFHE L IR0 £2, BEELD L XTI a5 E
A, R b EICEFEENABR S TWE T, EHME S THEF]7Z->7201%, FMLIB T
http://myweb. Imu. edu/dmsmith/FMLIB. html

Z XU Fortran ME Y 2 — /Ll > TWTC, WHEE %2 “+—3% /" O3 TEIT S L, sinX° cos
REOBEBLAEL TOET. AFETITRHH L TORUVEE RO MRS D LI LE TS, &
BESEEROTZEIZEHE L IEZHY L. EE8L, SEEHERIES-2EXX0OMR %5
HT 570/ 0%, ZNEERERETEZTHI RS SEETIHESED LN TEE L.

4.3 EBR&E

SRR I 2 b—v g 2, RO HREAE R Z L TREE TRIT 2R ERTIE L,
YA 3 u 2R THERAITRESRO AR 2 R 2 MR FIEDN B 0 £ #%E ORI TFIET,
YA I | TS T D& 2T 2D EE T . Fortran 121X, ELECRAEHAOM ALY 7 )L —F
> random_number 23 HE &AL TWAH DT,

call random_number (x)

DEITETIE, B x2HEHAZENTEET. UL, ELETEAMENFET, BAomEWEL
B BV Ialb—yva UERNELNEYA. random_number TIZEAMIENRET S &
WZREND DX, BWINIEFICEWELEE LTHEA 7R, Mersenne Twister T9. ZHNAEBZRL
FIMAREIANRLUTOY A F Tl T L2 INTWET.
http://www. math. sci. hiroshima—u. ac. jp/ m—mat/MT/mt. html

IR ADDEAZIN TWVADIICERETENLNZBDOTT N, U ZHEOH|Z Fortran DA
HERN A - TWET,

4.4 BEHESATSV

AN SRR OMECEERE 5 72 &, — R BEHE 74 7 7 U dbiu, BiEEEo 7 e s
T EEEDOREIZRD FT. 1272, BELRNOLEFEIZIV—DRWIA T Z7 U EHM0 8.
Fw RTRABENTWTHEZZ 972 dDIZ, GSL (GNU Scientific Library) 23&% 0 £.

http://www. gnu. org/software/gsl/

0 A R—Ff T A X —DFHEREIC iﬁﬂ%®*f7wa%/747 FUNRA ARV ENTNET. FEL
<L, “http//www.ss.isc.tohoku.ac.jp/super/library.html” % ZH F X\,
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72770, EARZCEEMRD T, Fortran THEIIIIEBETT 7= 7 RnWb L H>TT. £/,
HroblflioThFELEDR, LT LLHESHY FHA. XV OB, 05
WNR—D g U EABHLTWAEY A RbF T rn— R FRRWEBWES. 51, KiEEt
HOHREZFATREND BET 52, 25302, 3JICHE#H SN TV D b0Ea e — LTS
ZENRZNTT.

4.5 5322499354735

FHEM Y S 2 L— g VMBI Z > TV A BIR AT 5 L O TT R, B S a8l
P CHREZRARND DIIRG TIEH Y FHA. £ 2 CURERARZZONAEILY 7 T, 7
V—@pa[ffty 7 & LTHAR S DI gnuplot NV £,

http://www. gnuplot. info/

7T AOREE T 7 A VITREEL TBITIE, gnuplot O ENEZFHAIAALT, xR 7T 7
WINTL L TERRTDHZENTEET.

T DR 3 NFHEARBERETE T 2TV THY, 777 4 v 7 HIIBEEEIX 0S IZHHAA £
TWET . Fortran IZIX7 7 7 4 v 7 HICET 2 30EIEH D FHAD, MOFFETEINTZT
F7 4909477 EY T NIE, Fortran 70227 T ANGH T —F A a—L4 5
THAZ#H < ZEBAEETT. £DO—IZ, EEZENEoT Frames bV 7.

http://www. pp. teen. setsunan. ac. jp/frames/

Frames %, Fortran CEHS7Z0OD T T 7 4w 7V —LE  LTHBLTEZLDT, AFFTIHAL
TCHERTZ T CRHIZ 2R 3IRILD 7 7 7 2 i< TN TEET. £, Ml L7-KBE A A
—URT = A= a VERTHALT, LB T—ya AlfEi\S 2B ARETT. Bvoz b
HLTATFIL.

EHERZDHICH-2T

AR, AiElE I Le BROJEE &, SUFFIRESIFHAERXOE N FEZHB L E L.
Fortran (21, ZOMICH @42 ENHESN TV, HEkEFE-7247 V=7 MERNR
Fu s IS ARETT L, &HTO Fortran2008 [ZIXIFLERORIRETA->TWET. Lo
L, EEDNHEMEL I 21— a3 02T 5720I0io TWAEIL, Z03EONETIZERT
T, BEHESCHFER Y I 2 L—va T, SRR DRE<EN LI 2 THLIEEZENTRVWO
THY, FrLOEIL T LLEMETEHY A, I Ea—F0EEE 70 /T 4 OR%
NEfECEE, BITW O THHEMERHEA SIS N TEEJ. Fortran #ffioTCa 0

a—H % “Av— NI NI L, BEFHESHEK S Ia—Tartboblbo LA
THHzIEE BEVWET.

