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Ab Initio Fragment Molecular Orbital Study of Molecular Interactions between
Liganded Retinoid X Receptor and Its Coactivator; Part Il: Influence of Mutations in
Transcriptional Activation Function 2 Activating Domain Core on the Molecular
Interactions T
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Abstract

The ab initio fragment molecular orbital (FMQ) calculations were performed for retinoid X receptor (RXR) complexes with its ligand
9-cis retinoic acid (9cRA) and steroid receptor coactivator-1 (SRC1) to examine the influence of mutations in transcriptional
activation function 2 activating domain core (AF2C) of RXR on molecular interactions between 9cRA liganded RXR and SRC1
coactivator. The RXR-SRC1 interactions in three types of RXR-9cRA-SRC1 complexes, namely, a wild type (WT), a mutant whose
Glu453 of AF2C was substituted by Lys (E453K), and another mutant whose Glu456 of AF2C was substituted by Lys (E456K), were
compared. Through the comparison of WT, E453K, and E456K, possible causes for a marked decrease in the transcriptional activity
of RXR by the mutation of Glu453, which is known as a highly conserved charged residue of AFZC, were discussed. It was
guantitatively demonstrated that the strength of the RXR-SRC1 interaction correlates with the degree of the transcriptional
activation (WT > E456K > E453K). In E453K, the RXR-SRC1 interaction was substantially reduced by the AF2C-SRC1 repulsive
interaction, and the charge transfer (CT) from RXR to SRC1 was also inhibited by the decreased electron donation from AF2C to
SRCT1. Our findings suggest that the inhibitions of the local RKR-SRC1 interaction via AF2C and of the local CT from RXR to SRC1
via AF2C would be the possible causes for the marked decrease in the transcriptional activity of RXR.
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ABSTRACT

The spike protein of SARS-CoV-2 is a challenging target for theoretical approaches. Here we report a benchmark calculation of
the spike protein droplet model by the fragment molecular orbital (FMO) at the second-order Meoller-Plesset perturbation (MP2)
level on the supercomputer Fugaku. One hundred structure samples from molecular dynamics (MD) simulations were used for
both the closed and open forms of this protein (PDB IDs 6XLU and 6XMO respectively). The number of total fragments is about
20,000, and the job time per structure was about 2h on 8 racks of Fugaku.
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6XLU 6XM0
&SR (B pnt. chg. w/0 1on pnt. chg. w/0 ion
average st.dev. average st.dev. average st.dev. average st dev.

Monomer HF 3561.1 736.2 5075.2 903.0 3481.1 694.8 3569.2 643.7

Monomer MP2 15.7 0.3 22.4 1.1 15.7 0.4 16.2 0.2
Monomer (Total) 3670.9 736.2 5164.7 904.5 3595.0 694.9 3626.5 643.7
Dimer-ES 282.1 15.8 663.5 5.9 292.5 14.4 663.6 6.1
Dimer HF 824.1 47.4 1596.6 145.3 855.5 61.7 919.0 63.0
Dimer MP2 350.4 29.8 416.3 44.6 343.7 46.4 358.6 46.0

Dimer (Total) 2971.7 46.6 4174.5 152.4 3074.7 55.1 3365.9 79.4
FMO (Total) 6642.6 739.3 9339.2 959.3 6669.7 708.4 6992.4 641.1
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Chain pair a\lz\f/:[;%ge st. dev h:zezr(f;) st. dev. (Trials)
Li(I) ion (85/101)
A-B -1626.9 230.0 -1599.9 230.5
A-C -1981.8 276.9 -1954.4 276.9
B-C -1975.1 185.9 -1947.0 185.7
pnt. chg. (101/101)
A-B -1636.1 221.8 -1608.9 222.3
A-C -1972.3 264.0 -1945.2 264.0
B-C -1952.4 207.8 -1924.3 207.6
w/0 ion (96/101)
A-B -1829.3 180.7 -1802.2 180.6
A-C -2032.7 246.8 -2005.6 246.8 é@;%%gfgb\
B-C -2029.3 190.4 -2001.2 190.0 (4%1-6XLU)
6XMO0O pnt. chg. (100/101)
A-B -1583.3 140.3 -1558.0 139.8
A-C -1829.5 2133 -1804.6 212.9
B-C -1438.0 166.6 -1415.9 166.3
w/0 ion (99/101)
A-B -1676.5 147.0 -1651.2 146.3
A-C -1892.0 213.5 -1867.1 213.0
B-C -1462.3 169.4 -1440.3 169.1 18
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We performed statistical interaction analysis using fragment molecular orbital
calculations on the droplet models of complexes formed between 2 popular
mosquito repellents (N,N-Diethyl-3-methylbenzamide (DEET) and icaridin) and
the target odorant binding protein of Anopheles gambiae (AgamOBP1). These
structure sets were generated by molecular dynamics simulations, taking into
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FMO-based interaction analysis was performed for two popular
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Fig. 3 Overlay of representative structures of BSA with (light green) and
without (light blue) uranyl(w). The side chains of the uranyl-interacting
residues are highlighted as sticks, while the secondary structures of the
protein are shown as ribbons.

[(ZEMELE]

Table 1 Inter-fragment interaction energy (IFIE) between uranyliw) and
major residues in its vicinity as obtained by FMO calculations at the MP; 5
level as well as associated inter-fragment distances. Mean values from 100

structures as well as standard deviations are shown

Distance [A)

IFIE (keal mol™?)

Mean 5.d. Mean s,
Leu*™ 8.79 0.73 —9.6 1.4
The™ 7.82 0.50 —10.8 2.1
Ala™® 7.65 0.29 —-10.2 1.7
Asp™’ 2.19 0.04 —350.1 9.9
Phe®'® 2.79 0.19 —26.0 13.2
Asp™? 2.20 0.05 —327.3 12.9
Asp™ 2.24 0.06 —350.3 25.0
val*™ 3.26 0.49 +4.8 8.6
Asn®Y 3.61 0.77 —8.6 42.0
Phe™* 3.29 0.53 —6.5 1.7
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Prediction of quantitative interaction energy from low-cost 1295 Total downloads
FMO calculation by machine learning

Hideo Doi, Ryohei Yoshine, Sota Matsuoka, Koji Okuwaki and Yuji Mochizuki ‘”@
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Abstract 1. Introduction

In our previous report [H. Doi et al., JAP 62, 070901 {2023)], we presented a machine learning-based 2. List of descriptors
approach to reduce the overall cost of fragment molecular orbital (FMO) calculations from which the 3. Test scheme
effective interaction parameters for dissipative particle dynamics are derived. The corresponding 4. Results and discussion
protocol has been used in several applications, but in some cases a loss of accuracy has been observed. 5. Conclusions

To address this issue, the additional descriptor based on the low-cost FMO calculation has been Acknowledgments

introduced and successfully applied to the nitrobenzene-hexane system. Its improved applicability has References

also been tested for inter-residue interactions of Chignolin.
4 Back to top
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Structural parameter Ref,; H. Doi et al., Jpn. J. Appl. Phys. 62 (2023) 070901.
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In large biomolecular systems such as protein complexes, there are huge numbers of combinations of References

inter-residue interactions whose comprehensive analyses are often beyond the intuitive processing by
researchers. Here we propose a computational method to allow for a systematic analysis of these
interactions based on the fragment molecular orbital calculations, in which the inter-fragment
interaction energies are comprehensively processed by the singular value decomposition. For a trimer

complex of SARS-CoV-2 spike protein, three-body interactions among residues belonging to three

chains are analyzed to elicit a small number of essential interaction modes or networks crucial for the 4 Back to top
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ReadGeom="'adamantane.pdb’
eri_type=0 ! Obara
I eri_type=1 ! Obara-general
I eri_type=2 ! HGP-general
I eri_type=3 ! Obara-vector
I memory=4000
/
&SCF
Imaxscfcyc=10
/
&BASIS
BasisSet="'6-31G*'
I BasisSet='6-31G'
I BasisSet="cc-pVDZ*'
/
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Ref.; €8 5, J. Comp. Chem. Jpn. 23 (2024) 4.
| S=77UDOFa1—=2% (NVIDIARLHER K)

O 9  ABINIT-MPOBEDENE/MERIL., NE-#EDVRREDIL—F U FBERRIC
— Jtld{x, y, z, w}={s, p, A}EEDEAEHLEMosub_xyzw(E817E%E (BENLER)
O BED sub_xyzw /3Ny FIELT. GPU D Z A FIEZEERT S
— LTOERAMBHMIZEHZ/\yF T NIXO WD IF TN
- sub_ssss: E.Jrﬁillﬁh\“ﬁ"ﬁ — AL H B DL, FDH A XIT /NS
(LYRAFER=Z:4): T—2U5IHEAFL (IJKL_ex B KRED)
- sub_dddd: StEFIEAEH . 2O —BEIINAVET, ZOHAXIEKREN
(LORAERE: %) T—2E5IHEAEL (TJKL_ex AV/NELY)

— FTERFMHOEVNEDEFEDS(FEEDHZE) . OpenACCIHERXDIFEA
— Fock{THI~DMES . INYFIIESIL—F O OREBTEE (AEYT7HOEIXEHIR)
\ @ - 817X 2658 I B L THIR
s3p1 o s3d1 - B GPU LD E
\ \ \ - “S3d1"E(F4BYEESD
o I [ ] - “s1d3”. “p3d1”. "p2d2" &L R4
ERENZ LORIRE L FKE
ﬁj @ - “p1d3”.“d4” I% CPU E4T

