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Calculation of Gibbs partition function with imaginary time evolution on
near-term quantum computers
EFHENATV Y 7OV I LZAVEERBARBEICK 3 DEEKOHE
VN N
RIBAIR!, EHH.2,

E-mail: matsumo162570@ gmail.com

MDD T N4 288 - F22E - flHOFEIC LD, MOMMHEO LR VHHEOETFa v ¥ a— &0k
WREREBARETH 2 L EDONTED, ZOHHENBRAEERITKRRINTVS. ZD X5 KE
B, /A XHHHHEET (NISQ:Noisy Intermediate Scale Quantum) 7 3A R & I TEH
b, Bt~ EEFLY POBFE Y PAEEHR, F— T F7—RIZ 10 BETH 2 [1].

NISQ 2B a—ReER LS EIERETRTFTIVIV RLPRESINTED [2,3], BT
ROWHEFREZHET 2 28T, BERHERTERXOBES I 2L — T2 2 LA[RETH 5 [4].
ZOFHEICED, BFROEKIRAER, #H% D VQE (Variational Quantum Eigensolver) [2, 3] 12
HRTEIRANCE 2 2 TES. 6, HHTS2EFE Y FRICHPIETE Yy PRZ2HESE
TR UBREFEREZ1T 5 Z & T, Gibbs {REE py, Z#HlFH L L 72 TFD(thermofield double states)
EWV D BOPEREE 2 AN T 2 FIE IR SN TV S [5].

SRR I FICB VT, FEBEBEEE T 2, ROBNFERTHIHHZ ALY —%
F27:DIMDTEETH L. /A XDHHEEET (NISQ) 714 22 HWTHELRE 2R
THHEPHONTWSD, Gibbs IREED A —Z2 KREICHEL T, MMFEC X258 2T 2
WERD D70, HTIETFEY FOBPEARLTLES L WOHADLD -7 [6,7].

Z TTCAWIZETIX, NISQ 73 22 W pBeBBGTHR D X D PRIV TTEZRR T 5 [8]. &
FETIR, BOREFERHBEFRERICED Gibbs IREEZ R L T, RAEDER 2 Gibbs IREEM D A —
N—=F v T NISQ 7N ZATRDZ & T, HEHEKE LS, HHZALX—2RDZ. ZOF
ETENETEY NORODEBEEERD 2D 2N & Ty b EAHTIERV. ZHUIRER
FEIDDIDBERETE Yy MDD R TT . HREFHTD 72 812 Heisenberg BAIZ B U THUE
FIREZITV, ERCEWKETHHZ AL X -2 BB L.

BE Xk
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Modular Quantum Extreme Reservoir Computing

Hon Wai Lau!, Aoi Hayashi*!?, Akitada Sakurai!, William John Munro!, and Kae Nemoto'?

E-mail: hon.lau@oist.jp
! Okinawa Institute of Science and Technology Graduate University, Onna-son, Okinawa 904-0495, Japan
2 School of Multidisciplinary Science, Department of Informatics,
SOKENDAI (the Graduate University for Advanced Studies),
2-1-2 Hitotsubashi, Chiyoda-ku, Tokyo 101-8430, Japan

3 National Institute of Informatics, 2-1-2 Hitotsubashi, Chiyoda-ku, Tokyo, 101-8430, Japan

The connectivity between qubits plays a crucial role in the performance of quantum extreme reservoir
computing (QERC), particularly regarding long-range and inter-modular connections. We demonstrate that
sufficiently long-range connections within a single module can achieve performance comparable to fully
connected networks in supervised learning tasks. Further analysis of inter-modular connection schemes --
such as boundary, parallel, and arbitrary links -- shows that even a small number of well-placed
connections can significantly enhance QERC performance. These findings suggest that modular QERC
architectures, which could be more easily implemented on two-dimensional quantum chips or through the

integration of small quantum systems, provide an effective approach for machine learning tasks.

(a) (b) (c)
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i Module 1 ‘ 0.970 1 Parallel, 6, = /4 0.978 //'/\
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FIG. 1 (a) Architecture of the Modular QERC scheme. The quantum reservoir consists of modular-level reservoir
action, interconnections, and single-qubit rotation in sequence. (b) Illustraction of parallel modular reservoirs. (c)

Improvement in test accuracy on MNIST data vs number of links with different configurations.
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Improving Quantum Monte Carlo Method Using Quantum Computer
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FIG. 1 Energy curve for H> molecule.
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Quantum Reservoir with Time-Delayed Inputs for Time-Series Data Processing
KRBIXFE', RREX$E?
Oli&EREs ", BREILXE . £FEE . ORE-", BATGH2 SHE?
Tokyo University of Agriculture & Technology !, The University of Tokyo >
°M. Kawanabe!, D. Tsukayama', T. Kanezashi !, J. Shirakashi', T. Shibuya?, and H. Imai?
E-mail: s21266034w@st.go.tuat.ac.jp