AR, EEPERERKFOZEGAERITIZEV - Fortran D7 % A hBRR— |27 > TUWVET.
IhE, KIRKFL—F—Z VX —20%et o % —OfEHE KA Web TABTX 3 Fortran
TEAREELTNDEVWIDOTREELIZE Z A, E@Eof*%%fﬁﬁéﬁfwtﬁ<:&

W0 E L7 ®EBIS, ZOX)IREEEZ 52 CTTFEo@AEF RIEVESHOBEZ R LT,
K%%%ztwk%wi#.

& XXk

[1] APH Fortran90 £~ w25 37, HHEZEM - ILAF AN « BBIRAME, Y7 b7, 1994 4R
[2] Numerical Recipes in Fortran 77, Second Edition, W. H. Press, S. A. Teukolsky,
W. T. Vetterling, B. P. Flannery, Cambridge University Press, 1996.
[3] Numerical Recipes in Fortran 90, W. H. Press, S. A. Teukolsky, W. T. Vetterling,
B. P. Flannery, Cambridge University Press, 1996.
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[EEL£RFAFRER L2 —HRHFFKFIXEN. 34 £ V]

BRIt KEYAMN—"HYAM TR 2—IZEITS
A—H¥a— FOERIETIETH
e s AKHRT, LIFHT, NI, KR
Il % EINTN N

THAERT R R \
AR A NR—Y A T AL H— A—rS—a L a—T 1 TR

1 [XLC&HIC

HALRFZY A N—P A = 22— LT, KeEUrZ—)id, ZOREFO—2>Th D RKAGE#E
2 — D (1969 4F) LISk, BFZEERD L~ & BT A D RE IR DR ERE S 27 A @B L, R
DFAFFEZ BN STHR L TE T2, E 61T, FIHFICE o THEWBFOBRWI AT AORESE, fihTIE%E
ITCERVWKHMRL T 0 7T LOETREOEG AT 5 LI, A—_—ar o —F DML R KRIC
T L2 2 AR, FIHE, Kt —HE - HINRE, X =P —KkLhoTTm s I 05
BAEHIR S KO LW R =2 b—v 3 UHIROMESE « BFRICHY M, FHERY - SRR OREIC
EERLCX 7. AT, HUDICALLYZ—DU AT AMEER L OHEI Ny 77 U v J % oo
YA T AOT v T — N, IR Al LT @ L SRR B O B Y AT DN TR R B

2 RKHBRHZEHEVIATLA
2.1 YRTLBME

Ko Z =Tl REORY MAGEE—FOEmN=—XR 2 b D v AT MMERE BIZ,
R MBIA— =3 B a—HZSX-9L A THNGE| 2 ¥ 2 — ZExpressb800% M L T\ 5.

AR MR =N =3 B a2 —ZSX-9(X1 / — FH 72 0 16fHDOCPUTHERL S 4L, ¥ 737 OCPUIK
ICPU 7= 1 102. 4GFlop/sDIFEFEMREEZ AT 5. F/2, 1/ —KHV 1T A hOIAFAEY L1CPUHTZ Y
2566/51 M/BEmWT —ZHREREN A A L, KHEEOEMERER L Z FERIC LTS, X7 F D
A== Ba—XFE, AT ANV RIEEL—F R THRY IR LAFE SRS L 9 22 KB RERST
—Z L THAEFATT 2 2 & T, MBI, BT 21300 L35 AF U N2 N
T AEROENVRER RS I 2 —2 g VEERTEITARETH 5.

Expressb800(XSX-9L AT A7 1y hmy RH—"E L THIET 51X 0 Thel, WHOT 7V r—
Ta R, X7 MA=N—ar Ba—Z I RNWT Y = a VOFETICHW LR TWD., 20
£, REVH—TIE7 bV« BT L2FFDA—/\—a L B a—X 2l - EHT5 2 L THER
7p 2 —HPOFRIERIISZ DNHFRS—ERZEEL T D,

2.2 3284 FI12 & HADBMA TR D
At —%, Fortran= /34 B L UC/C++a L34 T2 LAEICKBIOT v 75— b & FhE L
BH OB AR L TV 5. AEEEEC2E DT v 77— F 24T, AL, BN L O
NIEEIHIE LTS, X2 UCARHES O B (LR L-CTERE AT > — L OB N ERNETED, &

EIIADBE W= BB LT —4 « Ny 77 U ZHERER FIT- 1B L T 5.
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2.2.1 MADB(Assignable Data Buffer)

SX-9TIXCPU & EFLIBEEMICADBE FEEN D XY MT — X %Ny 7 7 3 LRI B ST
W5, M 1IZADBORE & 27”9, ADBIZCPU—ERLIBAREM L AF U ANV FEDBIES, LA T v (B
ME) NENE W) R AR TV D, e, BEROF Y v a AT Y SRR DR AENEBROICT — 4
BNy Ty VU TTHIENAIRRTHD. X7 MVEHERKIL, REWAE YAV NIEZFD, VT —4
e N2 HT 2. T—2MHBENIL, X7 PLVEHAEMEELZVORAEY N NETH D
B/F (Bytes/FLOP) THK &1, ZALE THORY MAGHEBITAB/F L @mWT — 2 a2 F LTz, &2
AN, E~A 7 a7 ot v oke 2R EHIKIC LD, SX-90F — X fHREEF1%2. 5B/FICE F LT
5. £ZT, ADBBEHWDLET, SX-907 —ZMfaRe )42, BB/F/ 64, 0B/FIZA] E ¥ 5 Z & A A[REIZ 722
5.