_ -oon i £



| Phe-Trp&Trp TOS=F T DT A (HF)
B K Wisteria-Aquarius%{&

T RO THEERT(flat MPI) .
export NNODES=1 N ¢ °: P

S P
export NGPUS=1 5 @9 2 .
J 9

export NPROCS=8

- Trp-Phe®T Xk
6-31G (#0rb = 289, #SCF = 17) ; 279s /4.3 s — Acc = 6.5
6-31G* (#0rb = 451, #SCF = 18) ; 69.4s/ 10.8 s — Acc = 6.4
cc-pVDZ (#0rb = 520, #SCF =19) ; 179.0s/ 21.8 s — Acc = 8.2
6-311G** (#Orb = 651, #SCF = 21) ; 257.4s/ 37.7 s — Acc = 6.8

- TrpDTAK
6-31G (#0rb = 159, #SCF =17) ; 8.4s/1.8s — Acc = 4.7
6-31G* (#0rb = 249, #SCF = 18) ; 21.9s /3.6 s - Acc = 6.1
cc-pVDZ (#0rb = 285, #SCF =17) ; 51.4s /6.2 s — Acc = 8.3
6-311G** (#0rb = 357, #SCF = 21) ; 76.4s/ 10.5s — Acc = 7.3

- GPUIETIMERE | EL TOMIET ") &M

2026/6/11
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| ABINIT-MPAEDGPUREDR—R TS5

2026/6/11

BODD%E
Type Unique quartet
[s4] (ss|ss)
[s3p1] (ss[sp)
[s3d1] (ss|sd)
[s2p2] (sslpp), (splsp)
[s2pldl] (ss|pd), (spjsd)
[s2d2] (ss|dd), (sd|sd)
[s1p3] (spipp)
[sIp2d1]  (splpd), (sdlpp)
[slpld2]  (sp|dd), (sd|pd)
[s1d3] (sd|dd)
[p4] (ppipp)
[p3dl] (ppipd)
[p2d2] (ppldd), (pdlpd)
[p1d3] (pd|dd)
[d4] (dd|dd)
Count 21

W—TDRryF
do scc-iteration

do 1,nf <MPI>

do scf-iteration
do one-mt-loop
do eri-loop with GPU
do eri-loop (dddp,dddd)
enddo
enddo

<mp?2 processing>

do dimer-loop <M P[>
do scf-iteration
do one-mt-loop
do eri-loop with GPU
do eri-loop (dddp,dddd)
enddo
enddo

<mp2 processing> 48




[$R=2])

| 2BEFHES DGPUTOHE

SeuE (4017840
do I BIALEE < 81 AEAADIIRI 5 IR >
do ] 11K, LEf;aaaIE DS IIB(IIEFRA BT A
(~#2100)
do K N B
do L do ijkl(1E1t) @&EIN-T%£H~10000
dop
dop do
do g p,q, 1, SHRHIIE 9 o os=wncPuRmsaEE
dor (&%~10) dor
do s do s
JL—TEHIECGPUDILF HEZOHERL #aBRS 1)L —&EL JILIBB OIS
FOCK%T%l
Fuv= Huv + Zi,/’l,a CAL'CO'L' {Z(MVU[O') - ([J,/”VO')}
2EFHS

1
(wlio) = j dry f Aray (r) b, () = dar)do (r2)

2026/6/11 49



[$R=2]

| FMO-HFDGPU{E D= D IIL—TIBE D EIEEL

GPU{t, OpenACCIC&3GPU1L

do SCC-iteration
do monomer-Loop
set index table for GPU
sort angluar momentum type ERI
I$acc data copyin(nsh2atm, nto2shl,fmt_table,dkps,apps, pps,workbuf)

do SCF-ieration
I$acc data copyin(dc) copy(fc)

| subroutine gpu_pppp

q I$acc parallel num_workers(2) vector length(16)
. I$acc loop gang worker

do n4 =1,n_pppp_size<MPI>

ish = nslist(1,nd)
] jsh = nslist(2,n4)
=] || ksh = nslist(3,ni) JKLBES = L— PEIELL
1|1 1sh = nslist(d,nd) L — 7 AGPUTEE

2026/6/11 50



[$R=2]

| FMO-HFDGPUL D= DIL—TIEEDEIEE2

GPU{t 7—%%mx

do SCC-iteration
do monomer-Loop
set index table for GPU
sort angluar momentum type ERI

1$acc data copyin(nsh2atm,nto2shl,fmt_table,apps,workbuf)

do SCF-ieration
1$acc data copyin(dc) copy(fc)

&E/<v—DOSCFEt&E mHIIC
GPUHRIndexB27!.

B 1EZERCS % CPU- > GPU#Rix

SCFRTELT 2BTFEE. FOCKITI DERE

) e o

1 e

) e

) e

1 subroutine gpu_pppp

d !$acc loop gang worker
do n_pppp !'on GPU

Q I$acc parallel num_workers(2) vector length(16)

= list()
o T ot SCCIXERIL—T,
do J'qk T/ 2 —UFRIL—
B "o 1s 7 — RERED NE
L calc ERI

2026/6/11

T/T—IL—=-7,
7ATOREL
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| FMO-HF®DGPU{E M Al 5E i

AERR (

[$R=2])

202656 HEETOEER(ZIVY

Chignolin/6-31G/HF@wisteria)

-
routine GPU CPU(Sore fl:ggﬁ(zse): =
set_nshatable : x101.32'2 EOpUBES
direct_scf_gmat v 2209.0 === 21.8 -0, XMEtET + FOCKAERL
monomer_esp_ele v 115.0 1.2 EB/X-IREFEFHERT>IvIL 3HFD)
dimer_esp_ele v 32.2 0.4 AAN-IRBEFEARTOIVIL (3HIL)
dimer_es Vv 72.5 0.4 FA < —ESUTA
monomer_esp_ptc 3.0 3.0
dimer_oneint 10.1 9.8 1EFED
others 13.6 10.0
Totall 2455.3 wmmp 48.9

x50.2

2026/6/11
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| MP2OGPUILDBE R

R4 (MP2)

1 subroutine mp2 drive(nbo, nmo, nfzc, ndoc, coef, enemo, ixncs, ...

inc luded
2

IKRIUE Tiling 5%5t
GPUXEUZETFILDD batched GEMM (CEeoHD

3
4
5

6
1

8

cuBLAS StridedBatched
NVIDIAGE{ L h—RIIz @ (SER

9
10
n
12
13

14

XIHRIEDFIA
ij_pair = j(j-1)/2+i TXEY - BEE=%ZFR

15
16
17
18

19

‘mRAII-Z2)
SIWRTASTYIACEBRI =2

20
21

22
23

occ  vir

(o)

Enpr = Z Z (ia]5b) [2(ialjb) —

Ei T €Ej —Eq — Ep

2026/6/11

[$R=2])

! —- Frozen virtual screening (dynamic, threshold-based) ——-

if (chk _frozen virtual) nfzv = count(enemo > thrfzv)

Cocc(nbo, ndoc) = coef(:, nfzc+l : nfzctndoc) ! correlated occupied MOs
Cvir(nbo, nvac) = coef(:, nfzctndoctl : nmo-nfzv) / active virtual M0s

! —— GPU memory: G abijl persists across all panels —
I$acc enter data create(G abij1(nvac, nvac, ndocx(ndoct1)/2)) ! ij symmetry

do k1 =1, ixncs, kb ! outer shell panel (r-index)
do 11 =1, ixncs, b !/ inner shell panel (s-index, screened by swz)
suberi_mp2_gpu2(gpars, ...) / compute (pq/rs) on GPU; packed AO integrals
! Step 1: packed—dense + AO—>occ MO [cuBLAS StridedBatched GEMM]
BUF_PQ(nbo, nbo, IBR*IBS) = unpack(gpars) !/ exploit (pa/rs)=(ap/rs)
T_pi (nbo, ndoc, IBR, IBS) = DGEMM_batched(BUF_PQ, Cocc) / stride=0 for Cocc
! Step 2: occ—>vir MO [cuBLAS StridedBatched GEMM, Cvir’T]
U_ai (nvac, ndoc, IBR, IBS) = DGEMM batched(Cvir™T, T pi)
! Step 3: contract s-panel into V. aij [cuBLAS, B3 zero-screened]
V_aij(nvac, ndoc, ndoc, IBR) += DGEMM batched(reshape(U_ai), screen(Cocc))
end do / /7
! Step 4: contract r-panel into G abij1 [OpenACC parallel, i<j]
I$acc parallel G.abiji(b,a,ij) += dot(V_aij(a,i,j,:), Cvir(:,b)) [ atomic
end do / k7

! Step 5: MP2 energy summation [OpenACC parallel, i<j symmetry]
1$acc parallel E_MP2 += 2T-K)-T / (e_ite_j-&_a-&_b) ! T=direct, K=exch

24 end subroutine

)~ CuiCuaCrjCoplpv|Ao)
i AT

) ! ERI shell-pair index tables
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€59
| FMO-MP2® GPU1E 0 Bl 5E fil#1

202656 ABETHDEERA(IVY

BITEFESR (TrpCage/6-31G/MP2@SQUID)

250.0
R1T%H4 (MPI/OpenMP)
CPU:8MPI/80penMP
204.8
200.0 x1.3 +1GPU:1MPI/80penMP
+2GPU:2MPI/80penMP
160.6 +4GPU:4MPI/80penMP
X 1500 +8GPU:8MPI/80penMP
& X2.6
e 100.0
x5.1
x8.1
50.0 40.3
. 252
0.0 -
CPU +1GPU +2GPU +4GPU +8GPU

m Monomer SCF mMonomer MP2 mDimer ES mDimer SCF mDimer MP2 m Other
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| FMO-MP2® GPU1E 0 BlI5E fil#2

