1. INTRODUCTION
The increased frequency and magnitude of natural disasters has shown how vulnerable countries and regions around the world are (Roh et al., 2015; Whybark, 2007). Disaster management needs to be organised and responsive (Tatham and Kovacs, 2010), with clear civil protection plans in place to achieve the speedy delivery of supplies to support affected regions (Chakravarty, 2011). These plans have to consider the interaction between government organisations and their collaboration with non-governmental organisations, civil organisations, private firms, and even foreign governments (Kunz et al., 2014; Tatham and Kovacs, 2010).
The allocation of resources for disaster response activities has been identified as a priority in the literature (Holguín-Veras et al., 2014). Research on humanitarian logistics is heavily focused on the problem of avoiding shortages of relief items, but little has been written about the excess of disaster response. The usual reaction of any government after a disaster is to send every available organisation to provide support, which can lead to congestion becoming a major challenge, as shown by recent events (See Nogami and Yoshida, 2014). This paper contributes to the resource allocation challenge by examining shortages and excess. The objective of this research is to design a dynamic optimisation model to support relief distribution and resource allocation which incorporates resources from multiple organisations. The model balances the cost and fill rate of products and services to provide solutions. The paper is organised as follows: Section 2 introduces a review of the main contributions in the literature on relief distribution and resource allocation. The design of the model is explained in Section 3, while Section 4 elaborates on the application of the model to two real-world situations experienced in México. Section 5 contains an evaluation of the performance of the model and a discussion of the main results, and section 6 draws conclusions about this research.
2. LITERATURE REVIEW
This paper proposes a method to support post-disaster operations in collaboration with different organisations. To clarify the contribution of this research, it is important to introduce the relevant concepts and to review previous articles. The literature review presented includes mathematical models for relief distribution and resource allocation. 
2.1. Disaster management
Disaster management represents activities performed prior, during, and following disasters aimed at minimising the impact on vulnerable populations and enhancing recovery. Activities and priorities shift over time based on the circumstances and the disaster phase. Mitigation, preparedness, response, and recovery represent the relevant phases experienced during disaster management (Drabek and Hoetmer, 1991). These phases are a continuous cycle and often overlap. Prior to the occurrence of the disaster, mitigation and preparedness can be undertaken. Mitigation includes activities aimed at reducing the risk of disaster occurrence, whereas the preparedness phase is when activities are planned and resources are gathered to protect the population (Caunhye et al., 2012). Following the disaster, response and recovery take place. Response is related to performing activities and deploying resources to reduce the impact of the disaster until the threat has passed (Altay and Green, 2006). After the immediate threat, recovery is the stage in which society is returned to normal conditions, although less research has been focused on this phase (Altay and Green, 2006). 
Gupta et al. (2016) emphasise the need to develop solutions which integrate different activities. The research in this paper is focused on disaster response activities such as resource allocation and relief distribution. These activities involve a large number of different organisations providing direct support to victims during their time of most dire need. 
2.2. Previous work in relief distribution
Relief distribution refers to the swift and efficient dispatch of commodities to affected areas (Özdamar et al., 2004). Despite the existence of articles proposing methods based on appropriate objective functions for humanitarian operations (See Duhamel et al., 2016; Holguín-Veras et al., 2013), it is difficult to deal with the complexities associated with emergencies using a single performance measure. Therefore, some authors have suggested the use of multi-objective optimisation. Tirado et al. (2014) use a lexicographic approach to manage the delivery of relief, using a two-phase flow model. At the first level, the difference between the aid planned to be shipped and the aid sent in reality is minimised; and time, cost and the highest unsatisfied demand is dealt with in the second phase. Ransikarbum and Mason (2016b) address supply distribution and network restoration during response and recovery. The model maximises equity, minimises unsatisfied demand, and minimises restoration cost. The authors explore the possibility of using pooled budgets from different activities; an approach that could be extrapolated to pool different types of resources, which would be beneficial for humanitarian organisations. Nevertheless, this could create problems in terms of jurisdiction and the organisation’s identity. More importantly, the combination of resources implies the deployment of all of the organisations, which can lead to congestion and idle resources. Ransikarbum and Mason (2016a) build upon this, considering bounded rationality and incomplete information to provide a goal programming model with the same objectives. Also, considering the need to undertake repairs for subsequent distribution, Liberatore et al. (2014) present a distribution-recovery model for disasters, with the objective of maximising the total reached demand, minimising the maximum distance from reliability, security, and demand satisfaction from its ideal value, and minimising the sum of the attribute distances. Meanwhile, Sha-lei et al. (2014) incorporate stochastic demands, reliability of the distribution network and Bayesian updates for disaster scenario information. The model proposed minimises total time, unmet demand, and cost. 
The models presented so far are static (i.e. considering one period). During emergency situations, however, the evolution of events and the inter-temporal factors must be included (Holguín-Veras et al., 2013). There are contributions considering relief distribution as an ongoing activity with multiple periods. Combining multi-criteria optimisation with objectives designed for humanitarian logistics, Huang et al. (2015) address human suffering through the maximisation of lifesaving utility (i.e. preference of resources), the minimisation of delay cost (similar to deprivation cost), and the minimisation of the difference between the demand fill rate and the ideal demand rate. However, the model is focused on one-off demand products only (Balcik et al., 2008) and also disregards collaboration among different organisations. Incorporating coordination and uncertainty in information, Adıvar and Mert (2010) propose a collection-distribution plan of international relief items using fuzzy logic. The model minimises cost and maximises the minimum credibility of international organisations to deliver relief items on time. Despite the emphasis on the importance of collaboration, the article incorporates material allocation only and does not consider the interaction of different national organisations. 
2.3. Previous work in resource allocation
There are essential resources during emergencies other than relief products, such as people, equipment, and vehicles. The allocation and deployment of resources is a relevant logistical activity (Anaya-Arenas et al., 2014) because it allows resources to be shared among organisations, which is an effective approach for disaster operations (Balcik et al., 2010). Coordination, collaboration, and communication among stakeholders are key to designing useful response plans for natural disasters (Kumar and Havey, 2013).
There are research papers managing resources on helicopter missions (Barbarosoğlu et al., 2002), rescue equipment (Chang et al., 2007), volunteers (Lassiter et al., 2015), and medical teams (Lei et al., 2015). These articles provide a valuable contribution to essential disaster response activities, but relief distribution has not been integrated into these models.
Arora et al. (2010) consider coordination among regions for the allocation and redistribution of medical aid. The model proposed minimises the cost associated with the policy selected. Meanwhile, Davis et al. (2013) address coordination using cooperative warehouses. They place uncertainty in supply, demand and the possibility of disaster into a two-stage scenario-based model. The first stage is focused on prepositioning decisions, whereas the second stage considers distribution incorporating equity of service. Altay (2013) proposes a model to allocate response personnel, facilities, supplies, and equipment to disaster-affected jurisdictions. They formulate the problem as a matching problem with two alternative objective functions: to minimise total deployment time or to minimise maximum response time. Including uncertainty in the state of the road network, Edrissi et al. (2013) present a model that coordinates agencies in charge of strengthening structures around vulnerable areas, retrofitting transportation links, and locating and equipping emergency response centres. The model addresses the three sub-problems individually, aiming to maximise survival rates. As shown by the models presented, resource allocation models in the literature consider several participants. However, the importance of managing resources and the number of organisations involved simultaneously are neglected.


