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Combinatorial optimization
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Economically important but computationally hard
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Ising problem

Ising machine
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Special-purpose computer for combinatorial optimization
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*1 https://www.dwavesys.com/d-wave-two-system
*2 https://www.hitachi.co.jp/New/cnews/month/2019/02/0219.html
*3 https://www.fujitsu.com/global/about/resources/

news/press-releases/2018/0515-01.html

*4 https://www.ntt.co.jp/news2017/1711e/171120a.html
*5 D. Pierangeli, et al., Phys. Rev. Lett. 122, 213902 (2019).
*6 F. Cai, et al., Nature Electronics 3, 409 (2020).

+ Simulated bifurcation machine (2019)
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CMOS

annealer*2

Digital

annealer*3

Memristor HNN*6

and more …



2023 Symposium on VLSI Technology and Circuits

Algorithm

Simulated bifurcation machine (SBM)
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Quantum-inspired
Quantum bifurcation machine

in a quantum principle

Discovery

Simulated bifurcation algorithm
in a new classical principle

Highly parallelizable

Implementation

single-chip
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High performance

Scalable

Application

Very practical

edge/embedded cloud

Innovative
ex.real-time systems
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Quantum-inspired algorithm
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カー非線形パラメトリック発振器ネットワーク
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量子分岐現象（理論的に発見）
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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

quantum bifurcation

quantum superposition

quantum interference

solution

Quantum Bifurcation (QB) machine

classicization of

state variables

Classical Bifurcation (CB) machine

algorithmic twist for speed-up

Simulated Bifurcation (SB) algorithm (2019)

Classicizing QB that works in a quantum principle...?

Why SB works? What principle? There was a discovery 

Hamiltonian describing adiabatic bifurcation process in a nonlinear oscillator network

[H. Goto et al., Sci. Adv., (2019)]

[H. Goto et al., Sci. Rep., (2016)]
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Simulated bifurcation: Why it works
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Simulated bifurcation: How it works
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“N-body”-type algorithmic structure → highly parallelizable
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SB can be accelerated by FPGAs/GPUs (not limited to special ASICs)

Many AI chips (Al ASSPs) are beneficial also to SB 

SA
simulated 

annealing

SB
simulated bifurcation

R-NN
recurrent neural 

network
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Structure

Parallelism O(N) O(N2)

Parallel updating

t1 t2t1 t2 t3 t4

Sequential updating x1

x2

xN

p1

p2

pN

s2

s1

sN

ji,j

•
•

•

1

2

N

1

2

N

wi,j

full connection

r1

r2

rN

p1

p2

pN

neuron neuron position momentumposition momentum

𝐶𝑖𝐶𝑗

𝑟𝑖,𝑗
2

one MAC operation 38 FP operations

More parallelizable Very similar More PEs per chip
PE: pairwise interaction

Intensive memory access
J/W matrix (NxN matrix)



2023 Symposium on VLSI Technology and Circuits

Outline

• Introduction

• Simulated bifurcation (SB)

• Implementation & Performance

• Application

• Conclusion

Slide 10



2023 Symposium on VLSI Technology and Circuits

FPGA-based accelerator for simulated bifurcation
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Large-scale, massively parallel, and high utilization
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[K. Tatsumura et al., IEEE FPL, (2019)]
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Performance (2019)

800 GMAC/s @ 1000 W
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Performance (2021)
[H. Goto et al., Sci. Adv., (2021)]

SB is very competitive with state-of-the-art Ising machines  
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Scalability (2021)
[K. Tatsumura et al., Nat. Ele., (2021)]

Scaling out Ising machines with full spin-to-spin connectivity
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Scalability (2021)
[K. Tatsumura et al., Nat. Ele., (2021)]

Autonomous synchronization mechanism
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Scalability (2021)
[K. Tatsumura et al., Nat. Ele., (2021)]

Throughput enhancement to the vicinity of an ideal 
upper limit determined by the communication tech.
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Application of SBMs
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Toshiba’s website “SQBM+TM”

https://www.global.toshiba/ww/products-solutions/ai-iot/sbm.html
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High-speed real-time systems
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Enabling NP-hard optimization in real-time systems 
Must respond within critically defined time constraints 

→Enabling rational judgment based on combinatorial optimization
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Trading system for cross-currency arbitrage

Market Graph
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Arbitrage Problem

Ising (QUBO) formulation

Optimal path search in a directed graph (a typical combinatorial problem)

[K. Tatsumura et al., IEEE ISCAS., (2020)]
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Trading system for cross-currency arbitrage
An end-to-end FPGA-based arbitrage system

[K. Tatsumura et al., IEEE ISCAS., (2020)]
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Trading system for cross-currency arbitrage
<30 s system-wide latency & 91% Top-1 probability

[K. Tatsumura et al., IEEE ISCAS., (2020)]
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Conclusion

Simulated bifurcation (SB):
quantum-inspired, highly-parallelizable algorithm for combinatorial optimization

Simulated bifurcation machines (SBM, HW implementation):
efficiently implemented with FPGAs/GPUs, very practical (no refrigerator, no laser)

high performance, very competitive with state-of-the-art Ising machines

embeddable, customizable (FPGA), scalable (FPGA cluster, GPU cluster)

prefer memory-rich architectures, affinity to Al chips

Innovative applications:
Edge(FPGA): 

real-time systems that make a rational judgment based on combinatorial optimization

Cloud(GPU): 

enabling large/complex combinatorial optimization that was previously impossible 
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