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Algorithm 1 Simulated Adiabatic Bifurcation
Input: J;;, x,p,At, N, T, K, ty,
Output: sgn(x(7))

1: Random initialization of x in N
2: Random initialization of p in N
3: while (7 <ty,,)

4: for i=1toNdo
53 Xi(ty+1) = Xilty) + pi(ty)At

6: /l Update Position of All Spin

7

8

:end for loop
: for i=1toNdo
9: Apiltyi )= -Kxi(tye1) - OX(ty)) + 2Ty Xty
10: Diltn:1) = pilty) + Api(ty: )AL
11: /! Update Momentum of All Spin
12: end for loop
13: tyy=t,+1
14: /I Time evolution
15:end while loop
16:output sgn(x(fy,))
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Abstract:
Objective Combinatorial optimization problems (COPs) are widely encountered in fields such as network
optimization, autonomous driving path planning, VLSI design, and computational biology. The solution space
of these problems grows exponentially with problem size, making it impossible for traditional von Neumann
architectures (e.g., CPUs) to find high-quality solutions within a feasible time. Quantum-inspired Ising
machines have emerged as a promising computing paradigm for accelerating COP solving. However, existing
CMOS-based Ising machines still face significant challenges in simultaneously achieving high speed, high energy
efficiency, and high accuracy. Discrete-time Ising machines often require thousands of iterations and rely
heavily on random number generators, leading to large chip area and long solving times. Continuous-time Ising
machines suffer from poor solution quality, frequently getting trapped in local minima. To address these
limitations, this paper designs and fabricates a high-parallelism simulated adiabatic bifurcation application-
specific processor for combinatorial optimization problems in 65 nm CMOS technology.

Methods

inspired by quantum adiabatic optimization. Unlike simulated annealing, SAB does not require Gibbs sampling

The proposed processor adopts the simulated adiabatic bifurcation (SAB) algorithm, which is

or random number generators to escape local minima. The algorithm models each spin as a nonlinear oscillator
and solves a set of ordinary differential equations to simulate the adiabatic evolution of a classical nonlinear

Hamiltonian system exhibiting bifurcation phenomena. The processor builds a hardware architecture that
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supports fully connected spin topologies and leverages the inherent fully parallel spin update characteristic of
the SAB algorithm. To achieve bubble-free iterative computation, a three-stage pipelined spin update strategy
is proposed, dividing the update process into coupling coefficient access, momentum update, and position
update. To reduce the storage overhead introduced by the fully connected coupling matrix, a folded coupling
coefficient storage array is designed, exploiting matrix symmetry to eliminate redundant storage. The
momentum update unit and position update unit are implemented using 8-bit fixed-point arithmetic (2 bits for
integer, 6 bits for fractional part) to achieve SAB evolution with low hardware overhead. The chip is fabricated
in 65 nm CMOS technology, occupying an area of 0.47 x 1.25 mm? and operating at a 200 MHz clock frequency
and 1 V supply voltage.

Results and Discussions The chip achieves a total power consumption of only 14 mW, with the spin evolution
module consuming 58% of the total power. The folded coupling coefficient storage array reduces storage area by
52% compared to full matrix storage, and the rectangular restructuring avoids irregular shapes in physical
layout, reducing routing congestion and layout voids (Fig.6). The parallel loading access mechanism allows all
coupling coefficients to be read and distributed within a single clock cycle, eliminating the memory access
bottleneck inherent in serial reading. For predefined Max-Cut problems configured as 8x8 grid structures (64
nodes) with coupling coefficients quantized to 2-bit precision, the chip converges to the global optimum within
only 5 computing cycles, achieving a final Ising energy of -4 032 (Fig.9). This energy follows the analytical
expression (n4-n2)(n4-n2), confirming that the chip solves Max-Cut problems with the shortest solving time.
For larger extended Max-Cut problems (108x108 nodes), the simulated adiabatic bifurcation algorithm achieves
100% accuracy relative to the theoretical ground state (Fig.10). Monte Carlo simulations over 1,000
independent trials on randomly generated Max-Cut problems demonstrate that simulated adiabatic bifurcation
achieves an average Hamiltonian of —3617.42, significantly outperforming simulated annealing which achieves
only —3352.12 (Fig.11). For 3-SAT problems with 40 clauses and 8 variables, the chip solves instances with
clause-to-variable ratios of 3, 4, and 5 in approximately 6 ps, 10 ps, and 16 ps, respectively (Fig.12). These
results align perfectly with theoretical phase transition predictions, confirming the processor's effectiveness
across varying problem complexities.

Conclusions This work proposes an simulated adiabatic bifurcation machine that enables fully parallel updates
without duplicating spin copies. To improve throughput, a three-stage pipeline strategy is designed that
integrates coupling-coefficient access, momentum update, and position update, achieving bubble-free parallel
updating and low-latency solving. For sparse coupling coefficients, a folded storage scheme is adopted to
significantly reduce memory area overhead. Both momentum and position variables are represented in 8-bit
fixed-point format, ensuring sufficient computational accuracy while balancing resource efficiency. Compared
with previous fully connected Ising machines, the proposed bifurcation machine achieves 100% solving accuracy,
along with higher energy efficiency and lower hardware overhead, demonstrating substantial application
prospects in edge-side combinatorial optimization.

Key words: Combinatorial optimization problems (COPs); Simulated adiabatic bifurcation (SAB); Ising
machine; Application-Specific Integrated Circuit (ASIC)
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