AIEFEER (TrpCage/6-31G/MP2@wisteria)

300.0

250.0

200.0

150.0

STERME ()

100.0

50.0

0.0

2026/6/11

[$R=2])

202656 ABETHDEERA(IVY

RT%H4 (MPI/OpenMP)
2439 CPU:10MP1/7OpenMP
+1GPU:2MPI/80penMP
+2GPU:4MPI/80penMP
+4GPU:8MPI/80penMP
x2.1
118.7
X3.9
629 X75 ZMPIthZ=1GPU
g —
07 OpenMP#%=8
B vpsiEA
CPU +1GPU +2GPU +4GPU
m Monomer SCF  mMonomer MP2 mDimer ES mDimer SCF  mDimer MP2 mOther

55




(552)
| FMO-MP20)GPU1E @ I5E Hil#3

202656 ABETHDEERA(IVY

BITEREE (Crambin/6-31G/MP2@SQUID)

552.5 R17%#4 (MPI/OpenMP)

500.0 CPU:8MPI/80penMP
+1GPU:1MPI/80penMP
400.0 +2GPU:2MPI/80penMP
= x1.9 +4GPU:4MPI/80penMP
< +8GPU:8MPI/80penMP
1300.0 287.3 P
-|E-|j:[7
& xX3.7
"200.0 1483
: x7.5
100.0 741
—

+1GPU +2GPU +4GPU +8GPU

m Monomer SCF mMonomer MP2 m D|mer$E7S m Dimer SCF  mDimer MP2 m Other
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| FMO-HFEtH D GPUMEEREDE

2026/6/11

[ %)

i @ Miyabi—G#1

202656 AEETHOHEERA(ZIVY

IREKDGPUIL—TDRSATELITRLS

900.0
800.0
700.0
600.0

= 500.0

Y

5 400.0
300.0
200.0
100.0

0.0

——Gly5
—- Ala9Gly
Chignolin
Trp-Cage
—— 3 -
0 2 4 6 8 10 12 14 16

#Node

-Trp-Cage TH8/—R THlZE (L EaF0
-HIV-PTHZ3E 6 (16 /—FE#ET64ETIEI R —IL)

18
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[chE7]
FMO-HFETE DO GPUMIEERED 51{fi @ Miyabi—G#2

202656 ABETHDEERA(IVY

FMO-HF/6-31GEtE D % /—KF TMHE{TT AL / HIV-protease

2500
—&— Total
2000 —@— Monomer SCC
—&— Dimer-ES
O 1500 —&— Dimer SCF
o
=
= 1000
500
-
= e - T.
0 ®
0 200 250 300
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General Ref.; T. B. Pedersen et al., Theor. Chem. Acc. 124 (2009) 1.

REELL: ToYVILREDIER

Coulomb matrix (J)

Jpqg =0
Loop over / # Parallelized

QI - z LI,TSPTS # DDOT
s

Joq = Jpq + LipqQr #DAXPY
End of loop over /
ALLREDUCE (J,)

Exchange matrix (K)

Kpqg =0

Loop over / # Parallelized
XI,Qi == z LI,QSCSi # DGEMM
S

~

K

End of loop over /
ALLREDUCE (K,,)

2026/6/11

pq = Kpq + ZXI,piXI,qi # DGEMM
i

MP?2 correlation energy (E 1VIPZ)
Loop over / # Parallelized

X pi = z Ly prCri #DGEMM
r

Biiqa = Z X14iCqa #DGEMM
q
End of loop over /
EMP2 _

Loop over ij # Canonical ij pair
(ialjb) = Z B;iaB;jp # DGEMM (partial sum of 1)
I
ALLREDUCE (iaq,jb)

gMP2 _ pMp2 , (2= 8y)[2(aljb) — (iblja)](ialjb)
E — & T & —&p

End of loop over ij

(pq | VS) ~ ZLI,pqLI,rS
1

- RGEUT &iE b £ EZ A& 2 i
- EREEIEEREIE, SEFHE+1
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| FMO-XTOHF

B GPUSHIED7# (FockiTHI4ERDGPU1L)
¢ 2EFEHDEEICIL, /NEBIZKBVertical Recurrence Relation (VRR)Z{E 1]
¢ THFEDEFTECE. cuBLASDGEMMZ(EF

B GPU(C&BFockiTHI 4B O#HHL -1

get aux basis number

set_aux basis

I$acc parallel

Calculate Apy = (P|Q) # VRR (2FR1[»)

I$acc end parallel

Cholesuky decomposition A = LLT # CPU

Inverse factorization Z = (LT)™! # CPU

I$acc parallel

Calculate (pq|P) # VRR (3FI[»)

I$acc end parallel

Joq = Yp BE. Y BED, s # cuBLASDGEMM (/—RA VBN EHE)
Kpq ~ Xip Bb; BE # cuBLASDGEMM (X HRIEDEHH)
F=H+2]-K

2026/6/11

[P %)
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[ %)

FMO-X®T A ~ll#

m IVN\MIATY3Y ¢ -gpu=mem:unified:nomanagedalloc
(GH200D1ZJ71 k- XEUDERZEE)

BANYFN-T%  POINIIIF

©
‘ 1CPU (72237) 1CPU (1a7)
TEAE JRFENBEL
) +1GPU (%)
HF /cc-pVDZ 230 2.6 20.3
HF /cc-pVTZ 590 2203.7 383.7

TAINIT Y

cc-pVDZIEAMAI DENEZ2 D I L DR EMA L EERE K THh D, Xz, cc-pVTZ
[FAEIDENEZE 3 28D IREEZE A EIERETHSD, cc-pVDZ&YUEcc-pVTZ
DANEGTERENR,

B HF/cc-pVTZETEDHZE. 1GPU (117 +1GPU) ZERTBIEICKY
1CPU (7207) DO5.7E0ER{ILHEONT,

2026/6/11
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(%)
| FMO-X®DT RXll#2

B STEJTEEL FMO-MP2/cc-pVDZ, fBNEER#ICIE. cc-pVDZ-RIFITZER,
B IV T BRIRIBFRENT Y VVILDEIEHKEL (55%),

m FMOETEDGlyDE®R1b($1.41F TH o7z, -
%1 Miyabi-GIZ&2Gly DEHE BERS

FEFBEIL—F STEERE () (R

1CPU(72cores) " 1CPU(1core)+1GPU

T /< —SCF 217.3 111.2 (1.6) * Gly.

£/ <v—MP2 0.8 2.1 (JVIY5E1K)

T/ v—4E 218.2 113.3 1.9

24 < —ES 0.0 0.0

44 < —SCF 44.5 75.5 (41.2)*

24 <—MP?2 11.7 5.2

A < —&5t 56.3 87.0 0.6

FMOETEAS 274.5 2003 1.4

T ABINIT-MP Ver.2 Rev.81Z & % S+ E RS
T hy ORIZBIESRHSRT V> v ILOSTERR
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(2]
| FMO-XDTAMFl#3

B ;THE A FMO-MP2/cc-pVDZ, #BNEEREICIE. cc-pVDZ-RIFITZ{E,
B IV T BIRIBFRENT Y VVILDEIEHKEL (78%),
B FMOETE DAla GlyD = &E b (31.9{&E Th o1,

2 Miyabi-GIC KB Ala GlyDEtE FRrfH]

c ERE () (R
1CPU(72cores) T 1CPU(1core)+1GPU
£/ <—SCF 2011.5 654.5 (10.7)*
:E/v—wfz 2.3 5.8 AlaGly
T/ v —54%5t 2014.0 660.3 3.1 (75970
24 < —ES 0.4 13.9
24 ~—SCF 671.3 733.9 (570.4)*
24 < —MP2 89.2 28.2
24 < —&5t 760.9 812.6 0.9
FMOETEAE 2775.6 14729 1.9

T ABINIT-MP Ver.2 Rev.81Z & % s+ E I
THy ORNFRESHERT V> vIILOSTERH

2uzo/oi11
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- Z2SRBROFL

(HERIXIhHOERELE)
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| BRRLZBERDEL

EREROHFL (Fe/A 2Lz E)

W FREE
« UHFEUMP2D TR JLF—IEFMO3L AL TEREF: UHFTIEIRIILF—Mo L a e
- AEVEROEBNOEROGAFINETESYE, HISBEBEBAAUEELR
- AEVE S D EROHFEZELEE : FMO2/3£ZBFMOD L VE2025F E R (ZE
- BT O EFRMP2E2026F EITEE; UMP2OBES ERES1—LERF

B 2SHREE
- CASSCFMWNE —E R ; 148E/14EFRIEFEFTEEE (B{EXRIT)
- EEDOREICHLTREFLDOBED ECSFRA— XD M F|{ECASCIT U AR K
- CASSCFD &/ B =1L [ZSuper-CITTAORIAEL TR T ; 2026 FEICAEEFE
- FAREME [INEVPT2 CRB O EEE T CASCITY U (34 E E T Ot EETRISH

E& = HEO™ + 5, (P2 (uv|od) — PR (udlov)}

B _ ycC a+p B |
Fp = Hy™ + (P, (uvlod) — P (udlov)} {MP2, MP3}
' {CIS(D), GF2}
closed open virtual {ROHF, RMP2}
{CASSCF, NEVPT2}

closed A F+B FP FP (F+FP)2

open FP A, F*+B, FP F“

virtual (F*+F™)/2 F* A FB, FP

ROHFDEE I RIILF—(LRERBIKFE(EIRILF—IEIFE)
2026/6/11



| ROHFOTRMEHE

o ROHF/G -31G*EICKSHABRRAFDT AL
— BEARZRZTENTHLEBZZET A (MOON)

