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Agenda

• Introduction

• Overview: Challenge, Situation, Solution

• The MIS problem and Rydberg atom arrays

• Deep dive into qReduMIS algorithm

• Results: Performance analysis

• Summary and outlook
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Quantum computing at AWS
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Democratize 
quantum computing

Fully managed service 
that makes it easy to 

explore and experiment

Amazon 
Braket

Push the 
boundaries

Research quantum 
algorithms, hardware,

and networking

AWS Center for
Quantum Computing

Provide
expert guidance

Practical and cross-
discipline support and 

collaboration

Amazon Advanced 
Solutions Lab
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Quantum devices available on Amazon Braket

Ion-trap QPUs

Aria (25 qubits)
Forte (36 qubits)

Superconducting QPU
Ankaa-3 (84 qubits)

Analog 
program

Superconducting QPU 

Garnet (20 qubits)

Quantum 
circuit

Analog neutral atom QPU

Aquila (256 qubits)
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AWS Center for Quantum Computing

Work on fault tolerant qubits
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Ocelot
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Amazon Advanced Solutions Lab (ASL)
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What we offer
Deep expertise in advanced technologies to design and build cutting-edge solutions for challenging business 

problems at scale. Technologies leveraged: operations research, mathematical optimization, quantum and high-
performance computing, machine learning, computational chemistry, and combinations thereof.

Example use cases: Vehicle routing • Flight scheduling • Sports scheduling • Workforce rostering • Ad placement • 
Clinical trial enrollment • Manufacturing process optimization • Forecasting • Portfolio optimization • Reinsurance 

optimization • Middle-mile network optimization • Unit commitment in energy applications, …

Machine Learning
Use state-of-the-art 
machine learning for 

predictive analytics and 
make better predictions 

about the future.  

Quantum Technologies
Help customers get ready 
for quantum technologies, 

through hands-on 
research engagements 
and C-Suite briefings. 

Optimization
Leverage optimization for 
prescriptive analytics and 

empower customers to 
make the best possible 

business decisions. 

… …
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Our customers & partners prepare for the quantum future

arXiv:2206.03651 arXiv:2306.03976

arXiv:2307.09442arXiv:2211.12489
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Overview:
Challenge, Situation, 
Solution
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The challenge

10

Real-world optimization problems Near-term quantum computers

• Large scales (e.g., 1000+ assets)
• Constraints (e.g., budget constraints)

• Stringent time and quality requirements

• Small scales (hundreds of qubits)
• Unconstrained Hamiltonian encoding

• Hardware noise and other imperfections 

?
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The situation around 2022 
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Our collaboration with JPMorgan Chase

f
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• Study the hardness of 
the MIS-UD problem

• Problem native for 
Rydberg quantum 
devices 

• Decomposition pipeline 
for large portfolio 
optimization problems

• Reduction by ~80% for 
real-world instances

• Compilation toolkit for 
Rydberg atom arrays

• Hardware-efficient 
embedding with 
optimized overhead

• Quantum-informed 
qReduMIS algorithm

• Integration of exact 
classical reduction with 
QPU as co-processor 
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The solution: qReduMIS algorithm
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Classical MIS/MWIS solver

Input
Problem parameters
Expected returns "⃗

Correlation matrix #
Threshold $

MIS (MWIS)
MIS on problem graph

PSP for asset graph 

Output
Independent set 

Diversified portfolio

Portfolio
composition

Allocation of capital 
within diversified 

portfolio

(benchmarking)

qReduMIS solver

Classical computer
Exact reduction 

(in poly time)

Quantum computer
Approximate solution

for graph kernel

Reduced kernel

Selection of vertices

ap
pl

ica
tio

n
al

go
rit

hm

1 2 3 4

Co
un

ts
 (Q

PU
)

1

4

2

3

ha
rd

w
ar

e

Rydberg atom array

AHS program QPU Postprocessing
Embedding

Schedule

Quantum circuit
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The MIS problem and 
Rydberg atom arrays
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• Problem statement: Given an undirected graph, find largest independent 
set of vertices (i.e., the largest subset of vertices such that no edges connect 
any pair in the set). 