2.2.2 BN FLT—2 - Ny T 7Y VTR

X7 MNT =L Ny Ty ) 7lX, BRHEOSH 57 ST — 2 ZABILRFFT 52 L ThD.
Ia T AP THEILT 7B A SN DESZADBICRFFT 5 Z LT — &g insm EL, 77—
VarOmBEb R TE LS. INET, Ny 77y VU T ETHIERAMTEHWT, RETDESE
FRETLDMENRD Y, ADBZRAINCHMT DITITFHEZE DML D & ZABRKRELoT. LinL, K
FIADa L RATZT 7T = MILYHBRY hT—% « Ny 77 U o ZTHERENBENM S, Fortran
BLOC/CHEBIINYy 77 UV ZOBRBLRFIREICR 572, B —THRH SN TWAEE T 0 7T A
Z,BEV S 77 U U TBEREO B TR LIERER A 2 12", gia A TIEHEINy 77 U 7
L7, Blar RS ZI3AEBNNy 77 V77 BT OLEOMREERL TS, 7177 A8 HET
FEC LTRSS —t > FOMRER ERAE SN TWE Z b nnsd. HEMETFTL TS 7r s T A
Hb—MAONDINIIUIAD T T —H - 5N T MLT—HIZE DA LIBWH I EE XD
N5, ZORENS, KV —TETENTWILIELLOT R 7 LAREEEOMELE LD LT
L, HLEECHEMbZ A% & LRIAFE~ORMZBB L TV D.
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° ‘P_“! prog | prog ’P_"! prog prog | prog
01 #03 Ll #05 #07 13 %Im:u’w’
| EERt
1 ADBOBEEM M2 BBy 77U TEEREOAIEC L 5 PERELER

3 EERIEXIEEE

A—=RAUEa—H VAT AOBIEREN R RIRICESZ L, KB ORBEERFEK Y I 22—V 3
VEEBTLHEOICE, arEa—F VAT A, BXOT 0 ST I U I EICET 2 mE R R R D
SNHDONEFETHD. ZOLIRRNTT, Koz —7Tid TEEm, rotREkEtiEs 7 20
Va2 —H VAT AOEN, FHBREEORS - EH - B - BI%E) LW fERERZT IO, 19974



WAL KRFTAN—HF A o ALy —I12BIT5
I —H T — FOE#E LR IEE

FORME -2 —EAA Y v 7 (FINRKE « A—_—ara—7 1 U IIRHBEE) , ¥ —
DEMTHE N HHERL S D il b SRR 2 5l L T .

Ao 2 —7TlE, ZOXEEHOLE, AEXY Mk, BENFFEREO IS Z L 7el, E¥
R 2 b—v g ra— M ES SERIRFRIMIZER R 217V, 22— 7 07 J Ao mEd b AR EEIC IR
DALA TETZ. R 1IT19994E) B 20124 20T TARTEE 238 L C, IV A TE Iomif b 3dg ofE R %
AT ZOM, GEHIEMFEO T r 7T AOmmEIZE Y ML, BT HUARMERR W FEIE39. 3%, SRR
M B2 252 B L TR Y, @mdb3EREWVEREE BFTnD 2 & R3bnd.

S HIZ, 19TENSREIZEN DAt 2 —Da— GHEREE) &t o2 — GHERE2F) 238
L, P ANN—F A =2 X —HFAIEE LTI OIEFRFEEZHEE L T D, £, 20080513
SCERHFAE Jes i FEhE s e R 3, 20 104E 0 B I RIS M AAR L R A - SRRl O —HLS
ELT, 2EOHERZED L ORI LHERE L T D, RIS, AREEONREN @Bt IS ]
e BITHIT 5.

# 1wl FEE

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

3

3

H{kfERe
N4

3 51l 4

1999

2000

2001

20

29

45

25

22

2.9

3.1

381.0

47.0

31.7

8.6

28

45

8.0

3.6

48.0

m B

3.1, RU MUERREEICLSHHELE

A7 MVIERE DO V— I K DESNT —Z D0 IR LEE 2, X7 b=y M &AW T—HEICIAT
T2HLDOTHD. X7 MR —NR—ar Ea—FOEWENMEREEZE D -0IIE, 7 u s T Ak
DT NVILBR R RERREIAE TH H T MUEEE, HRDEY 100%IESTF 2 L8R HDH. £z,
N7 NV Z @IERICAT O 7o dITiE, EREEE LR Mla=y M LT, T—# &0 ek
T oUERDD.

DO =T DR AL ELET R & LT, 1) AIEZEOESR - I HBRICIRERERH S 2)
BOHIEE R DS HERE S4L72\W IF « CASE X & GTe 3) BT — 2 07 7 v ARFICEMR MBS A S 4)
DO NV—T DRI « TN —F U LB XA IR H 2D, 72 ERETF LS.

