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Effect of Sparse Matrix Representation Method
on Execution Time in Quantum Annealing Simulator

KEr UEpal® Nozomu Tocawa! SHINJT KIMURA!

Abstract: Recently, quantum annealing has attracted attention as an efficient algorithm for combinatorial
optimization problems. In quantum annealing, an optimization problem is expressed by using the ising
model, which is a set of correlated quantums and their total energy is minimum corresponding to the op-
timal solution. The numeber of coefficients of the ising model is proportional to the square of the number
of quantums, and the input data size becomes large. The coefficient matrix is usually a sparse matrix, so
only the non-zero coefficients are indexed in the form (¢, j, J;;). Therefore, we are working on a method to
reduce the size of sparse matrix representation. We have already reported a method that can reduce index
information by reduced the repetition of the same value and the continuity of the values of the sparse matrix
of the correlation coefficient in the input of the quantum annealing. As a results, the index information is
represented the starting value and the number of repetitions. This time, we will check what the execution
time of a quantum annealing simulator that uses this reduced data structure as it is. For the comparison,
we used the method of storing ordinary (¢, j, J;;) as duplicated for (¢ >= j) are. In the method using the
reduced data structure, it was found that the execution time is an important factor in the traveling salesman
problem with a large coefficient matrix size. At 70 points, the speed was 1.5 times faster. The amount of
data at that time was about 1/25.

Keywords: quantum computer, ising model, QUBO (Quadratic Unconstrained Binary Optimization), trav-
eling salesman problem, mincut problem, data compression
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16 1620 2710 48200 7820 1011200 -200
96 1710 210200 4910 7910 101210 -200
01200 19200 21210 41010 71010 101320 -200
02200 12200 21320 41120 711200 1014200  -200
03200 13200 214200 412200 715200 101510 -200

04200 1410 21510 56200 89200 111220 -200
0510 15200 3420 57200 810200 111310 -200
0610 1620 3510 5810 811200 111410 -200
0720 1710 3610 59200 812200 1115200  -200

08200 19200 37200 51020 81310 1213200  -200
012200 11210 311200 51110 81410 1214200  -200
01310 113200 31220 513200 81520 1215200  -200
01410 11420 31310 67200 910200 1314200  -200

01520 11510 31410 6810 911200 1315200  -200
12200 23200 315200 6920 91210 1415200  -200
13200 2410 45200 610200 913200 -200

1410 2520 46200 61110 91420
15200 26200 47200 614200 91510
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16 03100 74101 82200 133100 0 01512
80 44171 1123 51 113101 021 51 5 13
14100 113161 02171 142171 131 61 100 200.000000
521 10 142151 22151 22201 523 01 14 10.000000
721021 02101 43100 52121 931 61 18 20.000000
122101 22111 82171 72151 1222 00 23 200.000000
142111 54100 102151 92200 151100 28 10.000000
02200 92110 151100 124111 03111 32 10.000000
33101 112121 02400 33161 622 01 38 200.000000
621 71 04151 52110 62151 921 21 44 20.000000
923 01 42200 72221 83100 112151 49 10.000000
133161 73101 103100 122171 132200 54 10.000000
02100 102171 1321 10 142151 02171 59 200.000000
34101 1831100 151120 021 01 221 51 64 200.000000
723 51 04111 123 01 23111 731 61 70 -200.000000
124111 42100 53161 821 01 1021 51 75

1021 11 1231 00 81

B 5 4#THD TSP IZH T BEMBDO AT —X.