2026/6/11

- SCF St E D YR E HNEIZIXDIISEHE
- SEE{%#Z(% Roothaan Z4Z2# T H

w22 FDOROHF/6-31G*N > Fv— 751 E

BETFIRRE T Total Energy
(hartree)

Doublet CH; 7 -39.5547230051
Ti(lll) - hexa waters 10 -1303.6732618476

Triplet CH, 8 -38.9153556302
Ni(ll) + (NH3),s 14 -1843.4854137239

Quartet N 7 -54.38231125561
HCNH 12 -93.3000580389

Quintet HCCH,CH 10 -115.7192512076

Sextet HCNCH 14 -131.0492682698
Fe(lll) 8 -1260.4466395961

[ %)
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K. R. Glaesemann et al., J. Phys. Chem. A 114 (2010) 8772.

| ROHFOE#{LFZHFEYRIZHTY

8772 J. Phys. Chem. A 2010, 114, 8772-8777

ST RILE—FFEL, IRRIEE?! o
- iﬂﬁl*) L#—&E}HE ( j:% AT Efd: %) On the Ordering of Orbital Energies in High-Spin ROHF

- st i ided
. *E Fag E‘l‘ﬁ—c ;E %E W %yxl, 0) iE |:|A [j: g 51_-\%: Kurt R. Glaesemann** and Michael W. Schmidt
A= William R. Wiley Environmental and Molecular Science Laboratory, Pacific Northwest National Laboratory,
y M _J' Ly MS K8-83, P.O. Box 999, Richland, Washington 99352, and Department of Chemistry and Ames Laboratory
| XY > *R b , 8 A g s P! of ry Ty
- 7 J t J '\—CJE A ﬁb USDOE, lowa State University, Ames, lowa 50011

‘IJlCﬂ BCC AGG Bﬂﬂ Ai,‘ (5 BEJ‘L‘

Guest and Saunders /2 1/2 1/2 1/2 1/2 1/2
O Roothaan single matrix -1/2 3/2 1/2 1/2 3/2 -1/2
Davidson /2 1/2 1 0 1 0
Binkley, Pople, and Dobosh /2 1/2 1 0 0 1
McWeeny and Diercksen /3 2/3 1/3 1/3 2/3 1/3
Faegri and Manne /2 1/2 1 0 1/2 1/2
GAMESS GVB program /2 1/2 1/2 0 1/2 1/2
Plakhutin, Gorelik, and Breslavskaya 0 1 1 0 1 0
Pure Alpha 1 0 1 0 1 0
Pure Beta 0 1 0 1 0 1
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P.J. Knowles et al., Chem. Phys. Lett. 186 (1991) 130.

| ROHFECIE SR OUHFRYZRMP2E

2026/6/11

- ROHFDENEZUHFRAIZaRE Y DEEELRE Y DEEIZHE

- FockfTHIZBEL TR AL ; aZ=RIE"D+S” & "V . BZEME"D"” & "S+V”
- BIEIRILX—FFDabPDNETEEHE DLty MIERiE

s AEVBLEORIREIFEL ., KEIEFFEMHEE0K

J—)T7VDEBIIFKIL. 1EFMEDFELEEE

- GAUSSIAN16IZ3E &
RN D/ T, EEEFZRBOEFEICLEE  (GAUSSIANIEZM.D.)
- ABINIT-MPIZ[Z i 5{EUHF/UMP2EY 2 — LA HY . REERFIZITFIA T

FB

“D_'_S”

“S+V”




K. Tanaka et al., Theor. Chem. Acc. 117 (2007) 397.

| CASCI(Full CDITY S U#
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EEGULAR ARTICLE

A graphical symmetric group approach for a spin adapted full
configuration interaction: partitioning of a configuration graph
into sets of closed-shell and open-shell graphs

Kivoshi Tanaka - Yuji Mochizuki -
Takeshi Ishikawa - Hidemi Terashima -
Hiroaki Tokiwa

- AEVEE DOCSFRE

- THXERAKLYI NI THE

- MPIN—X D it 511k

Received: 6 July 2006 / Accepted: 3 August 2006/ Published online: 6 October 2006

@ Springer-Verlag 20046

Abstract  We developed a spin adapted full configu-
ration interaction (FCI) method which was expected to
be effective for parallel processing. The graphical sym-

metric group approach (GSGA) was employed, where
a configuration graph was partitioned into several sets

of closed-shell and open-shell graphs._The configura-
tion state functions (CSFs) bearing the same number

of closed-shells and open-shells were assembled in a

configuration group. The graphical approach provided

a number to identify each CSF in a sequential order
within the group. Combination of this partitioning and

K. Tanaka (&) - Y. Mochizuki - T. Ishikawa - H. Tokiwa
CREST Project, Japan Science and Technology Asency, 4-1-8,

an intermediate configuration-driven algorithm 1n cal-
culating the so-called o vectors allowed us to use sym-
bolic coupling constants. Furthermore, this combination
made it easy to implement an efficient algorithm suitable
to task-distributed parallel procedure for evaluating o
vectors. A program was written and some test calcula-
tions were carried out with high parallel efficiency. The
largest size of FCI used 10 million C5Fs (20 million

determinants).

Keywords  5pin adapted FCI - GSGA - Intermediate
configuration-driven algorithm - Parallel processing
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FCI timing of CH, molecule with DZP basis on Xeon (Gold 6248)

°B, #Node 1 2 4 8 16
Time (s) 4704 2393 1286 704 432 B
2.5MX% 7T

Acc. 1.0 2.0 3.7 6.7 10.9

A, #Node 1 2 4 8 16
Ti 433.6 225.4 116.7 63.9 39.1 _
me () 1.5MT5T

Acc. 1.0 1.9 3.7 6.8 11.1
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Ref.; B. Roos et al., Chem. Phys. 48 (1980) 157./ B. Roos. Intern. J. Quant. Chem. Symp. 14 (1980) 175.
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ILAREZRFEEDIASON2ESE(C I BTV =ZEFE L1=/S. Yamamoto et al., J. Comp. Chem. 9 (1988) 627.
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Geometry Ref.; C. W. Bauschlicher Jr. et al., J. Chem. Phys. 85 (1986) 6510.
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+6-31G** &K (6d)
6B FOHEDKTE

-DALTON&G16&—E
CH. — 1\,  **** CASSCF ITERATION HAS CONVERGED FORTUNATELY s
2 1

ITR. CASCI-ENERGY SX-CI-ENERGY REF. COEF. MAX. COEF. MAX. -BLB.

1 —-38. 8985636 -0. 0205440 0. 9945763 0. 0574341 0. 1068327
¥ HAEN B (ZRHF 2 —-38. 9285185 -0. 0058269 0. 9983179 0.0374376 0. 0592220
3 —-38. 9350812 -0. 0006323 0. 9998560 -0. 0087524 0.0170022
4 —-38. 9359150 -0. 0000963 0. 9999778 -0. 0043110 0. 0094611
5 —-38. 9360501 -0. 0000215 0. 9999948 0.0016838 0.0034131
6 —-38. 9360805 -0. 0000058 0. 9999985 0. 0009955 0. 0022166
7 —-38. 9360885 -0. 0000017 0. 9999995 -0. 0004233 0. 0009230
8 —38. 9360907 -0. 0000006 0. 9999998 -0. 0002866 0. 0005290
9 —-38. 9360914 -0. 0000002 0. 9999999 0. 0002431 0. 0002634
10 —-38. 9360916 -0. 0000001 1..0000000 -0. 0001556 0.0001608
11 —-38. 9360916 0. 0000000 1. 0000000 -0.0001344 0.0001399
12 —-38. 9360917 0. 0000000 1..0000000 0. 0000934 0. 0000929

(:r1 _ 3E3 drkk CASSCF ITERATION HAS CONVERGED FORTUNATELY stk
2 1 ITR. CASCI-ENERGY SX-CI-ENERGY REF. COEF. MAX. COEF. MAX. -BLB.

1 —-38.9326111 -0. 0123985 0. 9969204 0. 0504743 0. 1082961
Y EAE & [XROHF 2 —-38.9524151 -0. 0039559 0. 9991099 -0. 0266557 0. 0552069
3 —-38.9576135 -0. 0006399 0. 9998610 -0. 0125265 0.0274025
4 —38. 9584553 -0. 0000847 0. 9999815 -0. 0034187 0.0070341
5 —-38. 9585735 -0. 0000155 0. 9999965 -0. 0012396 0. 0028563
6 —-38. 9585965 -0. 0000039 0. 9999991 0. 0006377 0. 0013085
7 —-38. 9586024 —0. 0000011 0. 9999997 -0. 0003701 0. 0008377
8 —-38. 9586042 —0. 0000004 0. 9999999 0. 0002179 0. 0004897
9 —-38. 9586048 —0. 0000001 1..0000000 -0. 0001605 0. 0003670
10 —-38. 9586050 0. 0000000 1. 0000000 -0. 0001053 0. 0002364
11 —-38. 9586051 0. 0000000 1. 0000000 0. 0000702 0. 0001583
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-6-31G**E K (6d)
-6E FOENEDELTE
-DALTON&G16&—E
-R=1.10976A

