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Development of accurate algorithms for numerical linear algebra
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For linear systems, we conducted on numerical algorithms that can always
obtain the best approximate solution regardless of the condition number of the coefficient matrix.
We developed an iterative improvement algorithm for eigenvectors with quadratic convergence for
symmetric eigenvalue problems. This enables us to develop a numerical algorithm that can always
obtain the best approximate solution. We also developed a numerical algorithm that can always obtain

the best approximate solution of singular value problems for nonsymmetric matrices.

In order to improve the efficiency of the above proposed algorithms, we developed accurate matrix
multiplication algorithms. In addition, as test problems in numerical linear algebra, we developed
methods for generating problems with exact solutions.



¥ XL C—19, F—-19—1, Z—19, CK—19 (@)

1. MBSO 5

AR ORME T H DI, ITFORFEEOE LWIRIRICE, 34 ZOEEMEAZH L
TW5, B, BEEABIIBIERIRE GlNy —k O, AR, S R Ess) okl
RVEICEAT 2D E TH Y | FHERRICB W TEANSEEARRE ZH - T\ 5, ZONEFIC
B 283E R, J. Dongarra 512X > T 1979 FICABRENTZT7A T T VR OFDA L H —
7 A ATH D IEARIEHFH D BLAS (Basic Linear Algebra Subprograms)<°, % il % X—
A & LT HER A © LAPACK (Linear Algebra PACKage) & L CHEEL., BEL D
DIAT T VEEIFHESNRT TBY . T 777 PAX X — K& L CREARZICET D4
RBFICBNWTHRAFTHHE TV S,

— 7, AR T 2 BB NSRRI A TR RE CH D Z E B IERICEETH D ], F#t
BAERIZIIOMRENEG EN 5, 2 BLAS X° LAPACK % - & L THHISTITZARW, L
TER->T, BFCIELWZ E THHEMK E TS T LLELWEREZE LNV ERHD |
FEROBLELIIRBRICHD L ZABRKE o7z, ZOXHIRMEORESH I 2 FTIHIE L
LCERHEDRH D, ML, FHESR T TA U D AOREEN RN ENTE T FER ORE 2 B4k
SR NEERT, BUETIE. SMEED NS WA ICOWTIR, Sk E 2T g % &
SINDHIEFIE T V2 Y X ADRHEL STV DD, JHEARENGEIC OV L, ITRlfiEs &
N BNWELWVONIRHTH S,

DX BRYFEND BRI BT, RO KR E SICBDL ST RO LfE %
BRI D Z ENFEERT LT X AEFET D 2 &0, BEEOBWEHRERZ O LS 2 1
LT LHECTEETHLZ ENDND, TIVE TARMES b IXEFE/ NIRRT =T —7
U —ZEHIEOHGR ZIRE U, BIERB RO L 22 o B ENBEHRE 7 V2 Y X A[1-3] LD
2253438 DRI & L[/ CERETIRE 7 LI U ZA4IZBRE L, SHicENHE2_—
A& LT B 72 @REEAT S R 7 v 3 ) XA (0 LU 43R, ¥ QR 3 fif) bR L Cx (5],

<5 H3CER>

[1] T. Ogita, S. M. Rump, S. Oishi: Accurate sum and dot product, SIAM J. Sci. Comput., 26
(2005), 1955-1988.

[2] S. M. Rump, T. Ogita, S. Oishi: Accurate floating-point summation part I: Faithful
rounding, SIAM J. Sci. Comput., 31 (2008), 189-224

[3] S. M. Rump, T. Ogita, S. Oishi: Accurate floating-point summation part II: Sign, K-fold
faithful and rounding to nearest, SIAM J. Sci. Comput., 31 (2008), 1269-1302.

[4] K. Ozaki, T. Ogita, S. Oishi: Tight and efficient enclosure of matrix multiplication by using
optimized BLAS, Numerical Linear Algebra Appl., 18 (2011), 237-248.

[5] T. Ogita: Accurate matrix factorization: Inverse LU and inverse QR factorizations, SIAM
J. Matrix Anal. Appl., 31 (2010), 2477-2497.