2.4. Research contribution
This article introduces a novel model to support resource allocation and relief distribution during disasters. The main contributions of the model are as follows:
· Dynamic model for multiple organisations – This article proposes a multi-period model capable of optimising the number of organisations required for collaborative allocation and the distribution of relief products and services. Such models do not exist in the prior literature. The ability to identify which organisations are needed and the ideal time to deploy them can support successful operations. 
· Inclusion of services in the model - Providing relief products and services to survivors is a priority after disasters (Kunz et al., 2014), although services have been considerably less studied. The model defines the level of service as a function of the fulfilment of relief items and services, which extends the common focus on relief items alone.
· Integration of human and material resources for relief distribution and resource allocation - The use of human resources in emergencies is essential for governmental authorities, as shown by Duhamel et al. (2016). Nevertheless, relief distribution models have commonly overlooked this dimension.

3. MODEL DESIGN
The mathematical model developed in this research considers the trade-off between the use of resources and the level of service provided. The purpose is to enable logistics decisions along with the type and number of actors involved per period. The model supports the decision-making regarding which organisations are required according to the conditions of the emergency.
3.1. Problem statement
The model was developed based on the Mexican disaster management framework. The disaster management policy in the country is built around the Civil Protection National System (SINAPROC), which operates as a coordinating body to provide guidance for participant organisations (SEGOB, 2006). There are three governmental levels involved in disaster management: local, regional, and national authorities (Rodríguez-Espíndola et al., 2018). Each level involves several organisations. There can be up to 23 participants from the government alone (SEGOB, 2006), and each organisation provides human and material resources managed at the supply facilities which are allocated to different demand areas. Figure 1 depicts the process by which human and material resources owned by the organisations are sent to the affected region. The former include personnel with different expertise (i.e. healthcare, shelter care, distribution, and facility management), whereas the latter encompass products and vehicles. 
Relief items (e.g. food, medicine, cleaning kits) are sorted in supply facilities by facility management employees and delivered to the demand areas by distribution personnel in the vehicles provided. These vehicles can be from land, air and/or water transportation, subject to availability. The items can be directly sent to affected neighbourhoods to people reluctant to evacuate, or to shelters prepared by authorities. In shelters, the products are received and managed by employees running the facilities. These people are also in charge of security, social activities and serve as liaison with disaster managers. Additionally, healthcare is also provided in shelters to treat minor illnesses and injuries. These are the same products/services provided by authorities in Mexico during disasters (SEDENA, 2010).
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Fig 1. Problem description.
The high potential number of participant organisations emphasises the need to calculate the optimal combination of organisations to deploy at each period. The length of each period is an important decision that depends on the disaster and the context. For small short-term situations, periods can be short (e.g. hours or a day), but these can grow depending on the circumstances (e.g. days or a week). Additionally, the periods can be set according to policy and disaster management practices (e.g. decision times for different processes or the duration of certain replenishable relief items). The model introduces organisations as a set to incorporate their individual resources and to coordinate them. It can find the best combination of organisations to deploy to the field at every period depending on the situation, thereby preventing shortages and convergence.
De la Torre et al. (2012) discuss the difference between egalitarian and utilitarian policies used in the literature for disaster relief routing. The former considers the need for fairness and equality, whereas the latter is more focused on the use of resources. Disaster management models must consider fairness because of the human cost involved. There are a number of articles incorporating fairness in their models (See Ransikarbum and Mason, 2016a; Rennemo et al., 2014). These articles must, however, consider the perspective of the stakeholders involved. To face situations with scarce resources, as many organisations do, effectiveness and fairness has to be balanced by the appropriate use of resources (i.e. utilitarian). This research introduces a combination of utilitarian measures with an egalitarian consideration. Efficiency, effectiveness (See Beamon and Balcik, 2008), and equity are key indicators for public services (Savas, 1978). 
Cost is a key indicator for authorities in Mexico (Rodríguez-Espíndola and Gaytán, 2015) and is used as a measure of efficiency (See Beamon and Balcik, 2008). Organisations like the ones presented in Figure 1 work together as part of the disaster management system in Mexico. Because of the importance of cost for decision-makers (SEDENA, 2010), the model minimises the cost of the entire system in order to use pooled resources efficiently. Additionally, cost is used to avoid congestion and excess of human resources. As the cost of each organisation is paid based on its wages, larger organisations are more expensive to deploy to the field. Therefore, the model uses only the organisations needed to satisfy demand.
Fill rate is employed as a proxy for the level of service to achieve effectiveness. As argued by Whybark (2007), often the benefits of disaster management systems can be social, therefore fill rate considers the perspective of the victims. The need for shelter, relief items, and urgent healthcare after a disaster has been stated in the literature (De la Torre et al., 2012). Thus, the model focuses on the fulfilment of products, the presence of healthcare personnel for injuries and diseases, and the presence of shelter personnel (for security and cooking, among others). These are the elements provided by authorities in Mexico during disasters (SEDENA, 2010).