N _ 12 + #kdok CASSCF ITERATION HAS CONVERGED FORTUNATELY soksok
2 g ITR. CASCI-ENERGY SX-CI-ENERGY REF. COEF. MAX. COEF. MAX. -BLB.
1 —-109. 0098436 -0. 0227114 0. 9958586 0.0517184 0. 1476598
¥ RN & (ZRHF 2 —-109. 0332498 -0. 0169561 0.9961517 -0. 0627454 0. 1155621
3 —-109. 0379574 -0. 0182111 0.9923571 0. 1190064 0. 1380152
4 -109. 0382044 -0. 0026695 0. 9992630 0. 0256787 0. 0390800
5 —-109. 0425791 -0. 0021365 0. 9995043 0. 0233834 0.0471756
6 —-109. 0465451 -0. 0047633 0. 9990247 0.0290170 0.0712042
7 —-109. 0573393 -0. 0074492 0.9987071 -0. 0421599 0.1191108
8 -109. 0686491 -0. 0040153 0.9993103 -0. 0230350 0. 0798931
9 -109. 0750923 -0. 0019226 0. 9996428 0.0207491 0. 0556599
10 —-109. 0780380 -0. 0006322 0. 9998791 -0. 0089836 0. 0254307
11 —-109. 0789756 -0. 0001654 0. 9999687 0. 0058997 0.0144203
12 —-109. 0792221 -0. 0000436 0.9999919 -0. 0020492 0. 0053221
13 —-109. 0792888 -0. 0000132 0. 9999976 0. 0013306 0. 0034992
14 -109. 0793096 -0. 0000046 0. 9999992 0. 0005742 0.0019156
15 -109. 0793169 -0. 0000017 0. 9999997 0. 0004649 0.0015629
16 -109. 0793196 -0. 0000006 0. 9999999 -0. 0002411 0. 0008094
17 -109. 0793206 -0. 0000002 1..0000000 0. 0001879 0. 0006310
18 -109. 0793210 —0. 0000001 1..0000000 -0. 0000957 0.0003224
19 -109. 0793212 0. 0000000 1..0000000 0. 0000736 0.0002470
20 -109. 0793212 0. 0000000 1..0000000 -0. 0000373 0. 0001259

MP2 B RENEZE S L 13[ETYNER
LRI TMEPREDHIZEA
‘DQCIXL AL THEL T22[E TULR
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HEHHDIARARB TEELPASOCYP)LFERDDRILT 4 1) DOFRRIZ[Fe=0"NHDT=-H. TR FTEE.

| CASSCF7OR24AFDEHEH#3

24 5 sk CASSCF ITERATION HAS CONVERGED FORTUNATELY seksiek
[FeO] - A ITR. CASCI-ENERGY SX-CI-ENERGY REF. COEF. MAX. COEF.

1 -1335.8573521  —0. 2027905 9702389 —-0.1217245
. 2 -1336.1386123  —0. 0470472 . 9922214 0.0611149
MHEIEESBRD 3 -1336.2103921 0. 0138344 .9972994 0. 0389764
ROHF&LE, f=fL1D 4 -1336.2359218  -0.0073801 .9983123 0. 0354049
DB EBEHIEIEIMP2AD 5  -1336.2498457 0. 0043881 .9989254  —0. 0283865
BAMETEYr 6  —1336.2577781  —0.0024865 9993641  —0. 0239681
7 -1336.2621855  —0. 0013857 . 9996346 0. 0189172

8  —1336.2646267  —0. 0007774 .9997902 0. 0147759

9 -1336.2659954  —0.0004418 . 9998786 0.0116561

10 —1336.2667742  —0. 0002544 .9999291 0. 0089286

11 -1336.2672232  —0. 0001480 . 9999583 0. 0070604

12 —1336.2674848 0. 0000868 . 9999754 0. 0053885

13 —1336.2676383 0. 0000512 . 9999854 0. 0042533

14 —-1336. 2677290 -0. 0000303
15 —-1336. 2677828 -0. 0000180
16 —-1336. 2678147 -0. 0000107
17 —-1336. 2678338 -0. 0000064
18 —-1336. 2678451 -0. 0000038
19 —-1336. 2678519 -0. 0000023
20 —-1336. 2678559 -0. 0000014
21 —-1336. 2678584 -0. 0000008

. 9999913 0. 0032491
. 9999948 —0. 0025546
. 9999969 —0. 0019556
. 9999982 -0. 0015321
. 9999989 0.0011749
. 9999993 -0. 0009181
. 9999996 0. 0007046
. 9999998 0. 0005496

H = =2 O OO OO0 0C OO0

22 —-1336. 2678598 -0. 0000005 . 9999999 -0. 0004221
23 —-1336. 2678607 -0. 0000003 . 9999999 0. 0003292
24 —-1336. 2678612 -0. 0000002 . 9999999 0. 0002527
25 —-1336. 2678615 -0. 0000001 . 0000000 0. 0001966
26 —-1336. 2678617 -0. 0000001 . 0000000 0.0001512
27 —-1336. 2678618 0. 0000000 . 0000000 0.0001177
28 —-1336. 2678618 0. 0000000 . 0000000 0. 0000906

CSFEBRMDALTONE I I RIILXF—EEFH D

2026/6/11

MAX. -BLB.

. 2184676
. 0854950
. 0787111
. 0590904
. 0483806
. 0369537
.0277779
. 0217888
. 0160559
.0128473
. 0094594
. 0076085
. 0056381
. 0045148
. 0033784
. 0026823
. 0020287
. 0015944
. 0012187
. 0009475
. 0007323
. 0005638
. 0004399
. 0003346
. 0002641
. 0001994
. 0001588

— 3

eNeoloNeoNoNoNolo oo NeoloNeoNeoloNoRolo oo oo oo NoNeo o Ne]

-6-31G*(6d,10f)

-10E F88E
. 4080728 =R = 1_7346,&

=Rk

1.8003
1.8003
1.5608
1.1936
1.1936
1.0033
1.0033
0.4445
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sk CASSCEF ITERATION HAS CONVERGED FORTUNATELY sketoksk
ITR.

CO N O U1 = W Db+

©

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

CASCI-ENERGY

—-1336.
—-1336.
—-1336.
—-1336.
-1336.
-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
—-1336.
-1336.
-1336.

2567900
2691291
2738359
2756725
2765047
2769213
2771447
2772705
2773436
2773872
2774136
2774297
2774397
2774459
2774498
2774523
2774538
2774547
2774553
2774557
2774560
2774561
2774562
2774563

SX—-CI-ENERGY

. 0073784
. 0029545
.0011107
. 0004914
. 0002419
.0001282
. 0000715
. 0000414
. 0000246
. 0000148
. 0000091
. 0000056
. 0000035
. 0000022
. 0000014
. 0000009
. 0000005
. 0000003
. 0000002
. 0000001
. 0000001
. 0000001
. 0000000
. 0000000

REF. COEF.

== = = O O O O OO DO OO DODOOODODOOO oo O

. 9987478
. 9994209
. 9997582
. 9998856
. 9999408
. 9999675
. 9999814
. 9999890
. 9999934
. 9999960
. 9999975
. 9999985
. 9999990
. 9999994
. 9999996
. 9999998
. 9999999
. 9999999
. 9999999
. 0000000
. 0000000
. 0000000
. 0000000
. 0000000

MAX. COEF.

. 0207470
. 0214186
. 0150086
. 0096407
. 0083376
. 0053286
. 0050102
. 0032339
. 0031166
. 0020293
. 0019726
. 0012888
. 0012523
. 0008201
. 0007950
. 0005209
. 0005038
. 0003305
. 0003194
. 0002093
. 0002019
. 0001326
. 0001291
. 0000838

MAX. -BLB.

e leolBeleleoleoleololBeololBoBoBNeoBeoBoBeoloBRoReoReoReoReoRe]

. 0460534
. 0511378
. 0315333
. 0201978
. 0162935
. 0100955
. 0093849
. 0058240
. 0057158
. 0035911
. 0035707
. 0022888
. 0022471
. 0014768
. 0014182
. 0009530
. 0008947
. 0006119
. 0005664
. 0003890
. 0003584
. 0002430
. 0002312
. 0001511

CSFREBADMDALTONE [FTRIILF—LEEF BN AN —I

=Rk

1.9930
1.9809
1.3281
1.3281
1.0142
0.9998
0.6779
0.6779
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[FeO]*+ — 7A
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skdok CASSCF ITERATION HAS CONVERGED FORTUNATELY sokstok
ITR.

O N O O1 =~ W Do+~

—
S ©

11
12
13
14
15
16
17
18
19
20
21
22
23
24

CASCI-ENERGY

—-1336.
-1336.
—-1336.
—-1336.
-1336.
—-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
-1336.
—-1336.
—-1336.

2522135
2609563
2639223
2652365
2658864
2662371
2664362
2665513
2666210
2666647
2666912
2667081
2667185
2667252
2667295
2667322
2667339
2667350
2667358
2667362
2667365
2667367
2667368
2667369

SX-CI-ENERGY

. 0059031
.0018114
. 0007779
. 0003769
. 0002011
. 0001132
. 0000649
. 0000392
. 0000245
. 0000148
. 0000094
. 0000058
. 0000037
. 0000024
. 0000015
. 0000010
. 0000006
. 0000004
. 0000002
. 0000002
. 0000001
. 0000001
. 0000000
. 0000000

REF. COEF.

= = = O O O O OO OO OODODODOODOOO OO oo O

. 9988913
. 9996025
. 9998141
. 9999057
. 9999476
. 9999694
. 9999823
. 9999891
. 9999930
. 9999958
. 9999973
. 9999983
. 9999989
. 9999993
. 9999996
. 9999997
. 9999998
. 9999999
. 9999999
. 0000000
. 0000000
. 0000000
. 0000000
. 0000000

MAX. COEF.

-0.

