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Abstract: Natural disasters are inherently unpredictable and can cause major damage to 

critical infrastructures in cities and loss of life. In this study, a simulation and control 

framework was developed for evaluating response decisions for natural disaster scenarios 

with the objective of minimizing the casualties generated from within the simulation. The 

package was developed in MATLAB Simulink using the infrastructure interdependencies 

simulator (I2Sim) with a test system of six small residences, one large residence, two health 

centres, one large hospital, three water pumps of varying capacities and one energy 

production cell. The research focused on the development of heuristic controllers to 

evaluate the best possible outcome given the disaster scenario simulated to affect critical 

infrastructure. Response decisions were generated for 625 unique scenarios, this 

information once grouped, can be used to inform response policies after natural disasters. 

Keywords: Disaster Management, Heuristic Control, Natural Disasters, Response Policy,  

I2Sim. 
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1. Introduction 

The wake of natural disasters have revealed the importance of properly coordinated emergency measures 

to aid in the reduction of casualties. Resource management was highlighted as a crucial element in the event 

of natural or man-made disasters which would help to maximize the number of saved lives without wastage 

of economic resources. Restoring electricity is highly prioritized since this increases the productivity and 

effectiveness of critical infrastructure such as hospitals and water distribution services. The inter-

dependency between such infrastructures have been considered in light of service restoration [1]. Studies 

involving the use of either genetic or heuristic algorithms for the problem of resource allocation during a 

disaster event with a focus on objective based optimization were investigated and presented in [2], [3], [13], 

[14] and [16]. Hence resource allocation proves to be a critical challenge as it relates to the distribution of 

resources in a situation where resources are limited and the decisions made can affect the loss of life. 

Disaster management policies have been introduced in Pakistan’s 2010 disaster management act as a critical 
analysis; this case highlights the importance for the development of policies and practices as it relates to 

disaster management [4]. Simulation of real-life scenarios, aids in disaster management as it provides 

researchers a better understanding of how real-life systems can behave and what actions should be taken to 
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reduce its effects. However, such simulations require a lot of accurate real-life data for model building. The 

use of accurate data in the simulation of real systems leads to useful insights into operational limitations. 

Such limitations can be gathered from the simulation of the failure of a steam plant to see the effects which 

would take place in [5]. An intelligent agent based on reinforcement learning was proposed, this approach 

focused on maximizing of the number of patients being discharged from emergency units by taking the 

necessary actions needed to reduce deaths [6]. Similar research has made use of neural networks and loss 

functions which performs multitask learning processes on models while improving the learning speed of 

optimization algorithms [7]. A utility driven post disaster emergency resource allocation system using delay 

tolerant networks has been proposed which minimizes resource deficit and resource deployment time [15]. 

The focus of such simulations allowed emergency responders to take the necessary actions based on 

particular disaster scenarios and hence introduces a policy framework which should exist for disaster events. 

Policy measures exist for various countries such as Uganda with assessments of the extent to which 

landslides affect individuals [8]. More recent work focused on the presence of disaster debris management 

plans [9] and geo simulations in Pakistan with near real time policy responses using data collected after an 

earthquake disaster [10]. Disaster prevention and control management attempts to handle disasters as they 

are experienced by making use of policy frameworks and any preventative measures developed from time 

to time [11]. The contribution of this paper is the development of a simulation framework for policy 

evaluation of critical infrastructure subject to natural disasters. The research showcases the integration of 

heuristic controllers which can be used to generate the best disaster policies for given disaster scenarios, on 

critical infrastructure within the model. The paper is structured as follows, section 2 gives a breakdown of 

the I2Sim model, section 3 highlights the testing procedures developed for each critical infrastructure, 

section 4 presents the results for each test conducted and section 5 contains the discussion and generation 

of the disaster policies 

2. Overview of I2Sim Model 

The infrastructure interdependency simulator (I2Sim) [12] was used in this study for implementing disaster 

scenarios. Each cell within I2Sim consists of Physical Modes (PMs) which model the input output 

relationships for different operational scenarios. The breakdown of these PMs within the I2Sim module 

was represented in a Human Resource Table (HRT) for each cell. The HRT was used to represent the 

operational behavior of a cell either by reduction of a resource supplied to it or damages caused to the cell 

from a disaster. The developed i2sim model consisted of several critical infrastructure for a disaster event. 

The model contained one large residence, six small residences, two small health centers, one large hospital, 

three water pumps and one energy production cell. The energy production cell was one of the two primary 

inputs fed into all other production cells in the model. The interdependency structure can be seen in Figure 

21. The design of the model is intended to replicate a small state and was implemented using I2Sim toolbox 

and MATLAB Simulink R2018b. 

2.1 Energy Production Cell 

The energy production cell was used to provide power to every element within the interdependency model. 