[bookmark: _GoBack]Fairness has been identified as an appropriate objective for humanitarian logistics (Roh et al., 2015). The Sphere handbook states that relief products have to be distributed impartially according to the level of need (De la Torre et al., 2012), which is the reason why equity and priority have been used as measures of fairness in the literature. The former aims to provide services impartially among recipients, whereas the latter tries to give preferences based on the level of damage. Equity is the fairness measure chosen for this research because it has been used for distribution to safe areas before (See Ransikarbum and Mason, 2016a). Equity is introduced using a constraint to enforce the satisfaction of a minimum fill rate per product at every demand area every three time periods. Holguín-Veras et al. (2013) argue that the deprivation of products has an exponential impact on disaster victims, which increases with time. Balancing that argument against the potential unfeasibility of requesting complete satisfaction of needs for every period, this article proposes that a certain percentage of demand is satisfied at least every three periods. This constraint is important for isolated and peripheral areas in the affected region that could be otherwise overlooked.
3.2. Model assumptions
Based on the Mexican disaster management framework, a set of assumptions was made to limit model scope and to ensure a manageable set of variables. The main assumptions are as follows;
· There is one centralised decision-maker authority coordinating and overseeing response operations - One coordinating body directs the activities of different organisations, such as SINAPROC in Mexico or the Federal Emergency Management Agency (FEMA) in the United States. This is a holistic view used to find the best combination of decisions to support society.
· The organisations operate as a system – There is interest in collaboration across organisations to maximise benefits and minimise use of resources for the entire system, instead of focusing on individual entities.
· The organisations are available for deployment at every period - Organisations make resources available to the coordinating body. These resources can be called upon at any given period because of the priority of disaster management over other activities. 
· Information about availability of resources is up-to-date and provided in advance - The model relies on information that is available to the organisations before the disaster. This information can be shared and updated using information systems.
· There are clear policies and agreements in place for disaster management operations – A set of pre-approved supplies, suppliers, and facilities have been prepared in advance. Additionally, responsibilities and jurisdictions are clearly defined to ease collaboration.
· Once an organisation is activated, all of its resources become available – Beyond the effect on the linearity of the model, this assumption prevents the excessive heterogeneity of resources that could lead to complicated cross-organisational collaboration. 
· Information is being gathered during the initial stage of the emergency – Knowledge about the conditions of the disaster is available.
· There are two types of demand areas: emergency facilities and neighbourhoods - The expected support in emergency facilities includes shelter care, healthcare, and relief goods; whereas affected neighbourhoods with non-evacuated residents are supported through the delivery of relief goods only. 
3.3. Data required for the model
As mentioned by Mete and Zabinsky (2010), disaster management models rely on data from the stakeholders involved. The model proposed can be used either to analyse a series of scenarios varying demand to develop a disaster management policy, or during the disaster as the conditions evolve and better estimates are calculated (Whybark, 2007), using information from the needs assessment. The parameters used by the model can be classified into four groups: 
· Parameters that rely on the decision-maker are determined based on expert opinion, the preferences of the decision-maker, and the conditions of the area. Standard requirements can be estimated using expert opinion so as to calculate shortages and excess of resources. These are mostly related to policy and are included to allow a degree of flexibility. 
· Organisation-specific parameters include information about available resources to the organisations involved.
· Disaster-related parameters refer to information specifically related to the magnitude and conditions of the disaster. The priority of the products, for instance, is introduced based on the needs analysis. This parameter highlights which products are needed more urgently based on the circumstances, with higher values allocated to high priority items. In addition, disaster-related parameters can be used to perform a sensitivity analysis and to check if the system is robust enough to handle different situations. 
· Parameters of initial conditions refer to decisions already made and resources already deployed because of preparedness policies or provided by other organisations. 
3.4. Notation and definitions
The sets and definitions of the model are as follows:
	Sets

	I
	Supply facilities, I = {1, 2, 3, …, |I|)

	J
	Demand areas, J = {1, 2, 3, …, |J|)

	M
	Transportation modes, M = {1, 2, 3, …, |M|)

	N
	Products, N = {1, 2, 3, …, |N|)

	O
	Organisations, O = {1, 2, 3, …, |O|)

	T
	Time periods, T = {1, 2, 3, …, |T|)

	
	

	Parameters determined by the decision-maker

	α
	Space that can be managed per employee in the supply facility ()    

	β 
	Number of people that can be served per shelter employee ()

	cfijm
	Coverage of supply facility i to shelter j by mode m, 

	γm
	Distribution personnel required per vehicle per mode m ()

	δ
	Percentage of personnel needed for partial opening of supply facilities, 

	ζ
	Number of days for relief distribution per period (day)

	μn
	Minimum fill rate of product n every three periods

	ρm
	Available number of trips that can be carried out per day per vehicle of mode m () 

	ψ 
	Number of people that can be served per healthcare team () 


	Parameters provided by the organisations involved

	ai
	Storage capacity of supply facility i ()

	εn
	Procurement cost per product n ()

	ηot
	Available staff from organisation o for operation of supply facilities at period t (employee)