2. e EM
BUEHIAREL ORFH 72 CTH D — R F RSB AR EZE I3 LT, RO R E
SICHLLTHICHRBEDOIUMEED

Z & EAEE & T DB AR E O B & A FHROIV—LD-D

LT 5, o, BUEMERIEOEAGH

Py 3 2 443 oo -
@ﬁmM&ﬁﬁ®%ﬁ\&ybnﬂwﬁ§(/%%wﬁﬁﬁhﬁﬁ\\ FIHRORE

IS Rastiisair s e e g ZIVTUZ L

EJr?%:\ gﬁ'JEJrﬁ#) WZBIT5 %%&fﬁﬁ (BLAS®OLAPACKE L THEEE) e RETIHERAH

Bt D@ 2058 bHEET 5. - B PIVIUZ L

Thbb, AEH LRI ECIcE | [ EROREIHRERE (EUSPLACOEEL)
2 et e o = CEGMEEH TR

LCS LB RS Ox7 =7 ) %ﬁé:bﬁi}ﬁl Gk 3O Sctkn)

—EMEE SHICRIESEDL I LITK - EHEBONSB A

Y| AR AR T T ) A | | I9 -7 R RR ERCFRECAR

Dk HHET, Zhbi, Mo | | GEEEES EROREEFIRR

BLAS ¥ 0" LAPACK {ZH§ EEARAE & sk - B EATAIR

EEHROBMEH L CBAL, fiROfF L Baaming |/

FEME O 0k T T S B T kT \

%52 b0 Th 5, AEOBERE L ABRRDZ L= bV =7 LR

X 11277,

I 5T, BEREREIC T 5 [RHHE) OFEREZITI. bbb, MEkoitRERE LT, B
L TR ST DT 3 XN DFENEEHEDRE (X >TEELH DT
Hol=D, AR T, fHHEEZ [IE LWEEZ 15 72D B R MO A O & ED
Do ZhUE, MEOE LWREZEDT-DITIE, FHEN NS WGEITETR &N D72 < SR
RKEWEAIIFEELZLS IO THD, ZTOL IR EEZEBATHZLICL T, ZNET
MELRICE Z DN TV R EHARZR OO, HERZRICB T 2 EEFHET LT Y X A
DO LW ENE A LT 5, & LT, 16k, BHRBEOMRBIZ OV T, BEORIEN ST
RVEAERHE T VT AL EFEL, TOHEHREEORZ L > THHMES N TWe & 2 AITHE
Dl & B \EAT D Z LR . AR EWR COF R OMERETM N /e L 725,



LD & 5727 N3 ) XAORFHEAICESE, ZOH LWEKR TOFREEICIW T, §
bbb RO RIS U CRIAENEISHICET 27 X 7T 4 7R BUE I RE T v =
U X LOEFREMESLT D,

3. WDk

AWFFEIE. BAARIEACEICE I D ISR LT RO K& SI2Bb &35 1R B O fE
ENRICED T ENARERBEF A T V) XA ERE T LA RKBNE LTS, o
N&EEEIICHEES 5 2 L A2QBICEWV TR 5, ORI
(1) THETT 4 7 BAERIEARELT L TV X L DOR%

(2) =T —7 VRIS BREE R EABIEHE T LI Y X LORF

(3) BEHREAEI BT 2 HAEDOH T

D 3 ODOMFEHBIZ 3T THEIEZEZE X TWD RIS, T7bb, ZNENOMIEHE B IZH8V\ T
1 DODEEIEA 5 F£ AT WA, K W EITERIEN RO o 725810, FRRICHRIE 28 ¢
X5L91ICL T, 2KE L THROENWT LT XLEHENLTEH LT 5,

eI O, ERE (), @22\ T, MR OIFEK T £ TS0 L 2o
BESBHAEN LN LM U TR A, oFTERT L, £/, Q) zoWNnTIE, BFZE
RFE DHFGERIE D6 2 FER TR ST 5,

F 72, HPIOWFTERHEGE D TS E E TINATE G- A e Sl A THRIE S 720 ik
THENEE LRV LITYRTH DN, TDOLETE BTN ik E R o 2R E & i
BZEWEST, TATATHRRESBRELEY, WUIART KA REZZITHIENTEED,
HDHVNTEZDMEDORNERZHIET 5 2 & THRMICHIZEZED bNb, ZHVE TONSE
HENC Lo T, FEAREEIZ. BARIZL E XD FAY, 7702 EOTENMNT, DL H 74
EARMNTTRER L < DENT- RGN WD 120, ZFD X 9 el E & B #Em a2 b
LTwn<,