T— A MAEOBIEDO R & LTiX, 1) CPUNIZET DIA— CPUAR— h~Da— K- A2 T OHEF  2)
[Fl—DAEY NI ~DT 7 BAFHEB LV CPU & EfeEEEMORKE ECRET LT 7 B AHE  3)
FRUBEEASORNEG /R AT T 7 ER, REBFETOLND. AEY T 7 EADMENLTIE, Ak ADB
EMATHZET, AFVANVREEMY ZENAREE /20, MREM EE2RND2HAERHD.

waE bpl & L CUL F Tl Y ki 52— 22— KX, RedBlack % VT SOR IEOKEFHEZITH LD
THDH[1]. AV VI a—RiFa—FI2X Y OpenMP (2 X DWFE2 T T, SX-9 O S EREAR
Hr>—v (Ftrace) IV T w7 I LOETT 07 7 A NVERGLIE ZAH, 7T AVIROA BT
REMRL T2DDOY T N—F 2 A TRY MIUERPRN =0, EEENMENZ B3 0hoTz. Zo% T
N—F 2 DRT N IALRORERE L, OpenMP (2 X 2 W FIEOREEIZ OV TRETZ1T - 7.

311 IFXDBREICEDAY MILIEEEEEIDEAIZKL S HMFED{RHE

M 3IZRTH T N—F A OFY PFa— RTiE 5625 THD if XREDOYE 5626-5633 1723 FAT

SN, ELIZZOFO if (5628 1T H) NEIZ72 % & RSMAX <2 IRMU, JRMU, KRMU A EH N HHEETH D,
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COMEEDFE ETIE L3 T1X 5628 {THD if SUKTFRRMBFAET D LWL, <7 MAEB3Th
L7V, 5625 TTH D if XDOFERITN—THTARERDT, L—TDOMINBET L LERARETHD.
F I AIMAL— T K Z W FET 5 72 DIVEZERBCS WKRSMAX 23 A L=, Z OFEZEELS] WKRSMAX (2 X 1),
BAMUN—T K IZB T DS RKNEEZ AT D 2 E N TE, OpenMP fERTTIZ X DS ATREIC 22 o 7.

X 41z

SX-9 @ 16CPU TH T N—F L A DAY PF L a— REEEa— REEIT LD Ftrace fif

ot AUV a— RIZWAHEE TV ReWi=® 1CPU OfE, EIE=— RiX 16CPU (XL v K) D&
HETHD. BEIEaT— RiET LR 98.95% & 72V, 16CPU & 3F 7 FLOPS E23% 6.5 f5m L L7-. #*
DOFERA T )V—F o A DFEFTRFRNIR 1/24 ([ZEME Sz,

(FYTHILa—F)

5620: RSMAX=ZERO

5621: +————— > DO K=1, KEND

5622 |+——- > DO J=2, JEND

5623: | [+———> DO 1=2, IEND

5625: ||| IF (IPHI.EQ. IU) THEN

5626 ||| RSMU=RESP/RSUO

5627: ||| RSU (I, J, K)=RESI (I, J, K) /RSUO

5628: ||| IF (DABS (RSU(I, J,K)). GT. RSMAX) THEN

5629: ||| RSMAX=DABS (RSU (I, J, K))

5630: ||| IRMU=1

5631: ||| JRMU=J

5632: ||| KRMU=K

5633: ||| END IF

(B&)
BEa3—F)

6179: IF (IPHI.EQ. [U) THEN

6180: RSMAX=ZERO

6181: RSMU=RESP/RSUO

6196: 1$0OMP PARALLEL DO

6197: P——— > DO K=1, KEND I PlEHFEEhf=D0/L—T,

6198: | WKRSMAX (K) =ZERO I VIERT pLiEEht=D0 L—TFEFRT.

6199: |[+——- > DO J=2, JEND

6200: ||V—> DO [=2, [END

6201: ||| RSU (1, J, K)=RESI (I, J, K) /RSUO I Non-dimensionalization

6202: ||| IF (DABS (RSU(I, J,K)). GT. WKRSMAX (K)) THEN

6203: ||| WKRSMAX (K) =DABS (RSU (I, J, K))

6204: || IWIR (K) =1

6205: ||| IWJR (K)=J

6206: ||| IWKR (K) =K

6207: ||| END IF

6208: ||V-—- END DO

6209: |+——— END DO

6210: P——— END DO

6211: 1$OMP END PARALLEL DO

K3 HITN—F L ADFY VI ra—RKEEEa—F
PROC. NAME  FREQUENCY EXCLUSIVE AVER. TIME MOPS  MFLOPS V.OP AVER. VECTOR 1-CACHE O-CACHE  BANK CONFLICT
TIME[secl ( %) [msec] RATIO V.LEN TIME MISS MISS CPU PORT NETWORK

original 5100 432.549( 17.9) 84.813 3057.3 1472.4 88.65 250.0 79.495 0.252 56.389 0.561  47.425
modified 5100 17.984( 0.7) 7.340 35438.2 9558.2 98.95 235. 1 12.754 0.326 1.019 0. 499 5.434

4 BV ITN—F L ADOFY PFLa— K ELEEa— RO Ftrace §i& 5ol

3.2 WPI #:5I= & H&EELE
TEDOKRBME D Ea—T 4 T TEGHEAE Y WINZ L DFATR AR TH Y, FHEOWSMET A




WILRF A N—F A L ALY 5 —|2BI1T 5 — 57 —
- — N EE LSRG E

77U Z RO TREBSGFER TR TS, SX-9 TIEISIHLT A 75 U & LT WPI-2 (Message
Passing Interface) Z#AR— kL TW5S. MPL IFEELISNWIUET A4 7T U Th D 712D aHetEs &
<, YATLDY T LA ZADEBHERD WI fbShieF v 7T bha REWLMEIER LICFEATRRETH D
mE, ZORAY y MIREW., LNLRRDL, BRI v 7T LEb 5L OpenVP (2 K DWW FHELT v 7T LA
Z WPI AL T 2BCIE, T r 2l T 5&00 L, T—X0UBONEGE, WEEONER L JiiEE 2 —P 3R

Ltk 2 BER D DH. ZHOIEFATROBEMRICKE SEEL 52 57, WPLLORNIILEY) /25%
HBNETHD.