	θot
	Available personnel from organisation o for shelter care at period t (employee)

	κot
	Available personnel from organisation o for healthcare at period t (team)

	λot
	Total operative personnel available per organisation o at period t (employee)

	ξot
	Available personnel from organisation o for distribution at period t (employee)

	pgn
	Number of people that can be satisfied per unit of product n ()

	scj
	Storage capacity of the demand area j ()

	σot
	Wages paid for the activation of organisation o at period t ($) 

	tfm
	Weight capacity of vehicle m ()

	τmot
	Total number of available vehicles of mode m per organisation o at period t (vehicles) 

	υnot
	Maximum number of relief of product n that can be provided by organisation o at period t (products)

	ϕn
	Volume per product n ()

	φijm
	Cost of delivering relief from supply facility i to shelter j by mode m ()

	Ωn
	Weight per product n ()

	
	

	Disaster-specific parameters

	bn
	Priority of product n

	djt
	Number of people aided in demand area j at time t (people) 

	ncijmt
	[bookmark: _Hlk498509873]Connectivity between facility i and shelter j by mode m at period t, 

	pdjnt
	Demand of product type n at demand point j at period t (product)

	tdj
	[bookmark: _Hlk498509623]Type of demand area j served (shelter or neighborhood), 

	Parameters of initial conditions

	d0int
	Initial inventory of product n at supply facility i at period t (product)

	f0iot
	Initial personnel from organisation o at supply facility i at period t (employee)

	h0jot
	Initial number of teams for healthcare from organisation o at shelter j at period t (team)

	i0jnt
	Initial inventory of product n at demand point j at period t (product)

	r0imot
	Initial staff available for distribution from organisation o at supply facility i at period t (employee)

	s0jot
	Initial personnel for shelter care from organisation o at shelter j at period t (employee)

	
	

	Decision variables

	AFiot
	Increase of staff for operation of supply facility i from organisation o at period t (employee) 

	AHjot
	Increase of healthcare personnel in facility j from organisation o at period t (team)

	ARimot
	Increase of distribution staff of mode m in facility i from organisation o at period t (employee) 

	ASjot
	Increase of shelter staff in facility j from organisation o at period t (employee)

	BFiot
	Decrease of staff for operation of supply facility i from organisation o at period t (employee)

	BHjot
	Decrease of healthcare staff in facility j from organisation o at period t (team)

	BRimot
	Decrease of distribution staff of mode m in facility i from organisation o at period t (employee)

	BSjot
	Decrease of shelter staff in facility j from organisation o at period t (employee)

	Cinot
	Products type n from organisation o sent to supply facility i at period t (product)

	COST
	Total cost ($)

	DSjnt
	Unfulfilled demand of product n at shelter j at period t (product)

	Eijmnt
	Amount of relief type n delivered from facility i to shelter j by mode m at period t (product)

	Fiot
	Personnel from organisation o allocated to supply facility i at period t (employee)

	Gijmt
	Number of trips deployed from supply facility i to shelter j by mode m at period t (trips) 

	Hjot
	Healthcare staff from organisation o allocated to shelter j at period t (team)

	NHjt
	Expected number of people without healthcare at shelter j at period t (people)

	NSjt
	Expected number of people without shelter attention at shelter j at period t (people)

	Pjt
	Number of people with relief shortages at demand point j at period t (people) 

	PHjt
	Excess of people covered for healthcare at shelter j at period t (people)

	PSjt
	Excess of people covered for shelter attention at shelter j at period t (people)

	QFint
	Number of products of type n stored at supply facility i at period t (product)

	QSjnt
	Number of products of type n stored at demand point j at period t (product)

	Rimot
	Transportation mode m staff from organisation o to be allocated at supply facility i at period t (employee)

	Sjot
	Personnel from organisation o allocated to shelter j at period t (employee)

	Uimot
	Vehicles mode m from organisation o to be allocated at supply facility i at period t (vehicles) 

	UFR
	Total demand not fulfilled (people)

	Wot
	Decision whether to activate organisation o at period t or not

	Yjnt
	Number of products of type n consumed at demand point j at period t (product)



3.5. Model formulation
The optimisation model balances the resources available during the whole disaster in order to choose which organisations to activate depending on the circumstances and the stage of the emergency. The multi-commodity multi-modal model is presented as follows:
	
	(1)

	
	(2)


Expression (1) minimises the cost of the organisations involved, the cost of procurement, and the cost of transportation across all organisations and all periods. Objective function (2) minimises the total unfulfillment of shelter care, healthcare, and relief distribution across all demand areas.
The constraints of the model are as follows: 
	
	
	(3)


Constraint (3) is used to calculate the unsatisfied demand of products at each period as the difference between the number of items required and the products consumed at each area.
	
	,t
	(4)


Equation (4) determines the unfulfillment level of each demand area based on the unsatisfied demand established by (3). 
	
	
	(5)


Expression (5) is the equity constraint. It ensures that a minimum percentage of the demand is satisfied at each area over three adjacent periods. The effect of the constraint is to force the model to avoid solutions which focus on utilitarian measures alone. The purpose is to have a constant flow of products to all the demand zones.
	
	
	(6)


Equation (6) determines the number of products available for shipment from the supply facility based on the inventory available from previous periods, the number of items that can be purchased in the period, and initial inventory available. Initial inventory can be used to incorporate leftover from previous decisions or consider one-off deliveries from external organisations not involved in ongoing operations.
	
	
	(7)


Constraint (7) is used to establish the level of inventory at each demand area based on consumption, the items delivered, and the initial inventory available. Initial inventory can be used to incorporate leftover stock or extra support from external organisations.
	
	
	(8)


Expression (8) ensures that items procured and delivered respect the maximum amount that can be purchased at each period by the organisations activated.
	