The energy production cell at full functionality (PM 1) supplied power to 7 loads shown in Figure 21. A 

load can be thought as a cell or group of cells which consume power from the energy production cell. This 

cell contains 5 PMs in total and its behavior is shown in Table 16. 
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Table 16: PM behaviour of Energy Production Cell 

Energy Production Cell 

Physical Mode (PM) 

Number of Loads Energy being 

Supplied to 

Number of Loads Energy 

Not being Supplied To 

1 All Loads Turned on 0 

2 6 1 

3 6 1 (Load D) 

4 4 3 

5 0 7 

2.2 Residence Production Cell 

The residence production cell was used to represent the population of persons involved in the disaster 

scenario. The entire population consisted of one large residence with a population of 20000 and six small 

residences with a population of 5000 persons per residence, giving a total of 50000 individuals for this 

study. Table 17 shows the input output relationship for the residences. 

 

Figure 21: Overview of System 
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Table 17: HRT for small and large residences 

HRT for small residences HRT for large residences 

Power/MW 1 1 1 0 0 1 1 1 0 0 

Water/L 62500 60000 50000 25000 0 250000 240000 200000 100000 0 

Sickly Generated 0 25 50 75 100 0 100 200 300 400 

 

2.3 Water Production Cell 

The water production cell was used to generate water resources in the i2sim model. This was the second 

primary input used by various cells in the model. The water production cell provided water to all its 

dependent cells at full capacity (PM 1). This cell was represented by three pumps and the cells dependent 

on each pump was shown in Figure 21. Table 18 shows the breakdown of the output rate (litres/cycle) for 

the pumps and its respective physical modes. This output of the water production cell was sent to a 

distribution system which allocates resources to each of their dependents. It should also be noted that each 

pump forms part of a load in the model and is only functional when the load is “ON”. See Figure 21. 

Table 18: The Output (litres) of each Pump for the possible PMs  

Pump 
Physical Mode (PM) 

1 2 3 4 5 

1 250000 187500 125000 62500 0 

2 250000 187500 125000 62500 0 

3 500000 375500 250000 125000 0 

 

2.4 Hospital and Health Centre (HC) Production cells 

The hospital and health center production cells are responsible for the treatment of casualties during the 

disaster scenario. Residences R1, R5, R6 and R7 are assigned to HC1 and R2, R3 and R4 are assigned to 

HC2 and Hospital. Its functionality (Treatment Rate) was dependent on both the energy and water resources 

supplied to these production cells. Table 19: The HRT for the Hospital below show the HRTs for these cells. 

Table 19: The HRT for the Hospital and Health Centres 

HRT for the Hospital HRT for the Health Centres 

Power 1 1 1 0 0 1 1 1 0 0 

Water/L 5000 4250 3500 1000 0 1500 1250 1000 500 0 

Treatment Rate 200 175 50 25 0 50 40 20 10 0 

 

2.5 Death 

In the model the death value was recorded as an iterative collection of failed treatments. The death 

parameter is an important aspect as it relates to disaster scenarios. Death is one of the major aspects disaster 
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emergency and preparedness attempt to mitigate. Therefore, death can be used as the metric to determine 

the best possible outcome for a given disaster scenario. 

3. Testing Procedures and Control Strategies 

The testing procedure focused on varying the main inputs to the system, while generating numerous 

scenarios for different critical infrastructure conditions and its dependent cells. Two general test cases for 

the energy and water inputs were considered. The development of the test scenarios formed a systematic 

approach to evaluate how the main inputs to the system would affect the system’s overall performance 
when damaged and the death values being generated for each given scenario. 

3.1 Energy Production Cell Test Cases 

3.1.1 Heuristic Controller for Energy Production Cell 

Referring to Table 16, the test cases for PMs 1, 3 and 5 can be seen as single test cases. However, for PMs 

2 and 4 all possible cases were included. Thus, a greedy (brute force approach) algorithm was used to 

examine each disaster scenario. 

 

In Eq. 1, 𝑛 is the total number of loads and 𝑟 is the number of loads ‘on’. The expression gives the number 
of unique combinations required to test in order to evaluate the entire effect on the system.   

 𝑻 = 𝒏!𝒓!(𝒏−𝒓)! (1) 

 

The aim of the heuristic controller was to determine the distribution which best reduces the number of 

deaths experienced during a disaster test scenario. This is executed through comparison of the results for 

each scenario and choosing the most optimal distribution. The flowchart of this controller is shown in Figure 

22. 

 

Figure 22: Heuristic Controller for Energy Production Cell 
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3.1.2 Rotation of Loads (Rotating Black out) and No Rotation of Loads Simulated 

The rotating black out was a specific situation in which loads were turned on and off for a specific period 

(of time). For each physical mode the number of combinations which existed was different as mentioned 

previously. At each simulated iteration, a unique combination of PMs were executed for a specific period 

until every unique combination of PMs were simulated with the controller reporting the best combination 

of load rotations (loads which should be left on).  

