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Expanding the application domains of Ising machines (IMs)

Demonstrating the integration and effectiveness of IMs for robots/vehicles

Out-of-robot / Out-of-vehicle In-robot / In-vehicle

Integrated inside, for autonomous control systems

Perception Planning Control

Time constraint: 100 ms / 1 cycle

Recognition

Centralized systems

Control of automated guided vehicles (AGVs) without collision by 

quantum annealer and digital devices
M. Ohzeki et al., Front. Comput. Sci., 2019, https://doi.org/10.3389/fcomp.2019.00009

Quantum annealing-based route optimization for commercial AGV 

operating systems in large-scale logistics warehouses
T. N. Quang et al., Sci. Rep., 2025, https://doi.org/10.1038/s41598-025-28481-w

Traffic flow optimization using a quantum annealer
F. Neukart et al., Front. in ICT, 2017, https://doi.org/10.3389/fict.2017.00029

Ultra-High-Speed Optimization for 5G Wireless Resource Allocation by 

Simulated Bifurcation Machine
H. Obata et al.,  Proc. of IEEE WCNC, 2024, https://doi.org/10.1109/WCNC57260.2024.10571166

Multiple innovations are needed

How to use IMs? For what?
(NP-hard optimization in mobility)

Realtime constraint
(system-wide low latency)

Embedded constraints
(size, power, cost)

Previous This talk

https://doi.org/10.3389/fcomp.2019.00009
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.1038/s41598-025-28481-w
https://doi.org/10.3389/fict.2017.00029
https://doi.org/10.1109/WCNC57260.2024.10571166
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Outline

Background and Objectives: 

In-robot / In-vehicle Ising Machines (IMs)

Methods: 

Simulated Bifurcation for embedded applications

Demonstrations:

Mobile Robots with IM-enhanced functionality

Conclusion

For further information:

Recent Publications on Simulated Bifurcation

01

02

03

04

05



© 2026 Toshiba Corporation 4

Outline

Background and Objectives: 

In-robot / In-vehicle Ising Machines (IMs)

Methods: 

Simulated Bifurcation for embedded applications

Demonstrations:

Mobile Robots with IM-enhanced functionality

Conclusion

For further information:

Recent Publications on Simulated Bifurcation

01

02

03

04

05



© 2026 Toshiba Corporation 5

Ising machines (IMs)

Ising machines (IMs)

Special-purpose computers for combinatorial optimization

Lowest-E state search problem of Ising model
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j36
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spin: binary variable

Ising model
E= − ෍ jij 

sisj + ෍hisi
j12

Spin configuration, S

E
Is

in
g

solution

Combinatorial optimization problems

FinanceLogisticsControl Material

Economically important but computationally hard

Quantum annealer*1 Optical Ising machines*2

*1 https://www.dwavequantum.com/

*2 T. Honjo, Sci. Adv. 7, eabh0952, 2021

*3 Hitachi’s CMOS annealer

*4 K. Tatsumura, Nat. Commun.17, 584, 2026

Embeddable (potentially)

CMOS IMs*8

CMOS annealer*3

Digital annealer*6

Simulated bifurcation*4 p-bit IMs*5

Oscillator-based IMs*7

*5 W A. Borders, Nature 573, 390, 2019

*6 Fujitsu’s digital annealer

*7 T. Wang, Natural Computing 20, 287, 2019

*8 S.-Y. Yun, Sci. Adv. 12, eadz2384, 2026

https://www.dwavequantum.com/
https://doi.org/10.1126/sciadv.abh0952
https://doi.org/10.1126/sciadv.abh0952
https://doi.org/10.1126/sciadv.abh0952
https://doi.org/10.1126/sciadv.abh0952
https://www.hitachi.co.jp/New/cnews/month/2019/02/0219.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41586-019-1557-9
https://doi.org/10.1038/s41586-019-1557-9
https://doi.org/10.1038/s41586-019-1557-9
https://doi.org/10.1038/s41586-019-1557-9
https://global.fujitsu/en-us/local/technology/research/areas/digital-annealer
https://doi.org/10.1007/s11047-021-09845-3
https://doi.org/10.1007/s11047-021-09845-3
https://doi.org/10.1007/s11047-021-09845-3
https://doi.org/10.1007/s11047-021-09845-3
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
https://doi.org/10.1126/sciadv.adz2384
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Ising machines for autonomous systems