	
	(9)

	
	
	(10)


[bookmark: _Hlk498592547]Constraints (9) and (10) restrict the volumetric storage capacity of supply facilities and demand areas, respectively. In equation (10), the type of facility is introduced. This provision was included to allow the system to serve shelters and/or directly distribute relief to affected neighbourhoods. If the facility is a shelter or a similar emergency facility, a value of 1 is introduced to allow relief storage and deploy staff for shelter care and healthcare. Otherwise, a value of 0 is used and the model can only deploy products without the possibility of storing them.
	
	
	(11)


Expression (11) ensures enough staff are allocated to supply facilities based on the size of the facility. A partial opening is allowed for small disasters or large buildings, though a minimum percentage of staff are required for operation (. 
	
	
	(12)

	
	
	(13)


Equations (12) and (13) determine the number of employees allocated to each facility for shelter attention and healthcare, respectively, as well as the shortage or excess of staff. The constraints estimate the number of people required based on the demand and the potential coverage of employees allocated. If the demand area served is an emergency facility managed by one of the participant organisations, healthcare and shelter care are deployed to the facility. Otherwise, only relief distribution is allowed. 
	
	
	(14)

	
	
	(15)

	
	
	(16)

	
	
	(17)


Constraints (14), (15), (16), and (17) determine the variations in the number of personnel allocated to supply facility management, shelter care, healthcare, and distribution, respectively. Each equation considers the personnel allocated in the current period and its variation from the previous period. These equations have a term related to initial conditions because of personnel previously allocated to any facility. This can happen as a result of preparedness decisions (i.e. t=0), or because personnel are made available at a particular facility at a later period as a result of being transferred from other activities (e.g. cleaning debris and casualty transportation, among others). Therefore, these equations help keep track of the personnel available.
	
	
	(18)

	
	
	(19)

	
	
	(20)

	
	
	(21)


Expressions (18), (19), (20), and (21) ensure that the number of people allocated per activity does not surpass the number of employees available per period from each one of the organisations activated. 
	
	
	(22)


Equation (22) forces the number of operative resources used to be lower than the number of personnel available in the organisations deployed, including a term for healthcare teams if and only if one member is available for operative support. 
	
	
	(23)


Expression (23) determines the number of distribution trips from each supply facility to each demand area based on the number of items shipped and the capacity of the vehicles. Two relevant parameters are included in this expression: connectivity and coverage. Connectivity represents the existence of at least one usable path between supply facilities and demand areas. Through an assessment of the situation or the use of geographical information systems, a matrix of suitable paths per mode can be introduced. The existence of a path is represented with a value of 1, otherwise 0 is introduced. Coverage is a term used to establish the maximum distance (or deployment time) between supply facilities and demand areas per mode. The distance matrix can be transformed into information regarding which demand areas can be effectively covered by each supply facility. If the demand area is within the distance (or time) set by the decision-maker, a value of 1 is introduced. Otherwise, a value of 0 is used. 
	
	
	(24)


Constraint (24) establishes the number of vehicles required to undertake the distribution trips. The number of trips is calculated considering the number of days available for distribution and the upper bound of trips that can be performed by day.
	
	
	(25)


Equation (25) determines the number of employees needed for relief distribution based on the number of vehicles required and the number of staff deployed per vehicle.
	
	
	(26)


Expression (26) ensures that the availability of vehicles by the participant organisations is respected. 
	


	


Finally, the declaration of integer and binary variables is presented.
3.6. Model solution 
The result of a bi-objective model is a set of efficient solutions instead of a single value. Different methods were considered to find the solution. A lexicographic approach was discarded because of the number of objectives and the lack of hierarchy among them, whereas goal programming was not used because the thresholds can be biased by optimistic or pessimistic decision makers. 
To find the Pareto frontier of the problem, two scalarization techniques were selected: the weighted-sum method and the ɛ-constraint method. The weighted-sum method is a traditional method to obtain the Pareto set. The n number of objective functions are combined into a unique equation using a weighted sum of the functions. The weights are changed systematically to find the Pareto frontier. The function to optimise can be expressed as follows:
	
	
(27)


Where  is the weighting factor and  the objective functions. To deal with the inability of the weighted-sum method to obtain the efficient set when the boundary is nonconvex, the ε-constraint method was also selected. In this method, one of the objective functions is optimised while the other is used as a constraint, changing the constraint value systematically. The general formulation for n objective functions is presented in equations (28) and (29) as follows:
				
	(28)

	Subject to 				
	(29)


3.7. Model verification 
A hypothetical example was used to verify the model due to the absence of benchmark data in the literature. The model was solved in GAMS® using a random set of parameters. The result obtained using the weighted-sum method was equal to the solution expected. Analysis of the parameters and the effect of variations in the constraints were also undertaken.
Minimum satisfaction percentages across demand areas ranging from 10% to 100% were tested to analyse the equity constraint. Potential unfeasibility was identified in instances where the threshold was set too high. Additionally, setting high satisfaction percentages for every product notably increased solution time. Afterwards, different constraints were relaxed to identify dependencies among activities and the overall effect on the model. Parameter variability and extreme condition tests were also carried out to ensure that the model was not behaving in an absurd manner. The analysis showed that the model was operating within the expected boundaries. 