MPT L@ & L CULUFCTHRY EiF 52— 22— RN, &Lt T T /ViZid k- o Shear Stress Transport (SST)
TTFNERA, 3RITENEE AWV T Navier Stokes FEAfiE< O TH 5 [2]. BUROFHHEHE (7
Uy Ra) i, j,k =141X39X45 Th 5. WPIALICHEE T — X 3EN, 7 —XEHIOHE 3 WILH O k
TiTolz. Ka—RNEA Y U na— RoBE8EFHER, MPT I2X25 77 v ~ MPT IEFIMEARIS KUY, MPI
Bz z Tz g ZI2 X 2 HENEFHESRE A DFF Lic A 7 U v RIEFIRROERR &2 1T - 7.

321 723y rWlia—F

ZITE4A-SOTr AIHEI LIZGE 2 BNZHAT 5. MPTIZ XK 20 8aE5Ikid k © ks & T i 2 Br
We, k=2,. ., 44 OFPHA 4555 L Ck=2,..,12, k=13,..,23, k=24,..,34, k=35,..,44 ZZNETNhD
Tt RCHV Y TS, Bl Mz 0k, < ORFIOEHNT k=2,..,nz-1 O TITHOI T
L1200 ThHD. 12120, AT v 7 Ak TORIOEFHZEBNT, k-1 F7E ktl O T v 7 A%H
BT 2GE0”H 5720, £ RACELIT k=1,..,13, k=12,..,24, k=23,..,35, k=34,..,45 Z%E|y
HBTOHMENDD.

k DNV—=T2T7 a2 LIZH0ETHLEHIC, BHRINTHEISH, TrE AT LIHEBORE S
WS L2 D. ZOBEGE LT E AN ET T L 2 LR TE, WHAHERTE R URERP G Z
EDBFERINTWA. M5IZ, W kICHE T — 2 58 E o —Aa— Ro—#%zr7d.

128 (Izx70+x0,1,2T13, 7O+€R3ITI12)

111: allocate ( mxf (nx, ny, Iz, nsp))

117: allocate (amuis(nx, ny, Iz, nsp))

134: allocate ( xfai (nx, ny, 1z, nsp))

184: allocate ( amu(nx, ny, 1z) )

1%247a3—F (local_kend (F70+X0,1,2T12, FO€X3TI11)
326: +————- > do k=2, local_kend

327: |+—— > do j=2, ny-1

328: | [V-—=> do i=2, nx-1 I VIERY FLieEht=z D0 L—7,
329: |11 I *ZREASHhED0 L—TERT.
330: ||| amumix=0.d0

331: ||| akpmix=0.d0

332: ||| 'edir expand=nsp

333: |||*—> do I=1,nsp

334: ||| amumix=amumix+amuis (i, j, k, 1)/ (1.d0+(1. dO/mxf (i, j, k, 1)) *xfai (i, j, k, 1))

335: | ||| akpmix=akpmix+akpis (i, j, k, 1)/ (1. d0+(1.065d0/mxf (i, j, k, I))*xfai (i, j,k, 1))

336: |||*——— end do

337: |11

338: ||| amu(i, j, k) =amumix

339: ||| anu(i, j, k)=amu(i, j, k) /rhos (i, j, k)

340: ||| akpl (i, j, k)=akpmix

341: ||

342: ||V-— end do

343 |+—— end do

344 end do

K5 K7uvRIT—FE5E Lz MPI{ba—F
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3.2.2 NA4TJV)y FWI{a—FK

ATy BMPI b= — RIZMPT 12 X2 WFICNZ T, 234 ZI2 X2 BEESILEEREZ FH L
lea—RThsd. MPLWHITI16 FrmeRERKINIHGEL—T7RIE, LTFTORXELY 2F701E3 THS.

(FVPFNLDk DNV—TFK 43) - (T A$16) = 2 £7/-1% 3
WPI 7r e XA CHaBlaniZor—7%885boxtg s 35 L, 2 £721E3 ALy RLIEHIFETT
TRV, BWIEAEAZERT DI MPT & ALy R OL—F 2RO DT 50ERNH L. H
B FIE Tl — IS R ML — 7 % W FI b D% G & F- 2 728, MPT I X 252 Tt T ZgunAg v
Ty IR ] ON=TEFIMNKD L HICY —REEEL, ESMID jOL—TTHENGHEA TN
X9z § ON—TFREIX3T DT, 3T ALy RETHNEITAIHETH D.
3.2.3 MeEAIERRE
2124V U a— RO LD SMP AT, 77 > b WPL WWHHkic k5~ vF7'm
TRIATOMEE, X3 A TV RWPLISHba— RIC Kk b~ F ) — RETORRE =T
*2 MERENERR 7/ —F)

_ e J—EBEY J—ElY RATEM
LS IR Snpas LR Jsec

FUSFHIL

(E®AHNEDH) (@) 1 1 16 42.80
75y FMPIRR

(MPHED &) (b) 1 16 1 26.72

FATRERIORERER LY, 1 2 — FRNFATIZBITS57 7 v b WPL IR (D) 1= 2731 Z 0 B#EESHRIC &
5(a) £V LeEOHERENELNZ. ZOZLnbART B 7T ATIEMPTIC L 25 s ki A
ThHdHIEPRINTZ.