4. HWFIERE

(1) #NT—RFRERUCKT LT, BREATHIOSRMEIC D S TR IC R EOTRREE 1S5 Z &3]
REZR BB T L T U R AT HOWTHIZE & it U 7= UdEEEia 3L 3, R £ 16-18], —RDFELT
FNZONWT, TR ZRD DD DOBFENREMEFFE T VT XA (WU 5fR)  LEPfROREE %
ED DD DAL RIE, KON ERO @l 7 ERGET L T U AR BT\, £l
HENR—RAL Uz, FMHBENRKEWIEAIT, BE OBMEFHE T VI U XL TR E OB WITRUR
BEDENTE RN, AIFEE LR LI-mEE R TP 07T VT XA EEA LT,
THIC Lo T SR E RSS20 6 @R E PR 2155 Z L BAEE & 72 o 7o, FEXFRIEE
BEATHNCOW T, 7 a vy ZHEZEDRAT L2 ik v, EERROFMENSES NS Z &
BRI ENTET,

(2) XMHAROEFMEFEICR LT, =2 — M AEREO 2 WRINEMEEZ FFORA X7 MVOKIE
WRT7 AT RNERRE USRS 1, 2], 2hck > T, WICRB ORI (A K OV
HRY MV) %155 2 L RNRREREMEERE T LTV X ADBR S AIHE L 72 o 7. 3R OFE A E
R ONTIE, BAE, NT ARV =B L 5 ZE A2 WD TR R THY . £
WCEDWTHE A REUEFE T LT XAPRE SN TNDN, AIFRICEIT HHEAT L LT,
FEED T VT U X LRAF L\, — e miE (b a5 2, W EZME Lz, 3720
B EOWMEZBEFEDO TR, KEKRBIZE > THROBE 2 SET L HNEBL LT,

fax = A/ ofdiag(RTAX) /1A - XTX)| IE|

10—]()() L

—O—mode = 1
—>—mode =2
10209 b | —— mode = 3

—O—mode = 1
—>— mode =2
p 10’20() F|—F—mode =3

—O—mode = 1
—>—mode =2
10200 b | ——mode = 3

—>—mode =2
]0’200 F|—+—mode =3

—¥— mode =4 —¥— mode =4 —¥— mode =4 —¥— mode =4
—H—mode =5 —H&— mode =5 —H—mode =5 —H—mode =5
L L L 10—25() L L L 10—25() L L L 10—25() L L L ‘
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
14 14 14

X 2: [HAME « [EEX7 MLOBED IR IERE



(3) FEXFMTHIO R BALRI I U TR IS i B OIT iR (Re B K OV T V) 2155 2 &
DAREZREMARIE T VT U XA ZBSE L2 (2% E 1,3], BB LT LI ) XA, (2) CH
H LT RFRROBAEREE FRIC, ==2— M ERROSWIEREZFFOT7 LT XA TH
Do 2T, MG EEFITINCR ST, FERATHOGAIC bEHARER 7 LT U AL EZRFRE L
Tre ZDT=OIZIE, AFRDOEAMEMBEICHT 5712 XA EBITHERET 57200 TIEARRE LT
BY . ZORMTT 1R O 4P W CEER I R AT S LB T - T2, BTN R 2 R E sy

fECIXBE N T ARV — W X 5 “FExtA{bEREBE T2 AR ER Th 5, TS L,

AW DORAFTEHT, HEOT N TY XAEE LW, WA EREE(LD 7 L — LU — 27 %
WETLHZELTHD, 20D, FROYMEZLEOFD KN THZ 5 Z L2 E L, KEK
RICE > THOKEZUGET 2 HREEBR LTz, BIEFERIZIBW T, B2 2R RGO 570 & £
TN U TR LT A AAEEA L., FOHME4 R LT,

