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1. Overview of Solution Approach
The general sensor placement problem (SPP) for contaminant warning system (CWS) design involves placement of a limited number of sensors such that the expected impact of an incident is minimized. We cast the SPP in terms of the well-known p-median problem from discrete location theory. The p-median formulation assumes a fixed number of scenarios, each specifying a probability of occurrence, a set of injection sites, injection strengths, and injection durations. The impact of each potential incident is determined via contaminant transport simulation. Specifically, EPANET is used to generate a time-series of contaminant concentration at each network junction for each incident. For each combination of incident and network junction, the resulting time-series are then used to compute the network-wide impact of the incident assuming detection via a hypothetical contaminant sensor placed at the network junction. In conjunction with the incident probabilities, the resulting "impact coefficients" completely specify the input to our p-median formulation of the SPP. We solve the p-median SPP using domain-specific heuristics based on a combination of GRASP and local search. Extensive computational tests indicate that the heuristics consistently locate globally optimal solutions, as verified via solution of the corresponding mixed-integer program (MIP) using commercially available solvers. Further, the heuristic executes in seconds to minutes for networks ranging from 100 to 10,000 junctions, respectively, subject to large numbers (on the order of the number of network junctions) of hypothetical scenarios.

By isolating objective-specific information to the impact coefficients, our approach seamlessly allows for optimization of disparate performance objectives, e.g., detection likelihood and population exposed. The use of general-purpose contaminant transport simulators allows us to handle arbitrarily complex scenarios, e.g., multiple simultaneous injection sites with different contaminants at variable injection strengths and durations. Certain response strategies, such as delays incurred due to manual verification of sensor hits, can be incorporated via appropriate modification of the impact coefficients. Through the use of side constraints, we are able to generate solutions to the p-median formulation of the SPP that simultaneously yield high-quality performance with respect to a range of performance objectives. Finally, in contrast to competing approaches to solving the SPP, we are able to provide provable bounds on the quality of solutions generated by our heuristic via formulation and solution of the SPP as a p-median MIP.

2. Competition Results

All solutions for network1 and network2 were generated using the GRASP heuristic. No modifications to the network .inp files were performed, other than miscellaneous corrections required to output water quality samples for network2. Report time-steps for both networks were 1 hour. The solutions are (provably) optimal placements for the following set of  scenarios: at each demand junction, initiated at times t=0hr, 6hr, 12hr, and 18hr.
Solution times for the GRASP heuristic were sub-second for all network1 cases, and in the 9-10 minute range for all network2 cases. Run-times were dominated by the cost required to run EPANET water quality simulations, which ran into 3-4 days for each of the network2 scenarios, in addition to about 12 hours of post-processing time. The computational platform was a 2.2GHz AMD 64-bit workstation. 
We have submitted solutions for both the Z3 (volume of contaminated water consumed) and Z4 (detection likelihood) objectives, as these are uncorrelated (in contrast to – in some cases – Z1, Z2, and Z3). In contrast to the example computer program distributed at water-simulation.com (the official baseline for the competition), our Z3 computation includes failed detections – at which point the individual incident damage consists of all water extracted (above the 0.3 mg/L threshold) prior to simulation end. For a variety of reasons not detailed here, computing only detected incidents for the Z1-Z3 objectives leads to nonsensical results in a number of non-trivial situations. We omit results for scenario D, due to the vast number of potential scenarios required to achieve statistically stable results.
Network1 Solutions
	Scenario
	Num Sensors
	Objective
	Sensor Locations

	A
	5
	Z3
	JUNCTION-17 JUNCTION-21 JUNCTION-68 JUNCTION-79 JUNCTION-122

	A
	20
	Z3
	JUNCTION-3 JUNCTION-4 JUNCTION-17 JUNCTION-21 JUNCTION-25 JUNCTION-31 JUNCTION-34 JUNCTION-37 JUNCTION-46 JUNCTION-64 JUNCTION-68 JUNCTION-81 JUNCTION-82 JUNCTION-90 JUNCTION-98 JUNCTION-102 JUNCTION-116 JUNCTION-118 JUNCTION-122 JUNCTION-126

	A
	5
	Z4
	JUNCTION-10 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-126

	A
	20
	Z4
	JUNCTION-1 JUNCTION-7 JUNCTION-10 JUNCTION-13 JUNCTION-16 JUNCTION-19 JUNCTION-35 JUNCTION-36 JUNCTION-38 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-106 JUNCTION-113 JUNCTION-114 JUNCTION-122 JUNCTION-123 JUNCTION-124 JUNCTION-125 JUNCTION-126

	B
	5
	Z3
	JUNCTION-20 JUNCTION-68 JUNCTION-79 JUNCTION-118 JUNCTION-122

	B
	20
	Z3
	JUNCTION-2 JUNCTION-4 JUNCTION-17 JUNCTION-20 JUNCTION-31 JUNCTION-34 JUNCTION-35 JUNCTION-46 JUNCTION-49 JUNCTION-68 JUNCTION-74 JUNCTION-82 JUNCTION-84 JUNCTION-90 JUNCTION-101 JUNCTION-102 JUNCTION-118 JUNCTION-122 JUNCTION-123 JUNCTION-126

	B
	5
	Z4
	JUNCTION-10 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-126

	B
	20
	Z4
	JUNCTION-1 JUNCTION-7 JUNCTION-10 JUNCTION-13 JUNCTION-16 JUNCTION-19 JUNCTION-34 JUNCTION-35 JUNCTION-36 JUNCTION-38 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-106 JUNCTION-113 JUNCTION-114 JUNCTION-123 JUNCTION-124 JUNCTION-125 JUNCTION-126