#3  MERRRERE (wAF— )

) o J—EBEY J—FHiY R
TagSh SRR Snbzm RLURE Jsec

NATYyFMPIHR (o) 2 ! 16 3240
(MPI4E + B Bh i 51 4E) @ ) ) o 2046
(e) 2 4 4 29.44

WIZ, ™A TV KMPTRLTD () ~(e) TIE, 2 /—FK&EMW, /—FAOTaERHLEAL Y MK
EEMSETEITLELDOTHD. T AHEWMIE D & ETRRIPES RoTnD. 2k, K
70T T DI RPN IETEI VDT, v R U NT U AREAET L0, ek A A IS
HHIETHEBLE NS TEDRDEEZOLND. TrEAKBLOA Ly FEIFFHERE (7Y v F
JR) OJEIRRS, FIFERE/R / — N (CPUD) &2 /XT A—H L LT, #HREEZFATTH VAT AT/
EEARET DMER DD, SRIO—Y a— FoWFHuIicix, WHAEOH 2 WL 7477 VI k5
k& a A o BENESIEE W TWD DT, FERIICY AT LD KBBALLT —F%7 7 F ¥ D%
ERHot2E LT, 2— FORMMORHANFRETHS.

4 FEOD

AKFGTIE, B2 —OFT 2 RKEBERFEE S 2T AL 1999 FF B0 A TV D mnd b AR TEE)
DEY AT L ERIZ DWW TR, ZOFEIICE VFAE O T v 7T MIRIEICHERESRE L TH 508,
KR « REFFUET D8k 2 2270 77T DRI T K, Bl & fe & md b SRIEE 2 4 L T 2,



WILRF A N—F A L ALY 5 —|2BI1T 5 — 59 —
- — N EE LSRG E

ARSI N TV DORHRRIE, R Z—2FH L LK ESLFHED T 2« DL R2D TN LD
BONTZbDTH L. @E(L - MPTALOFFN T HALKRFE LA FERHEIR > A 7 57 WA o LR HKEH
Sk, BALKE TR R e LN A O SR W20 e, 2 2ISh b TR# o
BERT5.

23 3k
[1] BAARBRIHAS 7v 7T Ak lEERE
[2] PABERMRARAL 054 = — N MPT (LRSS &



— 60 — SENAC Vol. 46, No. 1 (2013. 1)

[EEXEFAFBEREBE L2 —ARRARRIXEN. 34 K V]
T N REHR eduroam DK E S - MEFER L ESHEERE

%k iy EIR i
FAERFY AN =Y A A —

1 [ZLHIZ

2006 £E(Z H A E B2 AT R LAN 2—30 7 JllE T 5 eduroam (=7 =u—2)[1Ic2 L CTLOK,
TRA SNSRI AN 2, 2011 F-RIC 27 725 7= [E N OMBISIE 2012 4% 9 A BIFE T 39 L7¢e0), llﬁjﬂiﬁi@%n
EiricdhHs(2]. K% ICT #EWBESFERKEBIZED, HERMFESFERREITBITDILHIC
eduroam DFNA EL F<I2>TETEY, 2NN AT T HDW TR OREBIL D 7al v, L75>Lf£75>
5, BAREMNIZIEL 1,200 22 5mEFHAEHENRSHY, B RFETITH 31%ICHESTND. HE~D
eduroam B A D[EEED— DL T, FI%%B"Q\_J:OD RADIUS H— "D A - F B0 D5 HBIOREDOES
NEZ BN, ZORBEIZHLT D721, b AR =P A A Z—Tldleduroam NFLFRFES AT L) % B
LT, 2008 F-LH— I:XTET/\L“C%K.

RELFRFES AT AT, IRV E A EE AR @ W2 EMEZ R 5 eduroam OFLWT —F77F ¥ LT
HFRENTHE RSN TWAEN, HEkD32EETIT IdP D Fu A 2)DOREREAN B — [ S L2 A RIENRHY, 3
Bz 2011 ﬁ@ﬁaﬂsj@““f MRS EOREEZ T [4]. S AT 200 S FEME B KL ONHBE E 4 1)
SHLH0IZ, IdP Z B S E -0 7 RBLOFEAE R A EE L 7= T, AR TR T5.

—4, eduroam | ZITHERED = EALDE R L H D, YA\ —H A= 28 #—CSI W58 TlL, OpenFlow
Bz D, BB ORI — ERIHE O @M HIZ I DN T 7B A2 95 AR L. G
135 % k4[5l TRUZZDS, AR TIEZ O 2k~ 5.