3.2 Water Production Cell Test Cases 

Recall the water production cell was represented by three pumps at various locations within the model (See 

Figure 21) where the behavior of the pumps can be seen in Table 18. A heuristic distributor was developed 

to deliver the water resources to its dependents, while maintaining the most efficient distribution ratio. The 

distributor’s aim was to operate in a manner that provided the best ratio between the sickly generated from 

residences and treatment rate at Health Care Cells (Health Centres) with emphasis on reducing deaths. 

3.2.1 Testing Procedure for Water Production Cell 

Similar to the test procedures used for the Energy Production Cell, all possible unique PM combinations 

were tested for each cell. However, these cases required the use of unique test combinations for the three 

(3) pumps. During this procedure the test cases were broken up into three parts: (1) One pump damaged – 

all combinations which involved only one pump being damaged were tested with two pumps maintained at 

PM 1. (2) Two pumps damaged – all combinations which involved only one pump undamaged, this pump 

was maintained at PM 1 while varying the PM values of the other two pumps. (3) All pumps damaged – all 

possible unique combinations of the PM which simulated all 3 pumps experiencing some level of damage 

simultaneously. 

3.3 Movement of People (MOP) and Truck Borne Supply (TBS) 

These two methods can be thought as preventative actions (PA) that can be performed in a given situation 

to reduce the number of deaths due to lack of treatment or resources at a particular location. The movement 

of people was a relief method in which the sickly from an overcrowded health unit was moved to another 

health unit that was not overcrowded. The truck borne supply strategy was a relief method in which water 

resources were delivered to cells anywhere in the model as a truck borne supply. The relief methods can be 

used within the energy and water test cases to aid in reducing the number of deaths generated. 

4. Results 

4.1 Energy Production Cell  

Referring to Table 16 for the behaviour of the Energy Production Cell. PM 1 is normal operation while PM 

5 can be induced to show maximum deaths. 

4.1.1 Physical Mode 2 

Table 20: Rotation of Loads Results for PM2 

Tested 

Combinations 

Active Loads 

A B C D 

E F 

A B C D 

E G 

A B C D 

F G 

A B C E 

F G 

A B D E F 

G 

A C D E F 

G 

B C D E 

F G 

Water 

Resources/L 

320500 439000 500000 481500 590000 591750 588000 

Death 

Recorded 

200 250 200 50 0 0 65 
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MOP 

employed 

No 

change 

No 

Change 

0 0 Not 

needed 

Not 

Needed 

0 

 

4.1.2 Physical Mode 3 

At PM 3, load D cannot be turned on due to the nature of the model. The death recorded was 50 with  

481500 L of water usage with a tested load combination of ABCEFG. 

4.1.3 Physical Mode 4  

Table 21: Rotation of Load Results for PM 4 below shows extracted results for PM 4.  

Table 21: Rotation of Load Results for PM 4 

Tested 

Combinations 

Active Loads 

A B E F A B E G A B F G A E F G B E FG 

Death Recorded 450 500 500 415 365 

MOP 325 425 190 365 190 

4.2 Water Production Cells 

In this section the water distribution was tested, each pump was damaged in a systematic manner to observe 

the model behavior. The results show the cumulative results for sickly persons generated from all 

residences, the treatment rate (TR) over all Health Care Cells (Health Centres) and the deaths incurred when 

the pumps were subjected to damages. Refer to Section 3.2.1 for testing procedure outline. 

4.2.1 One Pump Damaged 

Table 22 shows the comparison of test results for only one pump being damaged.  

Table 22: Comparison of Results for Only One Pump Damaged Cases 

Physical 

Mode of 

Damaged 

Pump 

Pump One Damaged Pump Two Damaged Pump Three Damaged 

Sickly 
Total 

Death 
MOP Sickly TR 

Total 

Death 
Sickly 

Total 

Death 
MOP 

1 0 0 0 0 0 0 0 0 0 

2 0 0 0 50 50 0 0 0 0 

3 25 0 0 150 150 0 100 50 0 

4 125 75 0 250 250 0 375 75 75 

5 200 200 0 300 50 250 500 200 200 

4.2.2 Two Pumps Damaged 

The results of this simulation showed the comparison of the cumulative results for sickly people generated 

from all residences, the Treatment Rate (TR) over all Health Care Cells (Health Centres) and the Deaths 

incurred while only one pump was undamaged. Therefore, the tested scenarios were conducted as follows; 

Pump 1 undamaged while Pump 2 and Pump 3 were damaged. Pump 2 undamaged while Pump 1 and Pump 

3 were damaged and lastly Pump 3 undamaged while Pump 1 and Pump 2 were damaged. Table 23: 

Comparison of results for Only 1 Pump Undamaged Cases presents when Pump 1 was undamaged and 