	C
	5
	Z3
	JUNCTION-17 JUNCTION-49 JUNCTION-68 JUNCTION-79 JUNCTION-103

	C
	20
	Z3
	JUNCTION-3 JUNCTION-4 JUNCTION-5 JUNCTION-17 JUNCTION-21 JUNCTION-29 JUNCTION-31 JUNCTION-34 JUNCTION-37 JUNCTION-43 JUNCTION-49 JUNCTION-51 JUNCTION-53 JUNCTION-68 JUNCTION-79 JUNCTION-81 JUNCTION-98 JUNCTION-116 JUNCTION-118 JUNCTION-122

	C
	5
	Z4
	JUNCTION-10 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-126

	C
	20
	Z4
	JUNCTION-1 JUNCTION-7 JUNCTION-10 JUNCTION-13 JUNCTION-16 JUNCTION-19 JUNCTION-35 JUNCTION-36 JUNCTION-38 JUNCTION-45 JUNCTION-83 JUNCTION-100 JUNCTION-106 JUNCTION-113 JUNCTION-114 JUNCTION-122 JUNCTION-123 JUNCTION-124 JUNCTION-125 JUNCTION-126


Network2 Solutions

	Scenario
	Num Sensors
	Objective
	Sensor Locations

	A
	5
	Z3
	JUNCTION-3357 JUNCTION-4684 JUNCTION-10874 JUNCTION-11184 JUNCTION-11304

	A
	20
	Z3
	JUNCTION-636 JUNCTION-1917 JUNCTION-3357 JUNCTION-3573 JUNCTION-3770 JUNCTION-4132 JUNCTION-4240 JUNCTION-4594 JUNCTION-5114 JUNCTION-6583 JUNCTION-6700 JUNCTION-7652 JUNCTION-8999 JUNCTION-9142 JUNCTION-9722 JUNCTION-10614 JUNCTION-10874 JUNCTION-11177 JUNCTION-11271 JUNCTION-12258

	A
	5
	Z4
	JUNCTION-551 JUNCTION-1426 JUNCTION-1486 JUNCTION-2865 JUNCTION-3230

	A
	20
	Z4
	JUNCTION-623 JUNCTION-813 JUNCTION-902 JUNCTION-1436 JUNCTION-1486 JUNCTION-2598 JUNCTION-2865 JUNCTION-3230 JUNCTION-3669 JUNCTION-3723 JUNCTION-3833 JUNCTION-4208 JUNCTION-4306 JUNCTION-5346 JUNCTION-7436 JUNCTION-7665 JUNCTION-8089 JUNCTION-8419 JUNCTION-9223 JUNCTION-11687

	B
	5
	Z3
	JUNCTION-3357 JUNCTION-4684 JUNCTION-10874 JUNCTION-11184 JUNCTION-11304

	B
	20
	Z3
	JUNCTION-636 JUNCTION-1917 JUNCTION-3357 JUNCTION-3573 JUNCTION-3770 JUNCTION-4132 JUNCTION-4240 JUNCTION-4594 JUNCTION-5114 JUNCTION-6583 JUNCTION-6700 JUNCTION-7652 JUNCTION-8999 JUNCTION-9142 JUNCTION-9722 JUNCTION-10614 JUNCTION-10874 JUNCTION-11177 JUNCTION-11271 JUNCTION-12258

	B
	5
	Z4
	JUNCTION-623 JUNCTION-1486 JUNCTION-3230 JUNCTION-3688 JUNCTION-9364

	B
	20
	Z4
	JUNCTION-623 JUNCTION-813 JUNCTION-902 JUNCTION-1426 JUNCTION-1486 JUNCTION-2598 JUNCTION-2865 JUNCTION-3230 JUNCTION-3688 JUNCTION-3833 JUNCTION-4208 JUNCTION-4306 JUNCTION-6922 JUNCTION-7436 JUNCTION-7665 JUNCTION-8089 JUNCTION-8419 JUNCTION-9223 JUNCTION-11687 JUNCTION-12371

	C
	5
	Z3
	JUNCTION-3357 JUNCTION-4684 JUNCTION-10874 JUNCTION-11184 JUNCTION-11304

	C
	20
	Z3
	JUNCTION-636 JUNCTION-1917 JUNCTION-3357 JUNCTION-3573 JUNCTION-3770 JUNCTION-4032 JUNCTION-4132 JUNCTION-4793 JUNCTION-6309 JUNCTION-6700 JUNCTION-7336 JUNCTION-8852 JUNCTION-8999 JUNCTION-9142 JUNCTION-9722 JUNCTION-10614 JUNCTION-10874 JUNCTION-11177 JUNCTION-11271 JUNCTION-12258

	C
	5
	Z4
	JUNCTION-551 JUNCTION-1426 JUNCTION-1486 JUNCTION-2865 JUNCTION-3230

	C
	20
	Z4
	JUNCTION-623 JUNCTION-813 JUNCTION-902 JUNCTION-1436 JUNCTION-1486 JUNCTION-2598 JUNCTION-2865 JUNCTION-3230 JUNCTION-3669 JUNCTION-3723 JUNCTION-3833 JUNCTION-4208 JUNCTION-4306 JUNCTION-5346 JUNCTION-7436 JUNCTION-7665 JUNCTION-8089 JUNCTION-8419 JUNCTION-9223 JUNCTION-11687