2 eduroam KRB AT LOMKEE S -THEZHOMR L

Pﬁﬁmunﬂz/XTA@i, eduroam @uuuﬁﬁﬁ% '7174}“‘1: A k LVC{&TT ° TIEﬁ:t“é‘%) 7%:)@(3?) D s %*)@%
BIOEBE XY = 7 D> b M EELD eduroam 7 7 2 h(AD & /XA T — ROXT) & FERFER, ST
X 5. eduroam O — WAL, HEET = & @ RADIUS IdP Tid 7 < REEFEGES AT A L » Tithhb.
AR ATLEFHATHZ EICL D, KK T RADIUS IdP Z A « #EH T HMLEN 2L 720, HEREH
BV AT v T DHT eduroam ZFHBAETE 5 X 912725, b LRSI LAN JH R 0EH %2
VAT IA LT T =B U H—Fy b —E AT B, Z(ASP) e I ERETIUE, R A INAET
% RADIUS proxy DEELH ANH L 72 5.

2012 4 9 ABUE, RIEFRGES A7 AF BEEICFIHI A TWS., 2055 2 BRI, RBEEGRAES R
T AE BRI L TWER, ZRNOA > 7 TEEICE- T RADIUS IdP ZHE5E L, fHBhA & L TR
SE AT AORAEGE L T A, 4 BT AT A LTCHEMICREERGE AT 425 L TE
0, o 1 BERITE A NI Eﬁﬁ@ RADIUS IdP #3iH EiF 5 & &b, ZOMmoOENIMiBIHO 1dP
CLTHIHLTWA., 2ok oz, NHEEEY 2T L3R @ eduroam BN D [EREZ T 5 DIZHES -
TWa5.

2011 4F 3 A 11 B4 U2 AL RO R CiE, B OB O T b 3 H AR TRB 42

BNFAL, BREMZRICIEEBRFIEE O/ Ny 7 U R -%IiE, RALKFITRE STV 2 eduroam
BAfR D — ~EE b AF I Lt. P A N—P A 2 2B Z—XFENOERA > 7 T OHETHY, B
WCEFEEIBEENED DN, TN THLHEEEI TN 2 AMEZE L. BARENOA 7T ThD
eduroam JP TiE, b7 LL RADIUS proxy D7 7 A < U B — R ENFHFRFMITATCRRHS), &
VA= ANHIERZANETICERE SN TWER, Z0oX ) RITEBENSDERL T, ERND
eduroam 2MEIET 5 Z L IFRET B2, KHEOERZR D LHHIOE IHIEREIZHT T, oM TiEd5bH
DD, eduroam MBI TE & L THMNEDLITZ Z EHBI L TWD. Z ORFOEEFII3CHE[6] TH
EEHRTHD.



F v 2N MR eduroam O SEEE: - RSN L & mikiE L — 6l —

RELGRREY AT AOV— NTHAERFICRESINTE Y, YRHIEZ D o F ) S — OB 5 HE
&KT%OK IO, 3 HDORMEOEIIZINBIEE DR E LT, 1EEOR0> T BERMX DK

FIZBWTY, 2 HEIZIE > T eduroam NAIHTE R R EWOIRENH 72, ZIUIHKEFEDO R »
N — R ZHERT ALV OBETHRETHY, ENBBE TH-o7-. 2012 FICAY, HAS
HF =2 RT V(AT A T RT)EVFEEZ 7 R —E 2 TEX-CLOUD] OH — MEEHRALD B L3
b, SEZNAEFALTREGERES AT 22 TRILL, 777 MIORMGERES AT LR LT,
y17A%m%uT_ﬁ%¢é

RELGEFES AT DO BERIIREL ST T, (1) V=T 2—%A ¥ 7 x2—X(CGl 717 LEf),
(2) SQL 7 — ¥ ~_X— Z (PostgreSQL DB), @Rmmm4/&7i—x@mmmmm)®3oﬂ%é v
TA BT 2 — AOMRER TLEAL T 5121E, 7 — X B RO RMCHMHIE O MBS EHEL 72, VAT
LDOKIBREENRNLETHD. UL, #EIRFC eduroam OFRFHLEE A EGE CE A Z LN R BEETH
O, I —VERREDOT Y MEFHIZFNEEBRAKZE LW E e 5. £2TC, EVAT
A@@E IXENIFERBEBE LRV EWVWIRHET, Vo7 A U4 7 =2 —ADTEALITA A E ST

{ﬁ@nunE/XTA@)LE’fK@*%%%TT FURATATHAVAZ Y —N j:ﬁé;'%kk ) ﬁjt
k%_m%,iﬁﬂmﬁé.ﬁa Z& %5 EX-CLOUD O~ > > I PostgreSQL DB & FreeRADIUS
A LUAR—=NLLT, LT 7347“~/\‘%:%%L7L:. SQL 7—H#RX—R|ZiL, V=T A H T =—AHD
EHET 7 MME#E, RADIUS RFFIZ 3R eduroam 74 7 2 MEBRIEH I L TWDE D, BED
HEFRMTIE 2 TH 5. eduroam JP D k v 7 L~ RADIUS proxy (213, ﬁ@mﬁ/er@vx

B =R T TA4< Y=, LTI —Neh o XU H—E L TENENEEL, ﬁ@mu
AT LHD VIV AL EFFOT 1D NOFRREERE, ZHOY— NTEIRET D X ICERE L
3~ A X P — ROITFRFEE R DL SN DA, Bl X HRIEKRFZDOEB, A5 hORE|C iofvx

B —NPNEETEROWEAE, BEEABEMICL 7Y A — NP BEb 5.