3.4 HIiET—9%#RAWiYIal—ray

fi33 CRINEANT—RIE J,; WHIGHTHBZ L
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EHIR T 2 FEEZREELTWVWS [10. 20 i it20T,
fIFEHDT =226 i \[ZBE S 22 DEMEEREDOZ &
T, i DEHRERNT (§, Ji;) D 2EMOW P TRT Z &
DTES CRSEICMZ, OREHEALT, ANT—X
OEDERMEEHAWT, j OBBRLHIRT 2 FETH 5.
Bz, M3»nsbhrsd k5, (1, 200), (2, 200), (3,
200), (4, 200) % ¥ UEIEND Z 23D 5. ZOHA,
EEREZHIZLUT, ZIADS YT I ATETIET, M
FTOEDERT LIV T—RB2RZHIMTES. X512 5 DIH
FIZKRELR->TWVWAHDT, oRERUREEINFELT, ¥
D (5, Jiy) 2 —BIIRTIENTES. £/, HOE%E
Bzd 52T (5 10), (6, 10), (7, 20) (X3 Z4HD
Fi%, 10, 10, 20 D & 512 j DL ML AN S NS
DT, i =435 (9, 10), (10, 10), (11, 20) ZxfL
THENETOEEMS 2N TES. SEIL, ERON
THEA VTV I RARERZTIHEDRHZDT, (5, 3, +1,
EDOREDA v F v 7 A, +1) LRKT. 5 BRHD j, 35
OB URIE, +14) O THB. BEDO+1 IXHERA
DAVT Y I ARERTNESIDD T ZITHD. Lol
&, (1, 4, +1, 200 "D Ty I A, +0) &7RB. LH
LU4iiogs, M3 X5 2HEELThO»5 L5107 —
R BIFHIRTE TV, CRS LA, REFIETIETO
T—=RXBEINNIWVIBEITIE, DR o THBRENEZ S 212
FERELU RIS 200.,

ZOHARTOYIaL—varyETOFEEZMG6IZET.
BREATH 2 T D F FHWB5GE L FE, AREIEEZHAWT
H, i>j ODEEDEEEIT BT, i< j DA
FOF—XEHIRLT, AP ZXDPREVEESIET—X
BEERELHMTELZ DDA >T WS,
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input.cicTAN 7 74 LOFER

}

duplicate.clc Ti<j, i>jOm A% it

}

compress.cloTT — 2

|
YIAL—RIANT—4%5ZD

}

BEROHN

M6 ANFEMO7IO—Fv—1h.

B ETBEZHK T 5. £/, XEVT 7 2AMEED
HES 2 LT, FETRHEAEDLSITHELRIFLTY
LMEET D,

4.1 X[E+E—I)LRA~Y VEETOM

KElt—NV A~ VBEIZEWT 22Dy Ialb—Va
VHATETRM AL, HRET -7z, FEREEE,
Intel Core i5-8400CPUQ@1.50GHz T 4.00GB it D& H
BT Windows10 @ Visual Studio Tfro7z. &8 F7 A —X&
X 843100.0, T A31.0, by ZEA30, 1> F—L—7F
2310000, ZFLTT7 7R —IL—T7% 1000 & L7z, FEERSE
&, #HHE 10 #H»SRAT 70T ETE I, E
MEROFHE & TR 2GR L 72, A ¥ U 8U% 100~4900
THhb. WD (v, y) EBEEEHTT VX LITEEL, T
AT OHH RN LG U 72 I E ORI FEET & LT
FEEREIT-7-. HRE2R LIORT. ETIRERET®ZO T —
AP A X vIalb—rvaryDEFRENEZRLTWS, &
B, HIBEIOTF— &Y 1 X3 i< j DFBEDEHDT, Bl
Biki<j, i>jOMAERELEAETHD. £, (1, 1),
(2, 2), (3, 3), ... DX ITHAMIZFEE L7-GH DR
AR 2ITRT. EMERICEL T, HHERE2EPTIEI
EHL Y, T0HEDLEET, 4.60% £ THIE I WA, £/
FEARERNIZBIL TH, [EMELIE WA E TR EEA
X, FHCHRAIMIZERE L2 10 84T, 1.83 450
BRI Nz

4.2 ®w&/NMNHv MERETOFEM

BNy FEETE XK — LA~ VL B U ERE
BTz - 7. KEY—IVAT VREIETIIETHE 1T
HUT, ACVBUEn2 12250, BNy MRREIR — R
Bn B2 EEind., /J—KEOTYy YDEAET VX
DITHEREERFREL, / — 8% 10 5 1100 ORI TEME
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£ 1 XKEL—IVATRETOETHBOLE (5> X L).

i | 7S Mk (%) AT L Ftlt [
HIUEHT [Byte] | HiIJiE [Byte] duplicate | compress

10 32,333 11,371 35.17 5.23 4.14 1.26

20 306,014 50,848 16.62 7.05 6.41 1.10

30 1,057,834 119,562 11.30 7.78 6.64 1.17

40 2,642,856 216,919 8.21 10.90 9.20 1.18

50 5,312,156 344,224 6.48 12.57 9.51 1.32

60 9,312,616 499,455 5.36 15.32 10.60 1.45

70 | 14,918,236 686,223 4.60 18.83 12.24 1.54

xR 2 KEL—IVAY U RMETOETRMO L GHAIR).