4. APPLICATION TO DISASTER MANAGEMENT IN MEXICO: THE CASES OF VERACRUZ AND ACAPULCO
Mexico is a country commonly affected by disasters because of its geographical location between the Gulf of Mexico and the Pacific Ocean. The country has a disaster management system in place (SEGOB, 2006), but shortcomings identified recently endanger the significant portion of the population living under poverty conditions (World_Bank, 2013). The purpose of this section is to assess the applicability of the model to different regions of Mexico. 
4.1. Case studies
Hurricanes are a significant problem in Mexico. Two coastal cities damaged in recent disasters were selected for analysis; one next to the Gulf of Mexico and the other next to the Pacific Ocean. Most of the damage caused by both hurricanes was because of flooding. The summary of both emergency situations can be seen in Table 1. The flood level in both disasters was similar; however, the level of impact varied because of topography and demography. 
The reason two cases were introduced was because of the difference in the level of impact and also to provide solid support for the conclusions. Even with similar flood depths, the impact of the events and the activities performed were different. Veracruz is used as an example of a small-scale disaster with a limited number of facilities used, the participation of governmental agencies only, and with emergency operations lasting for less than a month. This disaster had a demand profile with peaks at the beginning and the middle of the emergency. Acapulco, meanwhile, is used as an example of a medium-scale disaster. The situation there led to several facilities having to be opened, the participation of governmental organisations along with the Red Cross, and ongoing operations for nearly seven weeks. The demand profile in this case peaked in the first stage and decreased over time. Therefore, the cases tested the model under different settings from which conclusions could be drawn.
Table 1
 Case studies selected in Mexico
	Year
	Location (City, State)
	Description

	2010
	Veracruz, Veracruz
	Hurricane: Karl
Geographical location: Coastal city located next to the Gulf of Mexico
Flood depth: 1.5 meters 
Start and end date: 19th September 2010–19th October 2010 
Number of people sheltered: 5,140

	2013
	Acapulco, Guerrero
	Hurricane: Manuel
Geographical location: Coastal city located next to the Pacific Ocean
Flood depth: 1.5 meters
Start and end date: 16th September 2013–26th November 2013 
Number of people sheltered: 13,062 


The conditions presented in the table were used to analyse both floods using Geographical Information Systems (GIS). The reason GIS was used for this research was because it has several potential contributions to different disaster management phases (Ozdamar and Ertem, 2015). These systems allow the user to analyse the geographical conditions of the event and display results graphically (Lee et al., 2011). That is why many organisations, including the United Nations, have GIS units (Kaiser et al., 2003). This research used a combination of raster and vector GIS for the analysis of the situation. TransCAD® was the vector GIS introduced to locate potential facilities and to perform network analysis using maps of the areas. Next, the procedure described by Rodríguez-Espíndola et al. (2016) was undertaken to create flood maps in the raster software IDRISI®. A macro was designed to introduce the flood depth and determine the impact of the flood. The maps were validated through comparison to flood masks developed by the Navy (SEMAR) and the National Centre for Disaster Prevention. Using map algebra, the flood maps were used to identify safe facilities and the level of damage on the demand areas. The percentage of damage on each area and the impact in the road network were used to introduce the conditions of the flood to the model through the disaster-specific parameters. The purpose was to use realistic data.
4.1.1. The case of Veracruz, Mexico
Veracruz is located around 90 km away from the capital of the State and has an altitude of 10 meters above sea level (INEGI, 2010). Figure 2 depicts the image of Veracruz-Boca del Río, which is on the East side of the country (Google_Earth, 2016). Veracruz is a relevant case because it is the most important commercial port in Mexico and manages approximately 30% of the maritime trade in the country (CAAAAREM, 2009). 
In 2010, Hurricane Karl reached peak intensity with very high winds, causing 10-15 inches of rainfall in half of the State of Veracruz which resulted in severe floods. Water levels reached heights of up to 1.5 meters in some areas, including the city of Veracruz (AFP, 2010).
[image: C:\Users\rodriguo.CAMPUS\Dropbox\Journal of the Operational Research Society\Veracruz.jpg]
Source: Google_Earth (2016)
Fig. 2. Region Veracruz-Boca del Río
4.1.2. The case of Acapulco, Mexico
The city of Acapulco is located in the State of Guerrero in the west side of Mexico. Figure 3 depicts the city and its surrounding region (Google_Earth, 2016). The city is one of the most important touristic attractions in the country, as shown by the 4,890,456 tourists that visited the region in 2010 alone (INEGI, 2010). 
[image: C:\Users\rodriguo.CAMPUS\Dropbox\Journal of the Operational Research Society\Acapulco.jpg]
Source: Google_Earth (2016)
Fig. 3. Acapulco, Guerrero
Hurricane Manuel caused around 44,216 people to require shelter in the State of Guerrero (García et al., 2015) and the estimated value of the damage caused by the emergency was approximately 23,441 million pesos (US$ 1.813 billion). The city of Acapulco was one of the most affected communities in the State of Guerrero. During the emergency, the city experienced a flood that reached a height of approximately 1.5 meters (EOS, 2013). 
4.2. Data collection
Governmental organisations involved in logistics operations for hydro meteorological disasters in Mexico were identified and enquired about the situation in both cases. In Veracruz, nine operational agencies confirmed having primary participants on the field. The participating agencies were: food services (DICONSA), DIF, Social Security Mexican Institute (IMSS), civil protection authorities (PC), National Health Ministry (SMEXICO), State Health Ministry of Veracruz (SVERACRUZ), the military (SEDENA), Ministry of Interior (SEGOB), and SEMAR. On the other hand, ten governmental organisations declared their participation in relief activities during the emergency in Acapulco. These included nine governmental agencies and the Mexican Red Cross. Information was gathered from SMEXICO, the Health Secretariat of the State (SGUERRERO), IMSS, DICONSA, SEDESOL, DIF, SEDENA, SEMAR, civil protection authorities (SSPPC), and the website of the Red Cross. The details of each organisation are listed in Table 2. 
[bookmark: _Hlk498521393]Parameters related to the decision maker were obtained from regulations and expert opinion from authorities. Information from the agencies was obtained using freedom of information requests filed with the Mexican transparency information system and the website of the Mexican Red Cross. Disaster-specific parameters were determined based on information from authorities and a flood analysis in a GIS. The analysis in the GIS included the creation of flood maps to assess the situation and provide information for the model based on the process explained by Rodríguez-Espíndola et al. (2016). 
Table 2. 
Organisations involved in disaster management in the floods of Veracruz and Acapulco
	Case
	Organisation
	Activities
	Further information