0.
. 0154332
. 0087869
. 0088915
. 0053974
. 0054318
. 0032681
. 0025714
. 0020210
. 0018098
. 0012594
. 0013337
. 0007566
. 0008440
. 0004680
. 0004618
. 0002657
. 0003605
. 0001903
. 0002343
. 0001331
. 0001510
. 0000902

o

0231976
0214751

MAX. -BLB.

[eNeoNeoNeoNoNolololoeoRoReo oo o NoBRo oo NoNoNo e Ne)

. 0425194
. 0484437
. 0289155
. 0178215
. 0162613
. 0098891
. 0096991
. 0056810
. 0043965
. 0034333
. 0030603
. 0021324
. 0022641
. 0013068
. 0014346
. 0007890
. 0007729
. 0004527
. 0006183
. 0003165
. 0004028
. 0002257
. 0002601
. 0001556

CSFRBIDMDALTONE [FTRILF—EEFH T A —E

=Rk

1.8937
1.8937
1.1056
1.1056
1.0007
1.0007
1.0000
1.0000
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Ref.; C. Angeli et al., Chem. Phys. Lett. 350 (2001) 297 & J. Chem. Phys. 117 (2002) 9138.

| NEVPT2:CASSCFMD# M Ei94HEE#H1E

-S.C.TU.L.ZZMRPT

JOURMAL OF CHEMICAL PHYSICS

n-electron valence state perturbation theory: A spinless formulation
and an efficient implementation of the strongly contracted
and of the partially contracted variants

Celestino Angeli and Renzo Cimiraglia®
Dipartimento df Chimica, Universita di Ferrara, Via Borsari 46, I-44 100 Ferrara, fraly

Jean-Paul Malrieu
IRSAMC, Laboratoire de Physigue Quantique, Linfversite Paul Sabatior 118 route de Narbonne,
FI062 Towlowse Codex, France
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VOLUME 117, NUMBER 20 22 NOW

RESIKRR

(FEL

8R4 T DR/ N E—

iR iERE—ERMER D 25E
-RIFEHTHEHM
-CSFR—ZX THE %I

- J7AILL AEE N T RE

The mpelectron valence state perturbation theory is reformulated in a spin-free formalism,

concentrating on the “strongly contracted” and “partially contracted” wvariants. The new
formulation is based on the introduction of average values in the unperturbed state of excitation
operators which bear resemblance with analogous ones occurring in the extended Koopmans
theorem and in the equations-of motion technique. Such auxiliary quantities, which allow the
second-order  perturbation contribution to the energy to be evaluated very efficiently, can be
calculated at the outset provided the unperturbed four-particle spinfess density matrix in the active
orbital space is available. A noticeable inequality concerning second-order energy contributions of
the same type between the strongly and partially contracted versions is proven to hold. An example
concerning the successful caleulation of the potential energy curve for the Cr, molecule is discossed.
D 2002 American Institute of Physics. [DOI: 10.1063/1.1515317]

- CASCIZEZNER#ER) = 4ARBETINABE

No. Label Ex. Type Inact. Act. Vi
1 VO) i —ab -2 0 2
2 V(HD) i — xa -2 1 1
3 V(-1) ix — ab -1 -1 2
4 VH2) i —xy -2 2 0
5 V(-2) xy — ab 0 -2 2
6 V()Y ix — ya -1 0 1
7 VH1) ix —yz -1 1 0
8 V(1) xy —za 0 -1 1
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Fragment Molecular Orbital Based Parametrization Procedure for Mesoscopic
Structure Prediction of Polymeric Materials
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Abstract
In the analyses of miscibility behaviors of macromolecules and 1-1 E, Z E
polymers, dissipative particle dynamics (DPD) simulations are . % B0 s&
generally performed. In these simulations, the so-called x parameters <y,
describing the effective interactions among particles are crucial. It has 12 E E

. — . 12, T Z.E, Z,E,
been known that such parameters can be obtained within the classical oy 2
or empirical force field frameworks. However, there is a potential % ’ " T ;g
problem that charge transfer and polarization occasionally occur. %
Additionally, satisfactory reference parameters are not available for 2.2 E. 7 E
some cases. Therefore, we developed a new procedure to evaluate the @ - s
set of parameters by using the ab initio fragment molecular orbital $ [l m
(FMO) method which can provide the set of interaction energies -

among segments as polymer units. Moreover, we evaluated the
anisotropy of molecules by using the FMO-based effective interaction
parameters for three standard binary mixture systems (hexane—
nitrobenzene, polyisobutylene-diisobutyl ketone, and polyisoprene—polystyrene). The calculated values showed good agreement

with the experimental values with about 10% errors. 82
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| FMOIZ& S HEEIEDIREE
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OmELR: yAED (—HRBIZ) AL TL
R R (AN BEL <R LRE) DRE T, EERELLER
X
EREY (=t —)? M= BRAOEAR
\/na \/nb EAF‘_ _k')?_/\?i(MW)
xe) Xc = 2 AN FE
Hexane - Diisobutyl ketone - Polyisoprene —
Nitrobenzene Polyisobutylene Polystyrene
Tet) et . Mw Te(K)
y. exptl. FMO Mw Y. exptl. FMO pip ps Xc exptl. FMO
0 293 986 22700 057 292 328 1000 1000 .0.34 243 255
285000 052 319 346 2000 2700 %0.15 329 420
6000000 050 320 1354 2700 2100 0.15 408 420
2700 2700 0.12 448 489

EEREZX 10%7E
NiRETHH
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DPD Ref.; R. D. Groot et al., J. Chem. Phys. 107 (1997) 4423.

| DPDYSal—33Y
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- BURAIFE L (DPD) (XA SaL—2arFED1D

- AV RT— )L DIEE - BLE M L IER AT EE

- AR DAL EFHFEX. TR FRIDTYIRITFIMNATEE

s YWNSA—BIIREFENIZRBR, Ry— LR FIZ &SRR
(DPDL2alb—ia U ERDIEFEM/BEZREER)
AN, AERBFLEDHI/N\NSA—42%@EEEN

f; = z _i_(Fg- +Fj + Ff + F;; Four components of force
Jj#i
FC = {_a"f (re = 7ij)my; Tij <Te Conservative force (cut-off)
H 0 >
ij = Ic

a;j = (a; +aj;)/2+ 327y Conversion from Chi-parameter
F/ +F Dissipative and random forces
F{i = C(r, — rij)ny; Harmonic force

Flg]v_l _ ZKMae—a(T'ij—Te) (e—a(rij—re) _ 1) n;; Morse force

S _ pH M
Fij = Fl] + Fl]

FMO-DPDTlda,[SFCEWS TR O =X/ \TA—F%fES
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H. Doi et al., Chem. Phys. Lett. 684 (2017) 427. [:I:E . gﬂcﬂ?]?]]
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[LTFE. 2]

J POPCRRE IEA~ DFMO- DPDd)ﬁS

£ B 5 D X(300K)
B c J F _F W
N 0.18 023 139 475 4.76 12.08

061 071 546 581 12.66
1.18 4.81 574 10.56
D N 1.99 -4.00 9.73
BIKER(E,F) 2.55 -6.64 i 3
® BAKHABCD) | >~ 6.00 a!H

ODPDY=aL—3i 3> [cognac, £180000%I+F(15821.3nm) ] <

o D~~-0)
®_ A—A—A—.
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| POPCHEE E~ DFMO-DPD O Jit; Fi#3

EEE
BASFYE |WAAE R (R2)
303K Diffuse X-ray scattering 68.3 [1]
293K neutron and X-ray scattering 62.7[2]
303K neutron and X-ray scattering 64.3 [2]
300 K DPD 69.4[3]
==

=;8I[4](H-NMR) 2.58 (nm)
BOKEDIRE 2.8 (nm) B (% (3 (XTI
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K. Okuwaki et al., RSC Adv. 8 (2018) 34582. [EEI:H;J?] . j: E]
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| B FEMREEA DFMO-DPD D F#3

intensity(a.u.)
—_ —_ o [\ (O8]
)} S ()} (e (9} e}

(e)

[E2f%, £/F]

[]\ﬁ ﬁil; [1]F. Xu et al., J. Electrochem. Soc., 154 (2007) B1389.
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KA FDIERFRE

FMO-DPDY/ 22l —3Y
(MSDMLHE)

—A—Nafion (a)
—o—Nafion (b)
Nafion (c)

——SPEEK

10 20
Water Content (vol%)

[Baff. £/E]

i#4

KBRT—32(F747F)

(=] - 2% L3 = o o b | o
I T T I ¥

1 1 1 1

WATER DIFFUSION COEFFICIENT (x 105 cm/s)

1 l l 1 |
0 2 4 6 8 10 12 W 6 1B 2 20

Nafion: 10 vol% — 30 vol% = A (number of H20/SO;H) = 2.5 — 10 (248 &

EERE: 0.8 x107°-4.5 X 107° cm?/s
HE{E: 0.6 X 1070 -3.2 x 107° cm?/s
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| BN FEREEA DFMO-DPD D i F#5

[1]J.J. Fontanella et al., Macromolecules 29 (1996) 4944.
[2] X. Wu et al., J. Polym. Sci. Part B Polym. Phys. 49 (2011) 1437.
a4

OKNFDEEEREREDETE
=IKE10-30%DE T, KISRIDEHEEDELEF LR
DS RAZDELE : BB /KALF DR CTHIE OKDE—ERALE)
Ialb—iavEgd, 100 stepl ED T HHEEE T

