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Motivation
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Graph-Structured Nonlinear Programs (gsNLP)
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Exponential Decay of Sensitivity (EDS)



Robinson, S. M. (1980). Strongly regular generalized equations. Mathematics of Operations Research, 5(1), 43-62.

Sensitivity of NLPs (Classical)

7
Biegler, L. T. (2013). A survey on sensitivity-based nonlinear model predictive control. IFAC Proceedings Volumes, 46(32), 499-510.



Na, S., & Anitescu, M. (2020). Exponential decay in the sensitivity analysis of nonlinear dynamic programming. SIAM Journal on Optimization, 30(2), 1527-1554.
Shin, S., Anitescu, M., & Zavala, V. M. (2021). Exponential Decay of Sensitivity in Graph-Structured Nonlinear Programs. arXiv preprint arXiv:2101.03067.

Sensitivity of gsNLPs
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Exponential Decay of Sensitivity (EDS): Temporal



Zavala, V. M., Anitescu, M., & Krause, T. (2009). On the optimal on-line management of photovoltaic-hydrogen hybrid energy systems. In CACE (Vol. 27, pp. 1953-1958)
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Exponential Decay of Sensitivity (EDS): Temporal



Exponential Decay of Sensitivity (EDS): Spatial
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EDS in gsNLPs



13

EDS in gsNLPs
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EDS in gsNLPs
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EDS in gsNLPs
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EDS in gsNLPs

Shin, S., & Zavala, V. M. (2021). Controllability and observability imply exponential decay of sensitivity in dynamic optimization. IFAC-PapersOnLine, 54(6), 179-184.
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Effect of Regularity
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Algorithms
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MPC for Utilities Plant



MPC Problem
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Closed-Loop System



Closed-Loop Simulation (One Year)



Graph-Based Approximation (Diffusing Horizon MPC)
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Shin, S., & Zavala, V. M. (2021). Diffusing-horizon model predictive control. IEEE Transactions on Automatic Control.



Graph-Based Approximation (Diffusing Horizon MPC)
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Shin, S., & Zavala, V. M. (2021). Diffusing-horizon model predictive control. IEEE Transactions on Automatic Control.



Overlapping Schwarz Decomposition

Balay, Satish, Shrirang Abhyankar, Mark Adams, Jed Brown, Peter Brune, Kris Buschelman, Lisandro Dalcin et al. "PETSc users manual." (2019).



Overlapping Schwarz for QP

Shin, S., Zavala, V. M., & Anitescu, M. (2018). Decentralized schemes with overlap for solving graph-structured optimization problems. arXiv preprint arXiv:1810.00491.
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Shin, S., Zavala, V. M., & Anitescu, M. (2020). Decentralized schemes with overlap for solving graph-structured optimization problems. IEEE Transactions on Control of Network Systems, 7(3), 1225-1236.
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Overlapping Schwarz for QP
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Overlapping Schwarz for QP
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Overlapping Schwarz for QP



State Estimation
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Overlapping Schwarz for NLP

Shin, S. (2021). Graph-Structured Nonlinear Programming: Properties and Algorithms (Doctoral dissertation, The University of Wisconsin-Madison).
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Overlapping Schwarz for NLP

Shin, S. (2021). Graph-Structured Nonlinear Programming: Properties and Algorithms (Doctoral dissertation, The University of Wisconsin-Madison).



EDS Guarantees Convergence
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EDS Guarantees Convergence
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EDS Guarantees Convergence
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Software



Plasmo.jl  https://github.com/zavalab/Plasmo.jl
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https://github.com/zavalab/Plasmo.jl
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Plasmo.jl

• Plasmo.jl provides a user-friendly syntax similar to JuMP.jl

• Each node embeds a JuMP.jl optimization model

• Node subproblems linked using hyperedges

Jalving, J., Shin, S., & Zavala, V. M. (2020). A Graph-Based Modeling Abstraction for Optimization: Concepts and Implementation in Plasmo.jl.
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System
Graph 
Abstraction

Graph Visualization



Graph Visualization

40
Jalving, J., Shin, S., & Zavala, V. M. (2020). A Graph-Based Modeling Abstraction for Optimization: Concepts and Implementation in Plasmo.jl.



Graph Partitioning



Graph Aggregation/Coarsening



• Nodes can embed full graphs
• Enables modular & hierarchical modeling
• Can solve subgraphs all-at-once, individually, or as communities/partitions
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Hierarchical Graphs

Cole, D. L., Pecci, F., Guerra, O. J., Gangammanavar, H., Jenkins, J. D., & Zavala, V. M. (2025). Graph-Based Modeling and Decomposition of Hierarchical Optimization 
Problems. arXiv preprint arXiv:2501.02098.



Day-Ahead 
Unit Commitment

Short-Term
Unit Commitment

Hour-Ahead
Economic Dispatch

Multi-Scale MPC as Hierarchical Graphs
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MadNLP.jl https://github.com/zavalab/MadNLP.jl
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https://github.com/zavalab/MadNLP.jl


Plasmo.jl + MadNLP.jl
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Plasmo.jl + MadNLP.jl
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Cyber-Physical Systems



Modeling Cyber-Physical Systems

Scattolini, R. (2009). Architectures for distributed and hierarchical model predictive control–a review. Journal of process control, 19(5), 723-731.



Cyber-Physical Systems as Computing Graphs

Jalving, J., Cao, Y., & Zavala, V. M. (2019). Graph-based modeling and simulation of complex systems. Computers & Chemical Engineering, 125, 134-154.
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Centralized Decentralized Cooperative

outputsinputs

Simulating MPC Architectures



Centralized Decentralized Cooperative

outputsinputs

Simulating MPC Architectures
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Simulating Distributed Optimization Algorithms

Synchronous

Asynchronous
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