• MIS problem dual to maximum clique and minimum vertex cover problems.

• Practical applications: Map labeling, network design, vehicle routing, 
quantitative finance, ... 

15

The MIS problem

|MIS|=3
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• Problem statement: Given a (large) universe of assets, find the largest set of 
uncorrelated assets.  

• Solution: Invest in 3 uncorrelated assets {A, C, G}, out of 7 assets.
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Portfolio selection

|MIS|=3

A

B
C

D
E

F

G

A

B
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Rydberg atom arrays in a nutshell

Key features
• Customizable geometry of Rydberg atoms via trapping potentials in 2D
• Strong Rydberg interactions lead to a unit disk (UD) graph connectivity
• Dynamical control of the Hamiltonian parameters

arXiv:2205.08500
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Effective spin Hamiltonian:

arXiv:1707.04334
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Rydberg atom arrays in a nutshell

Key features
• Customizable geometry of Rydberg atoms via trapping potentials in 2D
• Strong Rydberg interactions lead to a unit disk (UD) graph connectivity
• Dynamical control of the Hamiltonian parameters

arXiv:2205.08500
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Quantum optimization:

arXiv:1707.04334

driver MIS cost
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Ebadi et al., arXiv:2202.09372 [Science 376, 1209 (2022)]
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Quantum optimization for MIS on random UJ graphs

MIS on random 
union-jack (UJ) graph

programmable
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Performance on random UJ graphs

• Quantum algorithm reported to 
outperform classical simulated 
annealing (SA).

• Performance scaling: 

• Hardness parameter:   

20
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Ebadi et al., arXiv:2202.09372 [Science 376, 1209 (2022)]
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Challenge: Performance suppressed exponentially in hardness parameter. 
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Results for native SA solver
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• Rydberg atom arrays provide native solver for the maximum independent 
set (MIS) problem on unit-disk (UD) graphs (MIS-UD problem).

• Performance suppressed exponentially in hardness parameter, for broad set 
of (classical and quantum) MCMC solvers. 

22

Preliminary summary – part I 
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Reduction techniques for 
the MIS problem
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Reduction/kernelization for the MIS problem
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Basic property of the MIS problem:

Any clique can host at most one 
excitation (selected node).
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Reduction/kernelization for the MIS problem
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Basic property of the MIS problem:

Any clique can host at most one 
excitation (selected node).

Key idea: 

Reduce problem by removing 
exposed corner nodes. 
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem

28

2

3

4

5

6

78

10

9
11

12

13

List nodes by degree

0:

1:

2:

3:

4:

5:

2 8 9 13

11

12

4 5 10

3 6 7



QREDUMIS: A QUANTUM-INFORMED REDUCTION ALGORITHM FOR THE MAXIMUM INDEPENDENT SET PROBLEM

© 2025, Amazon Web Services, Inc. or its affiliates. All rights reserved. Amazon Confidential and Trademark.

professional
services

Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Reduction/kernelization for the MIS problem
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Observations: 

• Graph fully reducible, with 
reduction factor 𝜉 = 100%. 

• Reduction factor 𝜉 ∈ [0,1] for input 
graphs with 𝑁 nodes and output 
with 𝑛 nodes:

• Optimal MIS solution found by 
mere (clique-based) reduction. 
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Optimality by cut-and-paste

• Since 𝑣 has no neighbors outside of the clique, by a cut-and-paste argument, 
it must be in some maximum independent set.

• Therefore, we can add 𝑣 to the maximum independent set we are 
computing, and remove 𝑣 and 𝐶 from the graph.
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Reduction experiments

37



QREDUMIS: A QUANTUM-INFORMED REDUCTION ALGORITHM FOR THE MAXIMUM INDEPENDENT SET PROBLEM

© 2025, Amazon Web Services, Inc. or its affiliates. All rights reserved. Amazon Confidential and Trademark.

professional
services

f

38

Reduction for real-world networks
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• Classical reduction (kernelization) is a powerful tool for MIS/MWIS problems.

• Reduction methods are provably optimal. 