Enabling more rational decision-making through NP-hard optimization

Autonomous 

systems

Method

Artificial intelligence (machine learning) Ising machine (mathematical optimization)

Inference based on learning from experience Selection of the best action among all candidates

Explainability Black-box nature White-box nature

Functionality Contextual reasoning and association NP-hard QUBO (PUBO)*

Hybrid

𝑦 ← 𝑓𝑤 𝑥 𝑦 ← argmin
𝑥

𝑓𝑄 𝑥

feature, Q

learning weights, w
Mathematically-definedlearning model

Selected action, y

action candidates

environm

ent

feature, x

Inferred action, y

info

action

info

action

info

action

info

action

Practical systems can be hybrid;
env

infofinal judgement likelihood

*QUBO(/PUBO): Quadratic (/Polynomial) Unconstrained Binary Optimization

environm

ent



© 2026 Toshiba Corporation 7

Objectives

Demonstrating the integration and effectiveness of IMs for robots/vehicles

-Many DISCRETE decision problems inside robots/vehicle, like switch on/off, object identification, etc.

-However, current robots/vehicles does not use NP-hard QUBO. Don’t replace. Create. 

Show the effective use of embedded IMs (QUBO) for autonomous control in robots/vehicles

A researcher in operations research 

We had never considered the idea of using NP-hard optimization in realtime control.

One is not enough. You must show multiple effective use cases.

A manager in automotive-related company

Demonstrate the feasibility of the concept “In-robot/In-vehicle Ising machines.” Show an actual robot

Embedded constraints

Size, power, cost

System-wide low latency

Realtime constraint
SBM on

FPGA board

On-site 

demo
Installed

SBM: Simulated Bifurcation Machine
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Outline

Background and Objective: 

In-robot / In-vehicle Ising Machines (IMs)

Methods: 

Simulated Bifurcation for embedded applications

Demonstrations:

Mobile Robots with IM-enhanced functionality

Conclusion

For further information:

Recent Publications on Simulated Bifurcation
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Quantum-inspired Ising machine

Simulated Bifurcation Machine, SBM

Implementation

single-chip

multi-chip

High performance*1,2,3

Scalable*4,5

Application

Practical

edge cloud

Innovative
ex. real-time systems

Algorithm

Quantum-inspired

in a quantum principle

Discovery

*1 H. Goto et al., Sci. Adv. 5, eaav2372, ’19

*2 H. Goto et al., Sci. Adv. 7, eabe7953, ’21

*3 H. Goto et al., Phys. Rev. Applied 25, 044011, ‘26

*4 K. Tatsumura et al., Nat. Ele. 4, 208–217, ’21

*5 T. Kashimata et al., IEEE Access 12, ’24

Quantum bifurcation machine

in a new classical principle

Simulated bifurcation (SB) algorithm

Highly parallelizable

https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1038/s41928-021-00546-4
https://doi.org/10.1109/ACCESS.2024.3374089
https://doi.org/10.1109/ACCESS.2024.3374089
https://doi.org/10.1109/ACCESS.2024.3374089
https://doi.org/10.1109/ACCESS.2024.3374089
https://doi.org/10.1109/ACCESS.2024.3374089
https://doi.org/10.1109/ACCESS.2024.3374089
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Simulated Bifurcation

Quantum-inspired algorithm for combinatorial optimization

*1 H. Goto et al., Scientific Reports 6, 21686 (2016)

*2 H. Goto et al., Science Advances 5, eaav2372 (2019)