o | U Wl (%) AT [s] AL ]
HIJEHT [Byte] | HiJE [Byte] duplicate | compress

10 32,313 11,303 34.98 7.83 5.04 1.55

20 303,574 50,541 16.65 9.83 6.82 1.44

30 1,057,234 116,948 11.06 12.59 8.75 1.44

40 2,633,896 214,895 8.16 13.98 11.61 1.20

50 5,292,216 344,064 6.50 15.98 12.69 1.26

60 9,292,216 499,592 5.38 18.92 12.72 1.49

70 14,905,344 685,022 4.60 27.63 15.06 1.83

REFITNEZFMLUZ. ER2FLDEZEDER IR
T BNy MEETIE, KE -V AT VRN,
JEMER IR T 0% &HFE O ERWERVBE SR
o R, By FEBED J; IS dT 2 Ty YOH
BETVELIRDT WS 72, [\ UMHEOHESHE A
WIZENEZOND., TR LREATHEEZIERT %15
Bl S DEMENPREREEZ D, UL, FMHEREHED
BLwWboo, EFEMIZELTIE, 7 — FE 200 2k
DOEETEHICEEANER I N, Kz, 7 — FE200
DRI AT 177 D E#E b X vz,

4.3 XEYT RO EDEE

T, HIRTF -2 E2HWEYIab—Yva ryFEe
EFREOBRIZOWT, 72—V VY IEHFREDOAEY T
TR AMEEL LIZERTE. TIORABEAT U NLU
BEFNEARBUE DEF val_ary, AY > OEF s, i HHD A
EIRU (4, Jiyj) OEEDA VT v 7 A%EKT top.J D
3DOThH5. val_ary HERDOTHS. Hle LT, K5DH
BOFNZH BB OERE L 72 EI2 4725, siFAEY
O EBNT 2 TH D, AV i NINTBE
B, £ topJ BT 7L AL, (4, Jij) DERESKET
%. HIEOHHTRARZZ & 512, (5, J;;) 13M0ELE
val_ary ~NOA VT v I ATRLTVWS., TOHHRIZED
&, val_ary \Z7 78 AT 5. ®EBIZ, top J ALY i D
FHADEDMAE HIZH 2 D OEHRIEWH L 7zfidITh b, Z
D top_J DIEFFMEENE N ZDT 7 A E WIS 5
ZEeNTESL., InEEEX, Kolk—V A< VMED S
VR LIRS A R E U 72 A OFE R 2 K 412, BRI
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EEBRELZGEERSIRT. £, Bvhy MEED
AEYT IR AMBER6IZRT. HIERILREITH % %
DEFHWAEYIaAL—YaryDEHDOT 72 AMEE &Y
BWTF—2E2HAWEYI2V—Ya vyO&EET 7 AEED
SEHLTWS.

Kl — A~ VR, BNy SEEIZERTT —
X DOHIEENE L, FHIZEY top.J ~DT 7 & AEBA
KELHIFETE, YOHHETEBEMVER L. B/h
Jv MEIEIZBE L TIE, 722 ARBUIETR S WizE DD
TARTAEF L E VWO FERIEBONTVRY. Zh o O
s, F—XERIZ &Y top.J DT 7 & AR E YT
X, BELEFERTBZIENTES. LHL, T—XDH|
BRMEWGAETHE T =— ) V7 ETROKESN DT 7+
AEBAHIBE TN, mELOATEEME R H B L\ D
Zebhror.

5. B8bHYIC

ARETIE, F— XHIEIC & 2 ETRMANDOEEIZOWT
BRIz, F—XDOHIBENE N, T=—) v IEFRIC
AEYT 7R AEBDFEY, @mEABELHTES. LrL
B/ANA Y NEBED & 5127 — ZHIRRINENETH A €
)7 7k AEBUIHIR S W T Wi, EdblEHRI NS
BENRD 5.