• Reduction methods are fast (e.g., linear-time for sparse graphs).

• Reduction methods insensitive to the hardness parameter. 
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Preliminary summary – part II
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• Exploit (exact and fast) reduction as much as possible, akin to classical SOTA 
heuristics.

• Reuse reduction to boost performance at the expense of (small) overhead. 

• Periodically leverage QPU’s native sampling capabilities (in the form of 
sample persistence) to unblock reduction whenever necessary.  
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Motivation for qReduMIS
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The qReduMIS framework
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qReduMIS – High-level (pseudo-code) structure
Input graph 𝐺 = (𝑉, 𝐸), RCL size 𝐾!", selection parameter 𝜆 # default 𝐾!" = 𝜆 = 1
Global 𝑊 = ∅, 𝑆 = ∅, 𝑅 = ∅ # best solution, set of selected nodes, set of removed nodes
Procedure qReduMIS(𝐺)
 if 𝐺 empty return
 (𝐾, 𝑠, 𝑟)	← ClassicalReduce(𝐺) # get kernel, selected and removed nodes
 Append 𝑠 to 𝑆, append 𝑟 to 𝑅
 if 𝐾 is empty then update and return 𝑊
 {𝐼#} ← QuantumMIS(𝐾) # get intermediate independent sizes for kernel (incl. postprocessing) for 
             # all 𝑛 = 1	… , 𝑁$%&'$ shots
 if |𝑆| + max{ 𝐼# } > |𝑊|	then update 𝑊 # update incumbent
 Q, 𝑆, 𝑅	← Select( 𝐼# , 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 = ”𝑖𝑛”) # select λ frozen (fixed) degrees with “in”/”out” strategy
            # update sets 𝑆 and 𝑅 accordingly
 𝐾’	 ← 	𝐾[𝑉(\Q] # get inexact kernel
 qReduMIS(𝐾’) # recurse on inexact kernel
Return 𝑊
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Quantum-informed identification of frozen nodes
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Snapshots of the qReduMIS algorithm

a b c d

• Problem input: Site-
diluted union-jack graph 
with 137 nodes.

• Hard instance with 
hardness ∼1435.

• Classical reduction 
removes 100 nodes. 

• Irreducible kernel (grey) 
found with 37 kernel 
nodes.

• QPU is called to unblock 
reduction. 

• Node in pink identified 
as frozen node with high 
in-set probability.

• Remaining kernel fully 
reducible. 

• MIS solution found with 
two classical reduction 
steps and one QPU call.
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Average success probabilities 𝑃MNO achieved with QAA and qReduMIS (with in-
set selection strategy) using the QuEra Aquila QPU for four test instances (all 
with n = 137 vertices). 
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qReduMIS performance for example instances
a b c d
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Systematic experiments: 

• Testbed with 39 random UJ 
instances with hardness 
ranging from ∼ 	1.03	up to ∼
	9717. 

• qReduMIS solves most 
instances to optimality with 
𝑃MNO = 1 and maintains a non-
zero success rate with average 
𝑃MNO 	≳ 	89%	throughout the 
testbed. 
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qReduMIS performance across larger testbed
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qReduMIS is hardware agnostic

• The qReduMIS hardware layer can involve analog or digital quantum devices.

• Task: To unblock reduction, solve MIS problem on (kernel) graph: 

• Approach: Prepare low-energy state via optimized control parameters 𝜃:

• Gate-based QAOA (SC qubits, trapped ions, …). 
• Ising machines, including SC annealers (D-Wave).
• AHS with Rydberg annealers (neutral atoms). 

• Impact beyond Rydberg community…
51
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Summary and outlook
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• Novel quantum-informed qReduMIS algorithm.

• Kernelization is applied in tandem with a quantum 
coprocessor that helps guide the repeated 
reduction process through the identification of 
frozen variables. 

• Successful experiments with up to 231 qubits on 
QuEra, showing that qReduMIS can tackle 
fundamental performance limitations. 

• Outlook: Future experiments based on alternative 
hardware platforms (such as superconducting 
qubits or trapped ions).  
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Summary and outlook
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Thank you. 
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