Pump 2 and Pump 3 damaged.  
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Table 23: Comparison of results for Only 1 Pump Undamaged Cases 

Physical Mode  Physical Mode  Pump 1 Undamaged Simulated with PA 

Pump 2 Pump 3 Sickly TR 
Total 

Death 
PA 

Death 

Recorded 

with PA 

1 1 0 0 0 - - 

1 2 0 0   - - 

2 1 50 50 0 - - 

2 2 50 50 0 - - 

1 4 375 300 75 TBS 0 

2 3 150 100 50 MOP 0 

5 3 400 50 350 TBS 0 

5 4 675 50 625 TBS 225 

5. Discussion 

5.1 Energy Production Policies 

The energy distributor was responsible for sending power to various loads within the model as needed. 

Given the output power available from the energy production cell, both blocks worked together to facilitate 

the execution of all tested scenarios for data collection. Table 20 showed the effect of taking off each load 

while the rest of the system operates normally. It was evident that loads E, F and G had the most severe 

impact on the overall system. This was as a result of the system’s dependency on the water pumps and this 
led to a cascaded failure of dependent cells within the loads when pumps were turned off. The other results 

showed the effects of turning off loads C and B to be minimal on the system. This was due to two factors, 

(1) When only one cell was operating at a deficient level, this results in relatively less sickly individuals 

and the sickly were able to be treated by the medical facilities; (2) Even though one load was turned off, 

due to the nature of the HRT for medical and residence cells, the limited water resource would have the 

greatest impact on these cells performance. Given a situation where a load was turned off and Health Care 

(Health Centre) production cells still has the ability to obtain water resources, these cells would be operating 

in a restricted state and would not be completely turn off. Loads E, D and A death values were reduced to 

zero when the MOP method was used, allowing other medical cells to assist when the default assignment 

was unable to handle the situation.   

At this physical mode since three loads were unable to be turned on, it contributed to a large buildup of 

sickly being sent to the medical facilities resulting in many deaths. The combination of loads that generated 

the lowest number of deaths when turned on were A E F G and B E F G. These two load combinations 

contained the loads E F G which were critical to ensure water was supplied to the system. 

From the results of Section 4.1, the prioritization of loads with respect to power distribution can be seen in 

Table 24. 

Table 24: The Inferred Prioritization of Loads based on Load Dependencies 

Priority 
Load 

Off 
Affected 

Loads 
Number of 

Affected Cells 
Affected Cells 

1 F F, B, C 6 R6, R2, R3, Hospital, Health Centre 2, Pump 2 
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2 E E, A 4 R5, R1, Health Centre 1, Pump 1 

3 G G, D 3 R7, R 4, Pump 3 

3 C C 2 R3, Hospital 

4 D D 1 R4 

5 B B 2 R2, Health Centre 2 

5 A A 2 R1, Health Centre 1 

 

5.2 Water Production Policies  

5.2.1 Truck Borne Supply (TBS) Inclusion 

The effect of TBS being used on the system was also investigated. Based on multiple factors such as truck 

capacity, time, human resources and other efficiency related issues, TBS was clearly not an alternative to 

the pumped water distribution system. Considering this, a more practical use of the TBS was to supply 

sufficient water resources to medical facilities and residences. This resulted in an improvement of the 

operation of the medical facilities as well as a small reduction in the number of sickly being generated by 

the residences. There was an even greater need for TBS in the two pump damaged test scenario. This shows 

that with the TBS/MOP Schemes operating at full efficiency, not only will there be a reduction in the 

number of sickly generated from residences, but there will also be a minimum level of sickly needing 

treatment at medical cells. 

5.3 Further Discussion/Future Work 

The method of energy distribution used worked effectively but did not consider scalability of the model as 

well as the number of loads for any given model. Further analysis of an energy distribution scheme which 

takes scalability into account should be developed since the model simulated was relatively small. The 

addition or removal of elements will not only entail making changes to the heuristic controllers for water 

and energy distribution but also the controller which facilitates the simulation and analysis of all possible 

unique combinations of the system.  

6. Conclusion 

In this study, a simulation and control framework was developed for evaluating response decisions for 

natural disaster scenarios aiming at reducing the life loss count. The framework targets water and electricity 

utilities and produces recommendations for the best possible policy decision to reduce the casualty count 

for each disaster scenario. For disasters affecting electricity, a heuristic controller was able to find the best 

load combinations which should be rotated based on the scenario. As for the water testing, the heuristic 

controller can generate the anticipated number of deaths for each possible simulated combination as well 

as take preventative measure to reduce the number of deaths in a given scenario. The framework has put 

forward a testing approach which aims at looking at all possible situations which can exist, be it for one 

critical infrastructure being damaged at a point in time or when both critical infrastructures has been 

damaged simultaneously. 
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