(4) FRLTHZE LIEEGRRET VT ) XA Zfia LI BERB RIS BT 2 71 2 ) XL Of
—HRISREEE L. T OGRS, N RITREAL BEA RS, RS SE ORR &~ 7a RIS
BWHFWRETH D Z L &R Lic, £LT, ZOX I RH LWEIEE R 7 L2 X ha b LIz, 3R
BOHEREZIToT,

(5) FFlDBETNTY XLDOREZED DT, ERERITYIEE T LT Y X LD %
1T o 7o [HEERRSC 5, P83 9, 15], FFIC, BEEEZEVINEUEILD LWV O ME (ZAUTEMEIZKR L
T, BT 238/ NSO 8D B OFERER) Zii7-7. FEFITEEE T OmEERIT
FIFET VTV AL ERE Uiz, BN BEIRIGE | 1R AT R G R OEEFRE O G5 REH
WLV FERERDOEND Z L 2R LTz, Fo, BTV Y X AOREERAEST & Fi H A~
%Kﬁﬁf\ﬂw%—F%EELt%ﬁ@EW@ Ak A B U T DdERERR S 6],

(6) EAEAMEARIIZI T BT A MR & LT, BB DD BIEOE LA B3 Uz UdEERs
4, FEAEFR 2,5,11-14,19], ZHUC KV EERIET 0 77 LAOE L S ORGENAIRE L 7o 70,
HAN— R G FRRCEAMFEICE LT, @BEHE T LI XA RBE LG, T ORE LR
RAHED BN 5, BOMRNERNZ O 58— R GRA, BEOEAME (R 2NFanson
DATHNDAEFIEIZ DUV THIZE L T, 3R TR T, — IR G RSB W T TA - R T MVFED F
B A EMBEICOW T TARE 1 BIE 2T ZN L FOHE 2 X TN, — R FERASITH & A Bk
HRETH D,

5. F7pBERHm S
Udessimse) (e fh)

[1] T. Ogita, K. Aishima: Iterative refinement for symmetric eigenvalue decomposition
IT: clustered eigenvalues, Japan Journal of Industrial and Applied Mathematics,
published Online, Feb 22, 2019. [DOI: 10.1007/s13160—-019-00348-4] (& Fift)

[2] T. Ogita, K. Aishima: Iterative refinement for symmetric eigenvalue decomposition,
Japan Journal of Industrial and Applied Mathematics, Vol. 35, Issue 3 (2018)
pp. 1007-1035. [DOI: 10.1007/s13160-018-0310-3] (& HifF)

[3] Y. Kobayashi, T. Ogita, K. Ozaki: Acceleration of a preconditioning method for
ill-conditioned dense linear systems by use of a BLAS-based method, Reliable
Computing, Vol. 25 (2017), pp.15-23. [DOI: 10.1587/nolta.7.374] (&FHif)

[4] K. Ozaki, T. Ogita: Generation of linear systems with specified solutions for
numerical experiments, Reliable Computing, Vol. 25 (2017), pp. 148-167. (&FifT)

[6] K. Ozaki, T. Ogita, S. Oishi: Error—free transformation of matrix multiplication
with a posteriori validation, Numerical Linear Algebra with Applications, Vol. 23,
Issue 5 (2016), pp.931-946. [DOI: 10.1002/nla.2061] (&FHifT)

[6] S. M. Rump, T. Ogita, Y. Morikura, S. Oishi: Interval arithmetic with fixed rounding
mode, Nonlinear Theory and Its Applications, IEICE, Vol. 7, No. 3 (2016), 362-373.
[DOI: 10.1587/nolta.7.362] (A#iff)

(Fa3R) GH191F)

[1] T. Ogita: Iterative Refinement for Singular Value Decomposition, SIAM Conference
on Computational Science and Engineering (CSE19), Spokane Convention Center,
Spokane, Washington, USA, 2019.

[2] K. Ozaki, T. Ogita: Test matrices with specified solutions for numerical linear
algebra, 2019 Conference on Advanced Topics and Auto Tuning in High-Performance
Scientific Computing, National Sun Yat-sen University, Kaohsiung, Taiwan, 2019.