*3 H. Goto et al., Sci. Adv. 7, eabe7953, ’21

*4 H. Goto et al., Phys. Rev. Applied 25, 044011, ‘26

カー非線形パラメトリック発振器ネットワーク

励
起
振
幅

01 01 01

量子分岐現象（理論的に発見）

001

最適解

量子干渉

重ね合わせの状態（シュレディンガーの猫状態）

結合 結合

結合

量子断熱定理で理論保証

Combinatorial optimization based on quantum adiabatic theorem

Classicalization of state variables

algorithmic improvements

quantum bifurcation

quantum superposition

quantum interference

solutionQuantum Bifurcation (QB) machine*1

Simulated Bifurcation (SB) algorithms*2,3,4 S
p
in

 v
a
ri
a
b
le

, 
x

2

init. state

bifurcationSpin variable, x1

Spin variable, x1

S
p
in

 v
a
ri

a
b

le
, 
x

2

adiabatic search
chase one of local minima

ergodic (chaotic) search
escape from a local minimum

find a better one with a higher probability

New 

classical 

principle

Classical Bifurcation (CB) machine*1

https://doi.org/10.1038/srep21686
https://doi.org/10.1038/srep21686
https://doi.org/10.1038/srep21686
https://doi.org/10.1038/srep21686
https://doi.org/10.1038/srep21686
https://doi.org/10.1038/srep21686
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
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SBM Gen 1*1 (2019)

High performance, Further enhanced*1,2,3

Performance

*1 H. Goto et al., Science Advances 5, eaav2372 (2019) 542 citations

*2 H. Goto et al., Science Advances 7, eabe7953 (2021) 300 citations

*3 H. Goto et al., Phys. Rev. Applied 25, 044011, (2026)

SBM: Simulated Bifurcation Machine

Coherent Ising Machine

[T. Inagaki, Science 354, 603, ’16]

SBM
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SBM Gen 2*2 (2021)

Comprehensive comparison
SBM

QA: Quantum annealer

CIM: Coherent Ising machine

DA: Digital annealer

SimCIM: Simulated CIM

RBM: Restricted Boltzmann machine

MA: Momentum annealing

faster
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Calculation time for NP-hard benchmark problem

SBM

14X faster
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SBM Gen 3*3 (2026)

nonlinear strength parameter
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order chaos

Edge of chaos
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Almost

100%

Success

Gen 3
Gen 2

faster

The success probability becomes almost 

100% for large NP-hard problems when a 

nonlinear (chaos) strength parameter is 

tuned to the edge of chaos

https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.aav2372
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1126/sciadv.abe7953
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
https://doi.org/10.1103/2qd9-x6v8
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Efficient implementation of SB with FPGAs

Enabling NP-hard optimization under embedded constraints

*1 K. Tatsumura et al., IEEE Field-Programmable Logic and Apps. (FPL), (2019)

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

SBM: Simulated Bifurcation Machine

FPGA implementation of SB algorithm*1 Vehicle-mountable SBM*2
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i 255 spins out of Nspin=4000

SB time step [count]

Time evolution of quantum-inspired system in cyberspace
1. Highly parallelizable

2. No need of random numbers ← chaotic search

3. High locality in algorithmic structure → high affinity for 

modern island-style FPGA architectures

←

Custom 

circuit

FPGA

Resource (Cost)

ALM 72% of cost target*

BRAM 19% of cost target*

DSP 95% of cost target*

Power

Measured power 3.4 W c.f. power target**

Performance

Machine size 
Fully-connected

512 spins

Time per SB run 284 μsec

Monolithic MPU-FPGA chip

FPGA fabricMPU
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a
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Assignor

Preprocessor

1Gb

ethernet
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Monolithic MPU-FPGA chip

Accelerator

Detector

Arbiter

Assignor

Associator

Predictor/Corrector

C
a
m

e
ra

similarity matrix

assignment tables

a

b

cEthernet 

cable

Camera

Ising machine

200 mm

MPU

FPGA

fabric

Ising

machine

EMAC: Ethernet Media Access Controller, I/F: Interface

Size

Cost

Power

*An FPGA with 

proven use in 

automotive 

applications

**20W

https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1109/FPL.2019.00019
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
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Outline

Background and Objective: 

In-robot / In-vehicle Ising Machines (IMs)

Methods: 

Simulated Bifurcation for embedded applications
Demonstrations:

Mobile Robots with IM-enhanced functionality
MOT (Multiple Object Tracking) and SLAM (Simultaneous Localization and Mapping) 

Conclusion

For further information:

Recent Publications on Simulated Bifurcation
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Enhanced Multiple Object Tracking (MOT) with in-vehicle SBM*1,2,3

Use case of embedded IMs for robots/vehicles 

*1 Toshiba and MIRISE, News Release, 2026.2.24

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

*3 (In Japanese) M. Hirai et al., Journal of the Robotics Society of Japan, (2025) 

SBM: Simulated Bifurcation Machine

tracks detections

Complex combinatorial 

optimization, considering both 

One-to-One and One-to-Many 

matches

IM-enhanced MOT

Conventional MOT with linear matching (erroneous ID switches)

IM-enhanced MOT with QUBO matching (tracking through occlusions)

Autonomous robot New algorithm

In-vehicle SBM

(FPGA board)

Autonomous

mobile robot

On-site demonstration

・ Concurrent occlusions at multiple points

・ long-term occlusion events

Installed

Potentially

Matching

tr
a

c
k
s

detections

One-to-One

Matching

Accurate object tracking under complex scenarios:

Video

https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/26/2602-02.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
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Improved path planning with IM-enhanced MOT*1,2,3

Impact of embedded IM on autonomous control

IM-enhanced MOT

Video

Conventional MOT

Video

obstacles obstacles -Treated as a continuously tracked object

-Velocity info: available

-Movement prediction: Confident

→Decision: Go straight

-Treated as a new object (appears suddenly)

-Velocity info: Not available

-Movement prediction: NOT Confident

→Decision: Detour

More efficient controlLess efficient control

Tracking SuccessTracking Failure

Digital Twin Digital Twin
Video

*1 Toshiba and MIRISE, News Release, 2026.2.24

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

*3 (In Japanese) M. Hirai et al., Journal of the Robotics Society of Japan, (2025) 

SBM: Simulated Bifurcation Machine

https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/26/2602-02.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
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Enhanced QUBO matching between tracks and detections

-Flexible matching-

Extend matching from linear to quadratic*1,2,3

Camera
Detector

Predictor Corrector

Matcher

detections

tracks assignment 

result

Kalman filter framework

Multi object tracking system

UnderstandingSensing Planning Control

Route/

behavior

planners

Actuators

trackers

Autonomous control in mobile vehicle

video

frame

k frame

detection 4

tracker 3

tracker 4

detection 3

(k-1) frame(k-2) frame

SBM

detection 2

detection 1
track 1

track 2 track 3

AI

Demonstrated: 43 msec (23FPS)

*1 Toshiba and MIRISE, News Release, 2026.2.24

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

*3 (In Japanese) M. Hirai et al., Journal of the Robotics Society of Japan, (2025) 

SBM: Simulated Bifurcation Machine

https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/26/2602-02.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
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Flexible matching by in-vehicle SBM improves

tracking through multiple long-term occlusion events

Extend matching from linear to quadratic*1,2,3

QUBO formulation

t1 t2 t3

d1 1

d2 1

d3 1

t1 t2 t3

d1 1

d2 1 1

d3

d2

d1

d3

t2 t3

t1

d2

d1

t2 t3

t1

w/o occlusion
(#Detections = #Tracks)

𝐻𝑄𝑈𝐵𝑂 = ෍

𝑖

𝑁

෍

𝑗

𝑁

𝑄𝑖,𝑗 = 𝐻𝑐𝑜𝑠𝑡 + 𝝀𝐻𝑝𝑒𝑛𝑎𝑙𝑡𝑦

During occlusion
(#Detections < #Tracks)

one-to-one

matching

one-to-many

matching

・Detect the occurrences & locations of occlusion events by 

executing SBM twice while changing the weight (𝝀) for the 

penalty corresponding to one-to-one matching constraint

Relative improvement of tracking accuracy

t1 t2 t3

d1 1

d2 1

d3

for small 𝝀 for large 𝝀

t3 being potentially 

matched with d2

Flexible (QUBO) matching vs. linear matching 

Quadratic terms

Conventional MOT with linear matching

IM-enhanced MOT with QUBO matching

Video

*1 Toshiba and MIRISE, News Release, 2026.2.24

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

*3 (In Japanese) M. Hirai et al., Journal of the Robotics Society of Japan, (2025) 