IKEBERICKDKIZRAIERBEDEL

Lo - e » 7 <_>_ _:‘ﬁ@ -/= Nafion(a) :.é/ .
' 7 7 = (/- N\

g 0.8 l' '@ ,¢ =< —o- Nafion(b) | '"é i of. EAIE[2]
o6 | ,' / . - 75 (conductivity)
S Nafion(c) m -Nafion 10%
(o)
g 0.4 1 ,’ ¢I —o= SPEEK 5 SPEEK 30%
5 s
202 otz ‘Nafion:EWA A= (V=B B {E[ 1]

0o EE=e*® -Nafion > SPEEK[2]

0 15 20 25 30 NEREEDENCLDE  EHMICEE

Water content (Vol%)

2026/6/11

93



Y. Higashi et al., Dig. Discov. 4 (2025) 1339.
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Feature vectorization of microphase-separated
structures in polymeric materials using dissipative
particle dynamics and persistent homology for

machine learning applications 1
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Abstract

Recently, materials informatics (MI) has gained attention as an efficient approach for materials development.
However, its application to polymers has been limited owing to the complexity and significance of the higher-order
structures unique to these materials. This study focuses on microphase-separated structures, among the higher-order
structures, as they influence many functional polymeric materials that support modern society. To implement M that
accounts for specific higher-order structures, such as microphase-separated structures, these structures must be

quantified and converted into features. This approach addresses a gap in current materials informatics, in which

traditional methods do not adequately account for the complex structures of polymers. Persistent homology (PH), a

topological data analysis method, was used to extract features from the microphase-separated structures of

polymeric materials. A coarse-grained simulation method known as dissipative particle dynamics (DPD) was used to

generate the microphase-separated structures for PH analysis. The method was validated using electrolyte

membranes for fuel cells, where microphase-separated structures are critical. Topological feature extraction was
successfully performed on Nafion™ and its analogs, Aquivion® and Flemion™. Additionally, the correlation between
the extracted features and proton conductivity was analyzed using unsupervised machine learning, which indicated

that these features can be used to predict proton conductivity. The combination of DPD and PH can effectively convert

microphase-separated structures into features. This method may be applicable to a wide range of polymeric materials

influenced by microphase-separated structures, as it is not limited to proton exchange membranes or proton

conductivity. This research marks a significant step toward advancing polymer informatics by incorporating the

microphase-separated structures of polymers.
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K. Okuwaki et al., Appl. Phys. Expr. 13 (2020) 017002. [g’ﬂ:ﬂ%rﬁ . :I:E]

J Chignolin®DPDIC& ST+ — LT 1T #1

@ o) (@
:@%OOO@O

Gly(CK)

Gly(NXK)
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SFEERT ¥ )L 1-2(bond), 1-3(angle), 1-4(torsion)T R T v ILEE
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%QW ﬂ ;-H

2026/6/11 95



(2. 1)
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K. Okuwaki et al., Jpn. J. Appl. Phys. 62 (2023) 090902.
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H. Doi et al., Jpn. J. Appl. Phys. 62 (2023) 070901.
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R. Ishizuka, Macromolecules 58 (2025) 12201.
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Iterative Integral Equation Analysis to Predict Solvation Thermodynamics in Coarse-
Grained Polymer Melts Using MARTINI Models

Ryosuke Ishizuka*

L Open PDF ‘ © Supporting Information (1)

Abstract

Predicting the solvation thermodynamics of a solute in polymer melts
at a coarse-grained (CG) level is important in diverse fields of
macromolecular science. This knowledge supports the development of "N o
predictive CG models and the design of novel polymeric materials.
However, accurately and efficiently calculating solvation
thermodynamics in such complex systems remains a significant
challenge. We present an application of the integral equation theory in
combination with the iterative Boltzmann inversion (I1BI) method to
predict the solvation thermodynamics of three small molecules,
including water, acetonitrile, and Cgg, in poly(ethylene glycol) (PEG)
melts. To enhance computational efficiency, we further develop an PEG distributions around Fullerene
efficient algorithm based on the direct inversion in the iterative
subspace (DIIS) to solve the IBl-based integral equations. The analysis
is performed within the framewaork of the MARTINI 3 force field. We
demonstrate that our approach accurately incorporates the intrachain pair correlation functions of polymer chains and successfully
predicts the liquid structure of PEG melts and solvation thermodynamics of the three molecules through a comparison with
molecular dynamics (MD) simulations. We further investigate how the solvation thermodynamics of water depends on the PEG
chain length and temperature. The obtained resulis reveal that PEG melts with longer chains at lower temperature are less

2026/6/11 favorable solvents for water. Finally, we discuss some necessary improvements and outline potential applications of our approach. 1 07
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Hayamizu’s peptides Ref.; P. Li et al., ACS Appl. Mater. Interf. 11 (2019) 20670. [ :t E]
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EFREHTE ENWME TEFERME
Quantum Phase Estimation Variational Quantum Eigensolver
(QPE)!! (VQE)™!
Computation Fully quantum except for Quantum-Classical hybrid
P preprocessing (HF, MOint, etc) y

Wave function Full-Cl or CAS-CI UCC or heulistic ones

Energy Eigenvalue Expectation value
Quantum circuit Deep Shallow
Computational cost scaling 272
against the energy precision € 1/e |Wina|*/8
Exponen'flal speedup against Yes Unknown
classical counterpart
U|W) = e~ Ht|p) W(8)) = U(6)|¥)
_ ,—IEt
=e %) E(6) = ($(O)|H|¥(6))
— e—lZn’(p|LP>

[1] A. Aspuru-Guzik et al, Science 2005, 309, 1704. [2] A. Peruzzo et al, Nat. Comm. 2014, 5, 4213.
2026/6/11 1 13



AP
| VQE(Variational Quantum Eigensolver)® 3K &

A quantum—classical hybrid approach that is executable on

noisy intermediate-scale quantum (NISQ) devices

Quantum Processing Unit (QPU) Measurgment of qubits tg calculate
expectation values of Pauli operators

7 >H=Za)kPk

Construct approximated wavefunctions

U(6) E©) = (¥(O)IHI¥(9))

Wy) =) [W(0)) mmmm) S QIEAIG)

; 1 ®)
_ t ot <
= z fpqtpaq + 2 z fpqrs apq sty Updated 6 v
pq pqrs Variational optimizations of
Calculation of 1le- and 2e-integrals. parameters
Fermion—qubit mapping Classical Processing Unit (CPU)

U(Q) |IIJO> — |1P(0)> Parametrized quantum circuits defined through “ansatzes”

controls accuracy of the approximated wave fucntion

[2] A. Peruzzo et al, Nat. Comm. 2014, 5, 4213.
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_\ y At p 8 — random()
. while R :
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© | Quantum | ‘r—n PR F0 B = L % — 4 3
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1. Prepare Hartree-Fock (mean- 2. Implement unitary coupled- 3. Apply necessary post-
field) reference state. cluster (UCC) ansatz. rotations for energy

estimation.
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Towards the Practical Application of Near-Term Quantum Computers in
Quantum Chemistry Simulations: A Problem Decomposition Approach

EFHEICHBROT7IO—FE2EATHIRE

https://arxiv.org/abs/1806.01305

Takeshi Yamazaki,* Shunji Matsuura,” Ali Narimani,’ Anushervon Saidmuradov.! and Arman Zaribafiyan®

2026/6/11

1QB Information Technologies (1QBit), 458-550 Burrard Street, Vancouver, BC, Canada, V6C 2B5

(Dated: June 6, 2018)

With the aim of establishing a framework to efficiently perform the practical application of
quantum chemistry simulation on near-term quantum devices, we envision a hybrid gquantum-—
classical framework for leveraging problem decomposition (PD) techniques in quantum chemistry.
Specifically, we use PD techniques to decompose a target molecular system into smaller subsystems
requiring fewer computational resources. In our framework, there are two levels of hybridization.
At the first level, we use a classical algorithm to decompose a target molecule into subsystems, and
utilize a gquantum algorithm to simulate the guantum nature of the subsystems. The second level is
in the quantum algorithm. We consider the quantum-—classical variational algorithm that iterates
between an expectation estimation using a quantum device and a parameter optimization using a
classical device. We investigate three popular PD techniques for our hybrid approach: the fragment
molecular-orbital (FMO) method, the divide-and-conquer (DC) technique, and the density matrix
embedding theory (DMET). We examine the efficacy of these techniques in correctly differentiating
conformations of simple alkane molecules. In particular, we consider the ratio between the number of
qubits for PD and that of the full system; the mean absolute deviation; and the Pearson correlation
coefficient and Spearman’s rank correlation coefficient. Sampling error is introduced when expectation
values are measured on the quantum device. Therefore, we study how this error affects the predictive
performance of PD techniques. The present study is our first step to opening up the possibility of
using quantum chemistry simulations at a scale close to the size of molecules relevant to industry on
near-term quantum hardware.
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K.Sugisaki et al., J. Comp. Chem. 45 (2024) 2254.

| FMO&LEFETHE (VQE-UCCSD)ZE U VE15R
[ 12411 E TcuQuantumz{& A

OMPUTATIONAL | 2 g g
HEMISTRY - HARIET B4 ZUCCSDE B CE %
0 2DNDIIKFFEERTTAM STO-3GEE

a5 LELE IZABINIT-MPA 5 B #§
cuQuantum T aL—2DOGPUNNE X7
E(XFMO-CCSD(T) kY B fEELY
Size-consistencyf>orbital-invariance

RESEARCH ARTICLE = & Open Access

Size-consistency and orbital-invariance issues revealed by
VQE-UCCSD calculations with the FMO scheme