SHBIZZOMREZEE R, 31X, EMREONEE KRG
TERENDHD. R, TNy MEBEO K S 2Rl O
MEA D E D 7R WRTEIZ U T HHIRERE 5D 5 T2 £ 2
5. 7z, 7=V VI EFROKEFO T 72 AR
DWT & DFMIZHARS Z & T, FITHR & oM % &
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R 3 Ay hHETOETRMO .
Jovm | X sk (7] | 1) B L (1]
HiJgRT [Byte] | HiJE# [Byte] duplicate | compress

10 845 1,604 189.82 5.24 3.90 1.34

20 3,463 5,486 158.42 6.03 5.25 1.15

30 7,852 11,592 147.63 6.68 6.59 1.01

40 13,999 19,649 140.36 7.05 7.41 0.95

50 21,933 30,410 138.65 7.61 8.45 0.90

60 31,623 43,829 138.60 8.31 9.59 0.87

70 43,124 59,046 136.92 9.43 10.47 0.90

80 56,378 76,420 135.55 10.39 11.08 0.94

90 71,406 96,775 135.53 10.73 12.52 0.86

100 88,223 119,356 135.29 11.54 13.16 0.88

200 373,832 463,143 123.89 21.30 12.06 1.77

300 856,797 996,527 116.31 31.23 17.58 1.78

400 1,537,097 1,701,555 110.70 41.13 26.02 1.58

500 2,414,595 2,573,090 106.56 52.33 35.06 1.49

600 3,489,441 3,584,878 102.74 63.16 49.98 1.26

700 4,761,674 4,690,608 98.51 74.10 64.51 1.15

800 6,231,310 5,977,279 95.92 84.71 75.76 1.12

900 7,898,051 7,394,403 93.62 97.84 85.09 1.15

1000 9,762,428 8,948,327 91.66 109.23 96.30 1.13

1100 11,933,982 10,700,290 89.66 117.58 116.73 1.01

£ 4 KEL—IWVAZVEETOT 72 AR (72 FL).
B duplicate _ compress _ WIBER (%]
val_ary S topJ &t val_ary S topJ &l

10 | 35,984,527 | 55,962,529 359,604,036 451,551,092 | 45,976,229 | 46,975,801 | 52,842,814 | 145,794,844 32.29
20 | 38,265,729 | 58,243,731 759,164,076 855,673,536 | 48,251,065 | 48,752,925 | 56,462,379 | 153,466,369 17.94
30 | 39,802,615 | 59,780,617 | 1,158,724,116 | 1,258,307,348 | 49,828,598 | 50,171,902 | 58,899,924 | 158,900,424 12.63
40 | 41,985,956 | 61,963,958 | 1,558,284,156 | 1,662,234,070 | 51,980,158 | 52,248,848 | 58,681,427 | 162,910,433 9.80
50 | 45,272.484 | 65,250,486 | 1,957,844,196 | 2,068,367,166 | 55,282,711 | 55,513,546 | 58,530,723 | 169,326,980 8.19
60 | 50,247,235 | 70,225,237 | 2,357,404,236 | 2,477,876,708 | 60,462,427 | 60,674,737 | 58,776,468 | 179,913,632 7.26
70 | 57,195,960 | 77,173,962 | 2,756,964,276 | 2,891,334,198 | 67,236,160 | 67,443,353 | 58,939,987 | 193,619,500 6.70

DHIMEIZL, X535 EHEbEEBL 0.