SBM: Simulated Bifurcation Machine

https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/26/2602-02.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
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Flexible matching by in-vehicle SBM improves

tracking through multiple long-term occlusion events

Extend matching from linear to quadratic*1,2,3

QUBO formulation

t1 t2 t3

d1 1

d2 1

d3 1

t1 t2 t3

d1 1

d2 1 1

d3

d2

d1

d3

t2 t3

t1

d2

d1

t2 t3

t1

w/o occlusion
(#Detections = #Tracks)

𝐻𝑄𝑈𝐵𝑂 = ෍

𝑖

𝑁

෍

𝑗

𝑁

𝑄𝑖,𝑗 = 𝐻𝑐𝑜𝑠𝑡 + 𝝀𝐻𝑝𝑒𝑛𝑎𝑙𝑡𝑦

During occlusion
(#Detections < #Tracks)

one-to-one

matching

one-to-many

matching

・Detect the occurrences & locations of occlusion events by 

executing SBM twice while changing the weight (𝝀) for the 

penalty corresponding to one-to-one matching constraint

Relative improvement of tracking accuracy

t1 t2 t3

d1 1

d2 1

d3

for small 𝝀 for large 𝝀

t3 being potentially 

matched with d2

Temporal 

association Detection
Unified

metric Localization

Flexible (QUBO) matching vs. linear matching 

123% better111% better

Quadratic terms

*1 Toshiba and MIRISE, News Release, 2026.2.24

*2 K. Tatsumura et al., Nature Communications 17, 584 (2025)

*3 (In Japanese) M. Hirai et al., Journal of the Robotics Society of Japan, (2025) 

SBM: Simulated Bifurcation Machine

https://www.global.toshiba/ww/technology/corporate/rdc/rd/topics/26/2602-02.html
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://doi.org/10.1038/s41467-025-67282-7
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
https://www.rsj.or.jp/pub/jrsj/advpub/251225-07.html
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Enhanced SLAM (Simultaneous Localization and Mapping) with IMs

Use case of embedded IMs for robots/vehicles 

Improved Accuracy New algorithm

Feature similarity

r1 r2 r3 r4

i1 0.8 0.2 0.2 0.2

i2 0.2 0.8 0.2 0.2

i3 0.2 0.2 0.6 0.2

i4 0.2 0.2 0.2 0.7

i5 0.2 0.2 0.2 0.6

Points in the Iref

P
o

in
ts

 i
n
 t
h

e
 I

in

Input frame

(Iin)

Reference frame

(Iref)

Baseline
Searching the 

most similar point 

for each input 

feature

IM-enhanced (proposed)
Cooccurrence-aware quadratic matching 

beyond simple similarity-based linear matching

Demonstration

Scenes w/ repetitive features w/o background landmarks

→prone to mismatching

Baseline

IM-enhanced (proposed)

Mismatches in bridge scenes

(red arrows)

reduced mismatches in bridge scenes

(red arrows)

Video

Arrow colors correspond to the directions

shown in the left chart

Mapping surroundings while 

estimating self-position

https://www.tjsys.co.jp/embedded/esb-slam/index_j.htm

SLAM

APE: Absolute Pose Error, RPE: Relative Pose Error, (↑) means higher is better , (↓) means lower is better

Driving scene ID

Scene with

repetitive

features

01

*1 Quantum-inspired optimization solutions for embedded applications, EdgeTech+ 2025.

https://www.jasa.or.jp/expo/2025/english/
https://www.jasa.or.jp/expo/2025/english/
https://www.jasa.or.jp/expo/2025/english/
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Conclusions

Expansion of application domains of IMs to robots and vehicles 

Ising machine enables NP-hard optimization in robots and vehicles

・NP-hard QUBO optimization under embedded constraints (size, power, cost) and realtime constraint 

(system-wide low latency)

・An actual robot using embedded IMs for better route planning has been demonstrated.