IR, EFRHEEOERIZ LY | BTE 2 ~OISHRHF STV D, 2D 1 DR, &1
AR A AW TRERIMERLIE AT S, B U P N—a3 22— ¢ 7 (Quantum Reservoir
Computing: QRC)[1]TdH 5, QRC ITEFRFFADENAEDOERET b O L Vo o BMENEZTEH
T 5 2 & TRk E EHRRE & Bl U CRis0 0 B 2R B O FEAT R IR S TV B [2],
1(a) IZ QRC DA X % 779, QRC Tl Timestept (ZBIF 5T —HX u % 1 DT OANTHT20,
RRFT — 2 RICHH L CRFEIEOEHPEKRT 5, £/, BUEFAIATREREFIREETH S
Noisy Intermediate-Scale Quantum (NISQ)[3]7 /34 AXF8 0 5T IEMRREZ Fil= 72\, ZD7=d, /A4 X
DEFL T b — L ZARHOHFINC K> T, KR B FRIEOETHNEEIC R 54], ARk
RINT —F RAZ L DT —EDOEETIATAIRE R &I T FE L LT, KREEA N ZHA L
7= Time-Delayed Quantum Extreme Learning Machine (TD-QELM) % #2429 %,

X 1 (b){Z TD-QELM DOAE&X % 77§, TD-QELM Tl u, & Z N LLRITD Timestep (231 5T —#
ZRIRFICAIT 5, Z£D72®, TD-QELM [FFRNT — 2 RIZK 5T EFRIEOBEEN—E TH
D NISQ 7 /31 A L TORENKE L 70D, REBRTIX Qiskit[S] CHIHAIRE/R > I 2 L—4 Th
% AerSimulator k(2 6 &7 E > F® QRC & TD-QELM % 2545 L. 10th-Nonlinear Auto-Regressive
Moving Average (NARMA10)D T T 21T~ 7=, = OFE. EHAL Y 37872 (Normalized Mean
Squared Error: NMSE) Z & L., W FEO FRIMEREZ el U=, T3l L7285 5%, NMSE Off X QRC
736.17 x 1073, TD-QELM #33.93 x 104 72 | TD-QELM M HEKTFED QRC % LE 7=, LI EX
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Figs. 1 Schematic diagram of QRC (a) and TD-QELM (b).
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Avoiding Invalid Quantum State in HOBO for Advancing Traveling Salesman Problem
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In the study of the Traveling Salesman Problem (TSP) using quantum computers, the well-known
Quadratic Unconstrained Binary Optimization (QUBO) formulation [1] is often a primary choice. However,
due to its high demand for quantum bits, researchers have proposed a more efficient Higher Order Binary
Optimization (HOBO) formulation, which reduces the required number of qubits from O(N?) to O(N log N)
[2]. Despite this improvement, both methods rely on penalty functions that involve two constraint terms [3].
Building on this foundation, we propose a novel encoding approach that reduces the number of constraints.
By leveraging this approach, we can effectively eliminate invalid terms.

Here, we focus on detailing how to implement our proposed optimization method. First, in the HOBO
formulation, a binary encoding approach is employed to convert decimal numbers into binary representations.
For example, a 3-bit binary number can represent 8 states, with each state corresponding to a city node, as
illustrated in Figure 1. Taking the TSP with 5 nodes as an example, the original HOBO formulation in Fig.1
(a) requires considering two constraints: one to ensure the validity of the current city node and the other to
avoid visiting the same city twice. In our proposed new HOBO formulation in Fig.1 (b), we reformulate the
invalid nodes in the first constraint to ensure compliance with the required conditions. By following a
sequential order, these invalid nodes are systematically identified and replaced with valid ones.

In this experiment, we continued to utilize the Variational Quantum Eigensolver (VQE) algorithm in
quantum computing [4]. For simulation purposes, we used the "aer simulator matrix_product state"
available in the Qiskit library [5]. Regarding the preparation of TSP, the coordinates of each city were
randomly generated as integer values within a 100X 100 matrix, these coordinates were then used to compute
a distance matrix [6]. For a 5 nodes TSP, using the NFT optimizer [7], known for its fast convergence with a
two-local quantum circuit [6], which incorporate quantum entanglement, our proposed HOBO formulation
achieved an accuracy of 0.96. Additionally, it successfully identified the optimal path in 4 out of 10 instances,
whereas the original HOBO formulation failed to satisfy the constraint conditions. Under the SU2 quantum
circuit [5], the proposed HOBO formulation also demonstrated superior accuracy of 0.87, compared to the
original 0.83. These results indicate that our new HOBO formulation better adheres to the constraint
conditions and effectively reduces the challenges associated with balancing constraint strength.