VALY =N LT Y A= OT—Z OENZIE Slony-1 2xR)EH, v AX NS LT Y D
—HAOREE Lz, 7h oy MEBOBEN~ A XA LW T, —HFaTHoyThsd. £,
T T SO, HIER, —RHEL EOBEIIHEEIITON S b O TR, ZL0ENRH->TH
FA EREN 220, FHARERBFE X Slony-1 O KIETH D 1.0 FITHEE L=,

@]
e(I uroam S
http://leduroam.jp/ DEAS (master)
Sendai city . Data replication
National . g
Tokyo RADIUS 2 for higher availability.

national

DEAS (replica)
National
RADIUS 1

eduroam Top—level servers (Asia—Pagific)
eduroam Global

X 1. 77 v RERBERGES AT A IBITDHT— 57“\‘—;(0)&%*%52

A&t T — 2 R 7L TlE, AR LAN 3 — B X livedoor Wireless |Z331F % eduroam ¥ — B A D2
HRITNTINZ T, BERFOF v /N2 LAN V27 LAOE S FHIT TV 5. FAOBEDZ < B3R
BHERRE AT LAEFIHL TS Z e nn, [AttoREMmEFIHT 2FNFIHBEORIEY 7 =X FD%<
DHARD K> 7L~ RADIUS proxy Zili 3 5 Z & 12700, JRMEIZ X A2MRIK TOBRERNHH 2 &,
BLYY, &K RADIUS IdP 5% E T H UK 71k & H~<"T RADIUS proxy D7 v 7HNLL e, %
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EMNME T T 28N 0nH 5. ZHORBEIE, EMFEZERE L2 ITREEFE AT 207 I —
NERIEDZE TR TEDLEEZZDND. AE%%Lt/XTAfm LN V7 3 —oD 5
%7747)MP&&&LTM££*%%%¢éi9 BETH LT, mmwsmﬁmﬂ4ﬂz%%
ZHER T X, @@ﬁib%ﬁf%é.;@ioﬁ%& XA EMITHERIZBOTRATTH S
2y, A5 ﬁ®ﬁ%@$& IZhbeEEZILND.

3 FIAEBOEMIEFEHRICED< eduroam D7 RFHDOEEL

eduroam DOIEH DL TIX, ID DLV LEZ R THEDO XA L R—L XX SO REXRI L, BipprH—7
X MINET D E Voo HifliZe T 7 8 AHIEITHER B AIRE Th o 7223, KV ®EERT 7 & Al % 52
B3 2R 72 A A IAFAE L. FIHE OFERNZIS UlziEfler v U — 27 7 7 & ZH#H ATEEIC
7RiuX, FIEMEREX 2 U7 4 O EICORe RN b B LS.

FIHZE OFTEME & BRI CIX, TNENNT 7 B RGO RY >—2F3 5. —Hl&E Ll IR
7.

FTRHERE DR Y o —#i) :
® HHBHOHIRE - FEDOFR Yy NI —Z FAICHICT 7 B AFIBRIZR T 20N, 77 A4 T U4 —)b
FELT, T ERAu S ERIRT 5.
® FAEII N T TNVOAEUNLREFED Y = THRiie7 7 A VAR A | &35 R R A
SHRNE YT L. RSB HIR L2V, GAfEICxd 20 7 =2 1)
® BT O RMARA XYy NUY—2 T 7B A &FFA L. GHRAEICHT 25U 7
TAR)
® MBI R] L2, BB IS W IR D 7 7 A L — "7 Y v 27 EOFH %
A5, GHREICT U 7 =R 1)
RSB OR Y > —#) -
® FHFEDOFLEIIIFED Y = TR T 7 A VYA D EFH S 20K 5125 5. FIHH
WHHIRT 5.
® iE DNV —NA~OT 72 AT LT 5, FERERERIICITEF AT 5.
O SIIZBWT, TR THAMRZMNS LT, SilFEIC 7 7 A NP =T ) v 2D —
AN —EZAOFNHEFTAITH.

ZDE DM AR Y > —% 7 7B ARG ZAT 9121, RV —0— L OFLR HIE DR
VETHD. LnL, FANRERTEEZRFGT20EFREHELWVWEEZOND. T2 TETHIDIC,
R —BLUON—VEHMLLIZET VERATIZE L L, #EOKRY >— EFRAEORAEFRIC
FESWET 7 v A E EH T D TR E B LZ[4][5]. v —h P —E A Y —2)OFH O A& ixx
v NT—=T D7 7 BAFHNZ L > TITH. VAT LAOMEEX 2 1Z/RT.

JE— .

Access-Control |} [User-category) Policy
function i [Access-policy] DB

RADIUS
proxies

[access privilege]
[Calling-Station-ID]

OpenFlow

Controller
NW printer =
» o 2

1US
server A

---------- >~ [realm] RADIUS
. &/ [Calling-Station-ID) | |

kﬁ]e server Roaming user IdP-side

SP-side
2. BETEEICEE DW= T 7 & AN AT EEZR eduroam ¥ A T A
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