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HOW CAN WE TACKLE COMPUTATIONALLY HARD PROBLEMS?
Enumerating solutions

If we just look at all the possible values, check 
if they satisfy the constraints (being feasible) 
and compare their objective?
• Assuming only binary variables, the 

number of solutions grows as 2𝑛𝑛
• Many problems deal with permutations 

then number of solutions grows as 𝑛𝑛!

Decomposition methods
We can split these problems into easily 
solvable parts (subproblems) and design 
algorithms that put those parts together to 
find the complete solution to the problem. 
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EXAMPLES ON TACKLING PROBLEMS HARD PROBLEM THROUGH 
DECOMPOSITION – QUANTUM OPTIMIZATION?
Formulations of many discrete optimization problems in Ising/QUBO 
• Mappings of Karp’s 21 NP-Complete problems to Ising and others
“Reformulation” of discrete nonlinear optimization to Ising/QUBO
• Continuous variables – Discretize
• Integer variables – Binarize
• Nonlinear Equations – Quadratize
• Constraints – Penalize with 𝜌𝜌
Decomposition Algorithms
• Alternating Direction Method of Multipliers (ADMM) [2]
• Test-set computation [3]
• Generator Enhanced Optimization [4]
• Copositive Programming-based cutting plane [5, Next slides]
• And many others!

1. Lucas, Andrew. "Ising formulations of many NP problems." Frontiers in physics 2 (2014): 5.
2. Gambella, Claudio, and Andrea Simonetto. "Multiblock ADMM heuristics for mixed-binary optimization on classical 

and quantum computers." IEEE Transactions on Quantum Engineering 1 (2020): 1-22.
3. Alghassi, Hedayat, Raouf Dridi, and Sridhar Tayur. "Graver bases via quantum annealing with application to non-linear 

integer programs." arXiv preprint arXiv:1902.04215 (2019).
4. Alcazar, Javier, et al. "Geo: Enhancing combinatorial optimization with classical and quantum generative models." 

arXiv preprint arXiv:2101.06250 (2021).
5. Brown et al. arXiv:2207.13630 (2022).

Some mappings are inefficient

Problem size growth
Extra variables and large coefficients

Extra variables
“Softening” of constraints
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HOW DO OUR JULIA PACKAGES PERFORM?
Outcome:
We provide the 
fastest and 
most complete 
reformulator of 
traditional 
optimization 
problems to 
Ising/QUBO as 
open-source

April 1, 2024NSF Post-Quantum AI © David E. Bernal Neira, 2024 6



COPOSITIVE OPTIMIZATION FOR MIXED-BINARY 
QUADRATIC OPTIMIZATION VIA ISING SOLVERS
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1Institute of Computational and Mathematical Engineering, Stanford University 
2Quantum Artificial Intelligence Laboratory, NASA Ames Research Center

3Research Institute of Advanced Computer Science, USRA
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arxiv.org/abs/2207.13630 
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HOW DOES THIS PERFORM?
MAXCLIQUE comparison against MIP formulation and Ising heuristic

Solution time for the copositive cutting-plane algorithm with Simulated Annealing as the Ising solver, the 
solution time when solving a mixed-integer programming (MIP) formulation of maximum-clique directly with 
Gurobi, and the corresponding best penalty version of Simulated Annealing TTT to 99.9% confidence

We
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Current state of Quantum 
Computing leads us to identify 3 
areas for ChemE with potential 
quantum advantage 
• Computational Chemistry
• Optimization
• Machine Learning

Although potential, there are still 
challenges to overcome

QUANTUM COMPUTING IN CHEMICAL ENGINEERING
PERSPECTIVES ARTICLE AS INVITED CONTRIBUTION
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HYBRID QUANTUM CLASSICAL RESEARCH
Optimization [1]

https://ibm-
research.medium.com/exxonmobil-
ibm-scientists-explore-state-of-art-

quantum-algorithms-to-solve-
routing-formulations-e7ce39f8741c 

1. Harwood, S., Gambella, C., Trenev, D., Simonetto, A., Bernal, D.E., Greenberg, D., 
“Formulating and Solving Routing Problems on Quantum Computers” 2021

Computational Chemistry Machine Learning
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