(a) Conventional Constraint Invalid Nodes

Quantum State | [000) [001) [010) [011) [100) [[101) [110) [111),
EncodingNode | City 0  City 1 City2 City3 City4

(b) Proposal No Constraint Reformulated Nodes

QuantumState | [000) [001) [010) [011) [100) (101) [110) [111)
EncodingNode | City 0  City 1 City2 City3 City4 :lCityO City 1 City 2

Fig. 1 Comparison of HOBO encoding methods for a 5-node TSP. (a) The original HOBO encoding formulation

with invalid constraint. (b) Our proposed new HOBO encoding formulation without invalid constraint.
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Optimizing Experimental Parameters for Fabrication of Au Atomic Junctions
Using Variational Quantum Eigensolver with One-Hot Encoding Ansatz
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W, 7— MUEFETREITE 7By MO 7 —RodGEICEV, T HEREEIT T
HENMENFFES OO H H[1], 7 — MIBEFEREOERNZRFIELE LT, £o&FEAEE
(Variational Quantum Eigensolver: VQE) 2]23M/F9E ST 5, T E T AL, BH—JRF DA
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— A RREMEG RO E L TERIEL, A V7~ U BIBIOETFT=—T[4]. /—h
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Figs. 1 Graphical examples of the Vrp scheduling (a) and variational ansatz using one-hot encoding (b).
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Quantum architecture search (QAS) [1] has attracted significant attention as a strategy to automate the
design of parameterized quantum circuits in variational quantum algorithms (VQAs). Yet, it often requires
evaluating a large number of candidate circuits, leading to high computational costs. Performance predictors
help mitigate this issue by quickly estimating circuit “quality,” thereby reducing the number of circuits that
must undergo resource-intensive, high-fidelity optimizations. In the noisy intermediate-scale quantum
(NISQ) era, VQAs are widely adopted thanks to their error resilience and flexible demands on quantum
hardware, though their performance depends strongly on the structure of the underlying quantum circuits.
QAS, which systematically explores circuit configurations, naturally complements VQAs by automating the
search for high-performance circuit designs.

As illustrated in Fig. 1, First, we convert our quantum circuit search space into a ZX-Calculus-based
representation, which serves as the key step in our overall process. We adopt a ZX-Diagram-based approach
[2] to effectively capture circuit connectivity and simplify circuit structures. In this representation, Z spiders
correspond to linear operators in the Pauli-Z basis, commonly used for phase operations or superpositions
and measurements in the Z basis; X spiders correspond to linear operators in the Pauli-X basis, typically used
for flip operations or superpositions and measurements in the X basis. Next, within this ZX-Calculus-based
search space, we select a smaller subset {Z1, ..., Z,}for full optimization and record their energy labels {y1,
..., ym}. These labeled circuits serve as training data for the performance predictor. The trained predictor is
then applied to a large pool of new candidate circuits {Z, ..., Z,}, flagging only the most promising ones for
deeper evaluation. Ultimately, the best-performing circuit F~ emerges as the final solution.

To demonstrate the effectiveness of our ZX-Diagram-based predictive QAS, we evaluate it on the 6-qubit
Transverse Field Ising Model (TFIM). Our method locates the target circuit in just 8 queries on average—
surpassing PQAS-GM [3] (58 queries) and TF-QAS [4] (33 queries). This corresponds to an 86% reduction
in query overhead compared to PQAS-GM and a 76% reduction compared to TF-QAS. By achieving high
predictive accuracy with fewer training samples, our approach significantly accelerates circuit discovery in
the NISQ era and lays a strong foundation for scaling up quantum algorithm design in the future.
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Fig. 1 The workflow of the predictor-based QAS.
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A LD—2F, A4y i1 [E 4 A7 (Variational Quantum Eigensolver: VQE) T# 5[1], VQE DHEENE
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e k35, AFEZE, Qiskit[4]2> BRI FIEEZ: aer_simulator matrix_product state FIZZEHEL |
VQE 12 L 2 A& i b ORME A 1T > 72, UO)IX RealAmplitudes (reps = 1) [4] ZERH L. &
43 /8T A —H 1% ADAM L[S LV Fdifb 21T - 72, 4 # (16 EFE v M IZBIT 5K [E®—v
A U EE S A VAS AR LT RER, REZ XX =12 T D2 HFHED L TH 5 Accuracy
(AT k=1L LB ABITAC=0.68 720 k=1log2"0=16 & L7=HAE(AC=0.63)BL N7 4
WED) T EEA LR OEA (AC=0.65) % ERlo7z, 72, B8 T7 A —Z O bic 8 L -k
%, 32.6min(k=1), 32.7min(k=10g:2'°=16)E72 0, 7 4 VX U 7 %4772 A (42.7 min)
Ll U S vTe, BAE LD . JIERRBICKIT D 7 o 02 U U, U KB A R OE T
% Z & T VQE IZHBIT AR E M B L OEERbICF 592 2 LRl Sz,

Update 6
|
1
Filtering Process Optimization Process
a1 E 2
2 s =
: 7 : S
a = <
l' Basis States =
- - ¥ "t; (H(6))
= £k States S
8 q |.>|J< Ground State
2 2 H i
o 2 NN
a oy | BN BN 9
Basis States | | __—Basis States __| Parameter
Quantum Computer Classical Computer

Fig. 1 Schematic diagram of VQE with computational basis filter.
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Fig. 1 Setup for quantum feedback control.
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