	Both
	DICONSA
	Management of social programmes, and in charge of the supply of food and supplementary items that can be requested in disasters.
	https://www.gob.mx/diconsa

	Both
	DIF
	Running public programmes to enhance family integration. It provides food and support in shelters during disasters.
	https://www.gob.mx/difnacional

	Both
	IMSS
	Assistance related to public health and social security. In disasters it provides medical products and expertise.
	http://www.imss.gob.mx/

	Both
	SMEXICO
	Coordination of health services in Mexico. During disasters it provides medical products and expertise.
	https://www.gob.mx/salud/

	Both
	SEMAR
	Management of the navy force of the country. It is a large organisation with significant human resources and vehicles, which are deployed during disasters.
	https://www.gob.mx/semar

	Both
	SEDENA
	Military control in Mexico. It possesses significant human resources and vehicles which are deployed during disasters.
	https://www.gob.mx/sedena

	Veracruz
	SVERACRUZ
	Healthcare at State level in Veracruz. In disasters it provides medical products and expertise.
	https://www.ssaver.gob.mx/

	Veracruz
	PC
	Civil protection at the State level in Veracruz. It liaises with SINAPROC and provides human resources in the field
	http://www.veracruz.gob.mx/proteccioncivil/

	Veracruz
	SEGOB
	Liaises with the three branches of government and oversees the SINAPROC. During disasters it liaises with agents on the field, handles requests and provides limited resources
	https://www.gob.mx/segob

	Acapulco
	SGUERRERO
	Healthcare at State level in Guerrero. In disasters it provides medical products and expertise.
	http://guerrero.gob.mx/dependencias/secretaria-de-salud/

	Acapulco
	SEDESOL
	Management of social development programmes in Mexico. In disasters it provides some products, vehicles and employees
	https://www.gob.mx/sedesol

	Acapulco
	SSPPC
	Civil protection at the State level in Guerrero. It liaises with SINAPROC and provides human resources in the field
	www.seguridadgro.gob.mx/inicio/

	Acapulco
	RED CROSS
	Support for community resilience with strong component of support during disasters. Provides food, vehicles and volunteers.
	https://www.cruzrojamexicana.org.mx/servicios



From the products listed in the Appendix IV of the Natural Disaster Fund (FONDEN), five items periodically replenished were included for analysis: food kits, medical kits, cleaning kits (ckit), personal kits (pkit), and a ‘hygiene kit’ (hkit). The latter contains diapers and feminine hygiene towels. Both cases consider periods of four days because the relief in the country is provided in packages for four people for four days. Additionally, that timeframe allows processing item requests made to FONDEN. Priority in both instances was set as a value of 5 for food and medicine, and a value of 1 for the rest of the items. The values of several other parameters are presented on compacted tables in the Appendix. For information about the remaining tables, please contact the corresponding author.

4.3. Model solution 
The real conditions of both disasters were included in scenarios with a flood of 1.5 meters. To test the model under different circumstances in both cases, one scenario with a flood level of 0.5 meters and another one with a water depth of 2.5 meters were introduced for each to consider a better and worse situation, respectively. The purpose was to identify if authorities had enough capacity to deal with different conditions in both settings.
The weighed-sum method and the ε-constraint method were applied on GAMS® using CPLEX® as solver on 150 iterations for each one of the scenarios, with a time limit of 600 seconds and a relative gap set to zero. All the instances were run on a laptop with an Intel core i7 processor and 8GB of RAM. The weighted-sum method was used with 150 combinations of weights among the objectives ranging from 0 to 1, which were normalised using the ideal values of minimising each individual objective. For the ɛ-constraint method, the objective was to minimise unfulfillment and the cost function was used as a constraint with 150 values, which varied from the minimum to maximum cost obtained from its individual minimisation.
4.3.1. Model solution and analysis of the flood in Veracruz
A total of 100, 142, and 160 non-dominated points were obtained for the scenarios with a flood depth of 0.5 meters, 1.5 meters, and 2.5 meters, respectively. The resulting Pareto frontiers are shown in Figure 4. 
The variations among scenarios are caused by the differences in demand, which in turn affected cost. Each one of the points presented in the graph represents a different policy, meaning a different combination of decisions that can be employed by the decision maker. The selection of the policy should come from the preferences of the decision-maker. 

Fig. 4. Pareto frontier of the three scenarios in the region of Veracruz-Boca del Río
The model demonstrates the capabilities for handling dynamic conditions. For instance, Figure 5 shows the number of organisations activated in the different solutions for the flood depth of 1.5 meters. There was a peak in demand at the beginning and at the middle of the emergency, which was addressed by the model by activating more agencies at these stages. The model determined the number of organisations involved at each period, based on their size and resources. 
Table 3 provides an overview of the results obtained per scenario. The table shows the minimum and maximum cost incurred in each one of the Pareto frontiers, the maximum number of organisations simultaneously participating at any period, the maximum fill rate of products obtained, and the maximum fill rate of shelter (NS) and medical (NH) achieved. Authorities had enough resources to satisfy the requirements of the victims in the three scenarios.