[3] T. Ogita, K. Aishima: Iterative Refinement for Singular Value Decomposition, The
18th International Symposium on Scientific Computing, Computer Arithmetic, and
Verified Numerical Computations (SCAN 2018), Waseda University, Tokyo, 2018




[4] T. Terao, K. Ozaki, T. Ogita: Rounding Error Analysis of QR Decomposition Using
LU Factors Based on CholeskyQR Algorithm, IX Pan—-American Workshop Applied
Mathematics & Computational Science, Melia Varadero Hotel, Varadero, Cuba, 2018.

[6] K. Ozaki, T. Ogita: Test Matrices for Symmetric Eigenvalue Problems Using Weighing
Matrices, IX Pan—American Workshop Applied Mathematics & Computational Science,
Melia Varadero Hotel, Varadero, Cuba, 2018.

[6] T. Ogita: Development of Verified Numerical Computations in High—Performance
Computing Environments, 2018 Conference on Advanced Topics and Auto Tuning in
High—Performance Scientific Computing (ATAT in HPSC 2018), National Cheng Kung
University, Tainan, Taiwan, 2018

[7] T. Ogita: Accurate and Verified Numerical Computations with HPC, SIAM Conference
on Parallel Processing for Scientific Computing 2018 (SIAM PP18), Waseda University,
Tokyo, Japan, 2018.

[8] A fEE, B oA ADMZEZFIH LHEIER 2/ ET 20OV, AARH
Bl e RS, RIRKFRHF v 73 A, 2018.

(9] Rl F/A: ATHIREIC xS 2 B @/ MO AL D OFER AT 7 =) X, BRI
MRS EE SRS, KIRORKFRH ¥ v /8%, 2018.

[10]A. Sakamoto, K. Ozaki: Verification of Computational Order of Dot Product from the
Behavior of Rounding Errors, The 10th International Conference on Computational
Intelligence and Software Engineering (CiSE 2018), Bangkok, Thailand, 2018.

[11]K. Ozaki: Test Matrices with the Specified Solution for Numerical Linear Algebra
The 10th Int’ 1 Conference on Computational Intelligence and Software Engineering
(CiSE 2018), Bangkok, Thailand, 2018.

[12]K. Ozaki, T. Ogita: Generation of Test Matrices with Exact Singular Values for
Numerical Computations, The 2017 International Conference on Computational and
Mathematical Methods in Science and Engineering (CMMSE2017), Rota, Spain, 2017

[13]K. Ozaki, T. Ogita: Generation of Test matrices with Specified Eigenvalues, 10th
Summer Workshop on Interval Methods, and 3rd International Symposium on Set
Membership — Applications, Reliability and Theory (SWIM-SMART 2017), Manchester
University, Manchester, U.K., 2017

[14] Bl wi/K, FKH 5 EORFRECEAMEN 05T A MTFIOARYE, B A A
T, BRI R, 2017

[15]K. Ozakl, T. Ogita: Faithful Rounding for Matrix Multiplication, SIAM Conference
on Computational Science and Engineering (CSE17), Atlanta Hilton Hotel, 2017

[16] %G K, “FRE WIS, B /A N —RGREXOBEMRO T « B X X 55
7o mAaAS,  AARICHBE SR Sl A R e, EXUBEEKRT, 2017.

(17] <FJ2 MsE, R w/A: 7D/73VX#—AM%@DK$j R ITREROFAE RO E
PRAEVE, AARICHEBE SR A RRE, EXEBEKRT, 2017,

[18]K. 0Ozaki, T. Ogita: Linear Systems with the Exact Solution for Numerical Tests
17th International Symposium on Scientific Computing, Computer Arithmetics and
Verified Numerics (SCAN2016), Norrlands nation, Uppsala, Sweden, 2016

[19] By s/, zKH R @ — R GRKXOEERO -0 07 A2 NEEOARE, HARRH
Bl aitfs, AWUNERSEYS, dEJuN, 2016.

6. MFFCRLRE

(D MFgEHE
WA R4 - RIR e/
o —< K4« Ozaki, Katsuhisa
TR 4 S ¥R
R4 - AT LB TR
T« HEHU=
e 5 (8 H71) : 90434282

KEIIC L D078, IFEE OB LEEICB W CERT 250 T, 20720, WIROE-LUFER RO AREIC
ONTE, HOEGEEEICES b TIH <, ZOBEARICET 2 RMPEMmE. RFEFEACRESNET,