Kenji Sugisaki B Tatsuya Nakano, Yuji Mochizuki

First published: 25 May 2024 | https://doi.org/10.1002/jcc.27438 0) Fnﬁ%%?%ﬁ
- Trotter & D T5— M EEFE L
mror A 005 <« RSARIEEEZ THNET HERL
- BEEFEZESIANNT—
Abstract
The fragment molecular orbital (FMO) scheme is one of the popular fragmentation-based
methods and has the potential advantage of making the circuit shallow for quantum +
chemical calculations on quantum computers. In this study, we used a GPU-accelerated J
quantum simulator (cuQuantum) to perform the electron correlation part of the FMO .
calculation as unitary coupled-cluster singles and doubles (UCCSD) with the variational J
quantum eigensolver (VQE) for hydrogen-bonded (FH)s and (FH)2-H20 systems with the
STO-3G basis set. VQE-UCCSD calculations were performed using both canonical and 4
localized MO sets, and the results were examined from the point of view of size- J
consistency and orbital-invariance affected by the Trotter error. It was found that the use J

of localized MO leads to better results, especially for (FH)2-H20. The GPU acceleration
was substantial for the simulations with larger numbers of qubits, and was about a factor

of 6.7-7.7 for 18 qubit systems.
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OpenFermion Ref.; <https://github.com/quantumlib/OpenFermion>. / BK trans. Ref.; Seeley et al., J. Chem. Phys. 137 (2012) 224109.

| P FRESOEBEREDRNSIF=T U~ DERHE

BE_EF/\IIL=T>

N M N N
1 7, 1
T ronm =3 4§ 325
NSV TFUoEERHRERE FTRIT elec(BO) .20 1 I T

SHBEBEDRE

=> EEBHIES CHFEE

= GAMESS*°PySCF&{f->TE1T
BEREKRKBEDD FHEDFFIZEL

BREVRDNIILN=TF 28Rl
EVvrEOERIFTERE. IFREDENH
= BK(Bravyi-Kitaev)Z#ai: &
= OpenFermion#i & TEAT

BMVQE-UCCSDD E1T
DS5RAF—EHDREFARICLSHEEIL
= ~OvA—o0fETHERBEFZEM
= COBYLA*>Powellj%
= CirglaEEFIH
cuQuantum#z ES S a L —A2TGPUNNE

2026/6/11

i=1 i—ia1 4 =i Y
H., = h. clc + 1 G cretec
sq pa~pta " 5 pqrstptqCstr

—

}[BK - ho] + h1X021X2 . h132123 + h14ZZ

X4 Xp
eX(4*+B) — |im (en”en” )"
n—->0o

- ALBIZRIRIFTER F72 D TIF AL

- nZERICTDDIEFATEE. FTEH1Y

EEFOUHV/IERICHIE

- HEEEERDAAERRICHIKT
118



| size—consistency &orbital—invariance

M size-consistency& Il ?
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Trotter decomposition (first-order)

p(A+B++2) o LAGB ... o2

i
o X Z,Z.Y,t
Quantum circuit for e2"1724374

o b=
1q3) (I)$ (LCI)

|q4) R, (1r/2)
Difference in sign of excitation amplitude = Difference in rotating direction

R,(—t) R,(—m/2) |~

The quantum states corresponding to the UCCSD wavefunction are not identical under
Trotter decomposition!
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Calculated energies/Hartree

(#2155 4 ]

Method “2” “3”
RHF -103.6952544 -103.6952544
MP2 -103.7130649 -103.7130649
UCCSD -103.7219465 -103.7219137

UCCSD: MP2 amp

-103.7187982

-103.7187855

UCCSD: MP2 amp
(w/o Trotter)

-103.7179121

-103.7179121

Selected MP2 amplitudes

Excitation operator “2" “3”
alayalas -0.1449 -0.1449
a;raoa?;ag -0.0351 +0.0351
alayalas +0.0001 ~0.0001
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1.0583AO
s/ c.p, ciPi ™ <
First-order Trotter decomposition e~j=1"7J = Hjjzle M B
i M
Second-order Trotter decomposition e</=177"J = |II;_.e 2M [I;_,;e 2M
=1 Jj=J QO
AE | ccsp-rai/ keal mol?
First-order Second-order w/o
Unit
M=1 M =2 M =3 M=4 M=5 M=1 Trotter
Monomer 0.8102 0.8101 0.8099 0.8100 0.8100 0.8101 0.8118
Dimer (LMO) 1.6207 1.6200 1.6203 1.6204 1.6205 1.6206 1.6236
Dimer (CMO) 5.0319 1.9139 1.7141 1.6681 1.6496 2.0172 1.6234
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JOURNAL ARTICLE

Concurrent processing of VQE-UCCSD calculations
with the FMO scheme 3

Hideo Doi, Kenji Sugisaki, Tatsuya Nakano, Takahiro Katagiri, Yuji Mochizuki &
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Chemistry Letters, Volume 54, Issue 8, August 2025, upaf145,
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Abstract

The fragmentation-based method has attracted interest as a way to reduce the
computational cost of quantum chemical computations. Using the variational
quantum eigensolver (VQE) of unitary coupled cluster singles and doubles
(UCCSD), concurrent processing was used alongside the fragment molecular
orbital scheme for the Li(I)—(Hz),, (n = 4 and 6) clusters on a supercomputer with a
graphical processing unit (GPU)-accelerated quantum simulator. Energy and
timing data of VQE-UCCSD are presented to highlight issues in practical
applications.
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Lattice protein folding models are a cornerstone of computational biophysics. Although these models are a
coarse grained representation, they provide useful insight into the energy landscape of natural proteins.
Finding low-energy threedimensional structures is an intractable problem even in the simplest model, the
Hydrophobic-Polar (HP) model. Description of protein-like properties are more accurately described by
generalized models, such as the one proposed by Miyazawa and Jernigan (M]), which explicitly take into
account the unique interactions among all 20 amino acids. There is theoretical and experimental evidence of
the advantage of solving classical optimization problems using quantum annealing over its classical
analogue (simulated annealing). In this report, we present a benchmark implementation of quantum
annealing for lattice protein folding problems (six different experiments up to 81 superconducting quantum
bits). This first implementation of a biophysical pmblem paves the way towards studying optimization
problems in biophysics and statistical mechanics using quantum devices.
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Computational protein folding has attracted considerable interest over the years, including molecular simula-

tions and artificial intelligence assisted methods. On the other hand, research and development of quantum

computer hardware and software have been thriving recently. In this paper, we report a case study of peptide

(PSVKMA) folding based on a two-dimensional lattice model, by using both the blueqat quantum simulator

(called AutoQML) and the lonQ guantum device. As a result, it was found that the actual device was still
2026/6/11 susceptible to noises.
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Quadratic Unconstrained Binary Optimization (QUBO) & Quantum Approximate Optimization Algorithm (QAOA)
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from bluegat import vae

from blueaat.pauli import aubo_bit as g

nami [tonian = -1 -d%qg(2 ) +0xq (0 )xq (2 )+ kgl ] ) xq(2 ) -10xg(0 ) xg(1 ) xg(2)
step =

regu|t = vae. Yae(vae. Dac Wgatz{hami|tmﬁiaﬁ, step)). run()
print(result.most_common
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2oL —4A2LIonQERED LLER (QAOA Step#i:5)
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EJES: 5V AW
— EREFESIFTFCERTHE=HITESTEMEVL>-RIEREIZDEMND,
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<https://github.com/ShoyaYasuda/hobotan>.

| AU BORFETILDISAL—a#5

MP2(PB)/6-31G(d’) Main+Side chain

FCEWSEF > T/ \TA—FZH H "‘éf ;Cf tc KN AN %
Pro  Ser Val Lys Met Ala
DO MIETIL (PDBDEHAAEENDERZELIIRERI/NTA—H)
@ FMO-MP2/6-31G(d’) BISEDAET IV OKFIEEEETITRE) MP2(PB)6-31G(d’) Side chain
@ FMO-MP2(PB)/6-31G(d’) X H+EISHET L (PB/KFIZEIM) ﬁ,— ~ wlr AN A

@ FMO-MP2(PB)/6-31G(d’) BISHDAETIL (F.L) bo Ser  Val Lys Met Al

3RUEDEFEVMEEI FDFEF IP/ROHOBOTLZaL— 3 (HOBOTANZFIF)

FMO-MP2(PB)/6- FMO-MP2(PB)/6-

- - = ~ \i
FMO-MP2/6 31G(d) 31G(d) Ei)@ﬁg )] *ﬁm
Seq. MJ model 31G(d") . ) . . g
Side chain Main + Side chain Side chain
[Present] [Present] o e
QUBO =y
- ®©
001 0.667(-4) 0.653(-12) 0.654(-4) 0.614(-3)
111 0.333(-2) 0.347(-1) 0.346(-3) 0.386(-2) (M
Time (s) 1.6 1.6 1.6 1.6 01 00 10 4,0 ¢,9,
HOBO
001 0.752(-4) 0.744(-12) 0.744(-4) 0.754(-3)
111 0.248(-2) 0.255(-1) 0.255(-3) 0.246(-2)
100 0.000(0) 0.000(0) 0.000(0) 0.000(0)
010 0.000(0) 0.000(0) 0.001(0) 0.000(0)
Time (s) 2.1 2.0 2.0 2.0

. i FE BEROEE () IrLF—E
(1000232 10EIRAT] QUBO: TYTAN(Ver.0.1.1).”HOBO:HOBOTAN(Ver.0.1.2)

NVIDIA T4 GPUFIF./T_num(Z") w7 #8YiEL%) =2000 HOBO > QUBOMD{tE[A]
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