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Connected Corridors
“Reduce congestion and improve travel time reliability along 
fifty corridors throughout the state of California”

- Mission Statement



CC System Architecture
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Distributed Consensus-finding Controller
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Model Predictive Control: Ramp Metering

Distributed Consensus-finding Controller
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Overview

● Motivation: Connected Corridors
● PDE model for optimal control applications
● Discrete adjoint framework for ramp-metering
● Distributed control for large-scale systems.
● Security analysis via ramp-metering attacks



Our model: LWR Network Overview
Vehicle Density
Flow Rate
Queue Length
Metering Rate
Turning Rate
Free Flow Vel.
Cong. Speed
Ramp Demand

Weak Boundary Conditions: PDE Strong Boundary Conditions: ODE

Delle Monache, M. L., Reilly, J., Samaranayake, S., Krichene, W., Goatin, P., & Bayen, A. M. (2014). A PDE-ODE model for a junction with ramp buffer. 
SIAM Journal on Applied Mathematics, 74(1), 22–39.



Freeway Control Applications

Variable 
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Metering

Optimal Re-
routing

Reilly, J., Samaranayake, S., Delle Monache, M. L., Krichene, W., Goatin, P., & Bayen, A. M. (2014). Adjoint-based optimization on a network of discretized 
scalar conservation law PDEs with applications to coordinated ramp metering. Journal of Optimization Theory and Applications (under Review).

Delle Monache, M. L., Reilly, J., Samaranayake, S., Krichene, W., Goatin, P., & Bayen, A. M. (2014). A PDE-ODE model for a junction with ramp buffer. SIAM 
Journal on Applied Mathematics, 74(1), 22–39.

Samaranayake, S., Reilly, J., Krichene, W., Delle Monache, M. L., Goatin, P., & Bayen, A. M. (2014). Multi-commodity real-time dynamic traffic assignment with 
horizontal queuing. Transportation Science (under review)
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Discretizing via Godunov’s Method
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Optimizing Control Via Gradient Descent

Adjoint Method



Adjoint Formulation

Compute gradient:

Eliminate      using system:

: Adjoint Variable

Discrete Adjoint Eqn.



Exploiting Sparsity of System Coupling

● Lower Triangular
● Sparse
● Linear Complexity



I15 FW (San Diego) Simulations.

Reilly, J., Samaranayake, S., Delle Monache, M. L., Krichene, W., Goatin, P., & Bayen, A. M. (2014). Adjoint-based optimization on a network of discretized 
scalar conservation law PDEs with applications to coordinated ramp metering. Journal of Optimization Theory and Applications (under Review).

Increase in Onramp Queue Lengths Decrease in Mainline Vehicle Density



I15 MPC Robustness Results

Reilly, J., Samaranayake, S., Delle Monache, M. L., Krichene, W., Goatin, P., & Bayen, A. M. (2014). Adjoint-based optimization on a network of discretized 
scalar conservation law PDEs with applications to coordinated ramp metering. Journal of Optimization Theory and Applications (under Review).

Percentage Reduction in Congestion Robustness of Controller to Noise



Aimsun Micro-Simulation

http://www.youtube.com/watch?v=Kg55GAkkL0I


Aimsun I15 Space-time Summary



Mainline Travel Time Decrease
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Distributed Control Architectures



Existing approaches: Centralized



Existing approaches: Local



Existing approaches: Communicative



Our approach: Consensus Sensitivity



Multi-agent Consensus Optimization: HOW IT WORKS



Asynchronous ADMM Algorithm

def A-ADMM(J_i, E):
While Not Converged:

Choose e from E
Minimize J_i: i = e-Left
Minimize J_i: i = e-Right
Exchange BC’s
Maximize e-λ

return optimal_control

Reilly, J., & Bayen, A. M. (2014). Distributed Optimization for Shared State Systems: Applications to Decentralized Freeway Control via 
Subnetwork Splitting. IEEE Transactions on Intelligent Transportation Systems (under Review).



I15 Experiment: Metering + VSL

Convergence Time vs.
Number of Agents MPC Travel Time Above Theoretical Optimum
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Traffic System Vulnerabilities



Security of Freeway Systems
Flow Sensors
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Indirect Control
Flow Sensors

Control 
Center



SmartRoads project

SmartRoads C2WindTunnel
Reilly, J., Martin, S., Payer, M., Song, D., & Bayen, A. M. (2014). On Cybersecurity of Freeway Control Systems: Analysis of Coordinated Ramp 

Metering Attacks. Transportation Research Part B - Methodological (under Review).



Indirect Control: Sensor Spoofing

http://www.youtube.com/watch?v=cUP0flP4aCw


Direct Control: High-level Objectives

Maximize Congestion Behind 
Leo.

Maximize Hanks’ Travel Time

Minimize Detection (Min TTT)

Minimize Leo’s Travel Time.



CATCH ME IF YOU CAN



Achieving high-level objectives via 
Multi-objective Optimization

UI Diagram Actual Slider Implementation



Interactive vs. A Posteriori Optimization

Interactive A posteriori



Box Objective on I15 Freeway



Box Objective



SmartRoads Box Objective

http://www.youtube.com/watch?v=4ld-gA93Ukk


Morse Code Attack

http://www.youtube.com/watch?v=zOy2NDmq15M


Freeway Painter

http://www.youtube.com/watch?v=zPBFnORIL8s


Real-world application 
and robustness

General and extensible 
framework

Improves w/ estimation 
and prediction advances.
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