・Simulated bifurcation is well suited to embedded applications.

Feasibility

More rational decision-making is enabled by NP-hard optimization

・Enhanced MOT (Multiple Object Tracking) with IMs

・Enhanced SLAM (Simultaneous Localization and Mapping) with IMs

Significance

Future work

More use cases based on creative ideas

・A wider range of use cases is needed to support broader adoption of IMs in robotics and automotive industries.

More advanced embeddable IMs 

・Chiplet-compatible, higher-performance and/or higher-density IMs would help expand the market
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Outline

Background and Objective: 

In-robot / In-vehicle Ising Machines (IMs)

Methods: 

Simulated Bifurcation for embedded applications

Demonstrations:

Mobile Robots with IM-enhanced functionality

Conclusion

For further information:

Recent Publications on Simulated Bifurcation

01

02

03

04

05
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For further information

Search by “SQBM+”

Toshiba’s website “SQBM+TM” https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html

SQBM+TM ：(Commercial service) Quantum-inspired optimization solution based on SB technology

List of papers

Presentation slides

https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
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Recent Publications on SB

Toward broader adoption of IMs across diverse application domains

Multi-hop network*1 Cellular network*2 Local 5G*3

Realtime black-box optimization (BBO)
Al: update the surrogate model based on observation

SB: optimization of the surrogate model to determine the 

next action

Maximize the communication throughput btw base 

stations and moving users

Wireless resource (frequency channel & time slot) 

allocation in 0.5 msec (minimum spec. of local 5G)

Allocation tableTiming chart of allocation

TDMA (Time Division Multiple Access) scheduling 

for multi-hop network with avoiding interference  

Solve dynamically changing problem
Al: Select the best instance and parameters of SB 

based on the problem feature.

SB: Successive execution of SB with the best instance 

and parameters selected by AI

Solve complex discrete optimization
Communication quality (CQI) depends on users and 

channels

Two-step SB (SB and classical hybrid):

In the 1st step, solve a relaxed problem with SB

In the 2nd step, finalize the allocation table

*1 Y. Hamakawa et al., arXiv:2503.23966 (2025) 

*2 T. Kashimata et al., arXiv:2506.16924 (2025)

*3 H. Obata et al., Proc. of IEEE WCNC, 2024. 

https://doi.org/10.48550/arXiv.2503.23966
https://doi.org/10.48550/arXiv.2503.23966
https://doi.org/10.48550/arXiv.2503.23966
https://doi.org/10.48550/arXiv.2506.16924
https://doi.org/10.48550/arXiv.2506.16924
https://doi.org/10.48550/arXiv.2506.16924
https://doi.org/10.48550/arXiv.2506.16924
https://doi.org/10.1109/WCNC57260.2024.10571166
https://doi.org/10.1109/WCNC57260.2024.10571166
https://doi.org/10.1109/WCNC57260.2024.10571166
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Recent Publications on SB

Toward broader adoption of IMs across diverse application domains

Boltzmann sampler for ML*1 Quantum chemistry*2 Computational drug discovery*3

*1 K. Kubo et al., arXiv:2512.02323 (2025)

*2 F. Aiga et al., arXiv.2603.06101 (2026)

*3 K. Yanagisawa et al., Entropy, 26, 397 (2024)

Quantum chemistry based on 

classical mechanics inspired by 

simulated bifurcation

Unlocking the Power of Boltzmann 

Machines by Parallelizable Sampler 

and Efficient Temperature Estimation

QUBO Problem Formulation of 

Fragment-Based Protein–Ligand 

Flexible Docking.

https://doi.org/10.48550/arXiv.2512.02323
https://doi.org/10.48550/arXiv.2512.02323
https://doi.org/10.48550/arXiv.2512.02323
https://doi.org/10.48550/arXiv.2603.06101
https://doi.org/10.48550/arXiv.2603.06101
https://doi.org/10.48550/arXiv.2603.06101
https://doi.org/10.48550/arXiv.2603.06101
https://doi.org/10.3390/e26050397
https://doi.org/10.3390/e26050397
https://doi.org/10.3390/e26050397
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