BEE R R - IS AT AWSEE OWIE B,
O HEREE, EBEEEBIRIEI U A VN — DB HE
NODZEEELNSRBE#UET. /2, BREXEAI
IR DO RHESBERMA VN —DERIZB HE» S D T
AT L £ 9. ZOMRERIE, ENIFERRIE AR T %
IV — - FEERATR G AR (NEDO) ZREEBOFEHE,
BohzbDThs. £72, NEDOD TV 2 &R
W7z72<, NEC O ZTHYDHRIZE#HL £ 9.
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x5 KEk—IATYHETOT 71 AEE (A,
P, duplicate _ compress _ Wl %)
val_ary s topJ EEi val_ary s topJ Eri
10 | 35,984,544 | 55,962,546 359,604,036 451,551,126 | 45,975,829 | 46,975,681 | 52,842,814 | 145,794,324 32.29
20 | 38,265,549 | 58,243,551 759,164,076 855,673,176 | 48,251,416 | 48,755,159 | 56,412,828 | 153,419,403 17.93
30 | 39,803,279 | 59,781,281 | 1,158,724,116 | 1,258,308,676 | 49,828,865 | 50,172,151 | 57,593,008 | 157,594,024 12.52
40 | 41,985,749 | 61,963,751 | 1,558,284,156 | 1,662,233,656 | 51,979,148 | 52,247,728 | 58,180,198 | 162,407,074 9.77
50 | 45,273.210 | 65,251,212 | 1,957,844,196 | 2,068,368,618 | 55,283,312 | 55,514,223 | 58,530,723 | 169,328,258 8.19
60 | 50,248,220 | 70,226,222 | 2,357,404,236 | 2,477,878,678 | 60,463,153 | 60,675,802 | 58,765,234 | 179,904,189 7.26
70 | 57,194,810 | 77,172,812 | 2,756,964,276 | 2,891,331,898 | 67,236,638 | 67,443,951 | 58,933,926 | 193,614,515 6.70
K6 m/Nhy FEETOT & A EE.
R duplicate _ compress | ik
val_ary ] topJ ait val_ary s topJ At
10| 44950299 | 64,928,301 80,901,000 | 199,779,609 | 54,952,884 | 59,933,970 | 26,964,514 | 141,851,368 71.00
20 94,577,970 | 114,555,972 189,791,019 398,924,961 | 104,906,976 | 109,869,030 28,967,671 243,743,677 61.10
30 | 144,520,310 | 164,498,312 289,681,029 598,699,651 | 155,154,560 | 160,080,410 40,619,292 355,854,262 59.44
40 193,813,360 213,791,362 389,571,039 797,175,761 205,046,362 210,038,594 48,699,405 463,784,361 58.18.
50 245,420,464 265,398,466 489,461,049 | 1,000,279,979 253,741,243 258,715,905 57,137,650 569,594,798 56.94
60 295,327,625 315,305,627 589,351,059 | 1,199,984,311 303,554,182 308,552,783 54,262,466 666,369,431 55.53
70 | 344,623,540 | 364,601,542 | 689,241,060 | 1,398.466,151 | 354,593,006 | 359,602,227 | 59,649,531 | 773,844,854 55.34
80 | 394,603,006 | 414,581,908 | 789,131,079 | 1,598,316,893 | 404,248,646 | 409,216,969 | 65,796,851 | 879,262,466 55.01
90 | 444,837,839 | 464,815,841 889,021,089 | 1,798,674,769 | 454,753,005 | 459,751,932 61,813,859 976,318,796 54.28
100 495,110,867 515,088,869 988,911,099 | 1,999,110,835 504,193,154 509,178,398 57,623,591 1,070,995,143 53.57
200 994,894,722 | 1,014,872,724 | 1,987,811,199 | 3,997,578,645 705,500,774 711,293,292 134,978,774 | 1,551,772,840 38.82
300 | 1,492,702,061 | 1,512,680,063 | 2,986,711,299 | 5,992,093,423 | 1,064,096,533 | 1,072,484,391 316,037,710 | 2,452,618,634 40.93
400 | 1,992,869,951 | 2,012,847,953 | 3,985,611,399 | 7,991,329,303 | 1,579,172,803 | 1,586,739,160 581,414,92, | 3,747,326,891 46.89
500 | 2,491,504.947 | 2,511,572,049 | 4,984,511.499 | 9,987,679,305 | 2,001,046,858 | 2,008,019,143 | 909,528,627 | 4,918,504,628 149.25
600 | 2,992,031,761 | 3,012,009,763 | 5,983,411,599 | 11,987,453,123 | 2,490,006,779 | 2,496,448,058 | 1,315,866,265 | 6,302,321,102 52.57
700 | 3,491,480,279 | 3,511,458,281 | 6,982,311,699 | 13,985,250,259 | 2,939,129,850 | 2,945,246,704 | 1,835,762,768 | 7,720,139,322 55.20
800 | 3,990,629,011 | 4,010,607,013 | 7,981,211,799 | 15,982,447,823 | 3,339,487,257 | 3,345,291,356 | 2,306,920,411 | 8,991,699,024 56.26
900 | 4,490,014,582 | 4,509,992,584 | 8,980,111,899 | 17,980,119,065 | 3,735,195,370 | 3,740,821,059 | 2,793,475,982 | 10,269,492,411 57.12
1000 | 4,988,780,083 | 5,008,758,085 | 9,979,011,999 | 19,976,550,167 | 3,964,910,428 | 3,970,052,989 | 3,306,202,631 | 11,241,166,048 56.27
1100 | 5,489,646,318 | 5,509,624,320 | 10,977,912,000 | 21,977,182,737 | 4,549,780,486 | 4,554,860,049 | 3,812,680,164 | 12,917,320,699 58.78
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