Fig. 5. Number of organisations deployed per period in the scenario of 1.5 meters flood in Veracruz
This result shows that the disaster management system in Mexico has the potential to successfully handle different instances. However, the management of the organisations can be improved. Even considering a case with higher demand than the real emergency, fewer organisations than the participating agencies were required. This result highlights the importance of managing the number of participating organisations to reduce cost and avoid convergence.
Table 3
Performance measures of the results obtained for the three scenarios in Veracruz-Boca del Río
	Flood depth (m)
	Cost (MXN)
	Maximum organisations p/period
	Maximum Fill Rate (%)

	
	
	
	Food
	Med
	Ckit
	Pkit
	Hkit
	NH
	NS

	
	Min
	Max
	
	
	
	
	
	
	
	

	0.5 
	362,263
	4,522,990
	5
	100
	100
	100
	100
	100
	100
	100

	1.5 
	910,665
	5,864,065
	6
	100
	100
	100
	100
	100
	100
	100

	2.5 
	1,774,800
	7,542,852
	6
	100
	100
	100
	100
	100
	100
	100


4.3.2. Model solution and analysis of the flood in Acapulco
The resulting Pareto frontier of each scenario is presented in Figure 6. The results demonstrate that authorities had enough capacity and resources to handle the three instances in Acapulco. 

Fig. 6. Pareto frontier of the three scenarios in Acapulco
The demand in Acapulco was sudden and peaked at the first stage, decreasing slowly over time. Figure 7 illustrates the number of organisations deployed in the instance of the flood of 1.5 meters. The model deployed organisations based on their size, the situation, and the demand pattern. In this case, the number of organisations activated was constant over time, with larger organisations being eventually replaced by smaller organisations towards the middle of the emergency. 
Table 4 offers an overview of the results of the three scenarios. The results demonstrate the need for fewer organisations than the number of participating agencies that were deployed in reality, even for a scenario with higher demand than the real instance. This result is consistent with the findings from the first case study and questions the efficiency in the use of resources. In both cases, the model was able to increase and decrease the number of organisations required at every scenario depending on the scale of the event and the period. The results highlight the potential of the model to keep only necessary resources in the field. 

Fig. 7. Organisations deployed by the model in the flood of 1.5 meters in Acapulco
Table 4
Performance measures of the results obtained for the three scenarios in Acapulco.
	Flood depth (m)
	Cost (MXN)
	Maximum organisations p/period
	Maximum Fill Rate (%)

	
	Min
	Max
	
	Food
	Med
	Ckit
	Pkit
	Hkit
	NH
	NS

	0.5 
	728,638
	9,998,733
	6
	100
	100
	100
	100
	100
	100
	100

	1.5 
	3,855,340
	46,725,583
	8
	100
	100
	100
	100
	100
	100
	100

	2.5 
	4,658,644
	48,777,316
	7
	100
	100
	100
	100
	97.3
	100
	100



5. EVALUATION OF THE MODEL
Most of the articles focused on relief distribution assume a single organisation. The implications of that approach are that either each participant acts independently, or resources are aggregated, leaving allocation to be decided by other means. This research analyses the two possibilities using real information. The first instance considers the independent participation of all the organisations involved, whereas the second reconstructs the real decisions taken by Mexican authorities, assuming coordination among participants. In this section, all the instances compared consider floods of 1.5 meters in both Veracruz and Acapulco. 
5.1. Scenario with independent participation of each organisation
This part assumes that each organisation would be solving an optimisation model individually to identify their optimal combination of activities. In this context, organisations are aware of the presence of other actors in the field, but they prefer to act based on their own information. For this scenario to be feasible, the organisations must operate throughout all periods to support the demand areas of their choosing. As occurred in reality, more than one organisation could be providing support at the same facility at the same time. The rest of the information is equal to the scenarios of 1.5 meters presented in the previous section, with the difference being that the model is solved for each organisation independently.
Equity was a challenge in this scenario. Constraint (5) proved unrealistic for a single organisation, causing unfeasibility. This was because each organisation has limited material resources, which prevents them from satisfying the constraint. Therefore, this constraint was not employed for the agencies. Hence, for comparability, a scenario using the model proposed without the equity constraint was solved.
Assuming agencies would focus on the level of service, the model only minimised unfulfillment. Figures 8(a) and 8(b) illustrate the results for the cases of Veracruz and Acapulco, respectively. Each figure shows the comparison between the Pareto frontiers obtained by the model (original response), the models relaxing the equity constraint (no equity response), and the most service-oriented solution for each one of the agencies (acronym of the agencies). The results of the agencies listed show the minimum level of unfulfillment achieved by them acting independently with their own resources alone in comparison to a coordinated response. 
The economic impact of having an excess of resources can be seen in both cases. SVERACRUZ and SGUERRERO are organisations with a large number of human resources (See Appendix) and expensive medical teams available in Veracruz and Acapulco, respectively. Each one of these organisations had more than enough medical personnel to satisfy the needs of the emergency, but they lacked resources for other activities. Organisations such as DIF, SEDENA, and SEMAR had a more balanced response, but they lacked the specialist expertise of other organisations. 
[image: ]
Fig. 8(a). Comparison of the results for individual agencies in the case of Veracruz
[image: ]
Fig. 8(b). Comparison of the results for individual agencies in the case of Acapulco
The cases demonstrate that ignoring the interdependence between organisations can result in sub-optimal solutions, even using optimisation models. The comparison of the performance of individual agencies with the performance of the coordinated response shows a high level of unfulfillment and excessive cost. None of the organisations involved in the flood could have handled the emergency on their own. The reason for this is the absence of resources for providing both products and services at most organisations, which highlights the importance of interoperability among organisations to complement and support each other. 
The effect of the equity constraint can be seen on low-cost solutions in both cases, where the results of the original model and the model relaxing the equity constraint vary. The reason for the difference in these results is because equation (5) makes several cost-effective solutions unfeasible. The constraint forces the model to find alternatives to serve all demand areas, disregarding size or location, which can render several cost-efficient solutions unfeasible.
5.2. Scenario based on the real activities performed by authorities
The second part of the experimentation includes a comparison between the results from the model and the actual decisions made by authorities. To perform the comparison, an instance including information about the decisions made by authorities was created for the case of Veracruz and another was prepared for the case of Acapulco. Most of the parameters related to the decision-maker, organisations, initial conditions, and the context of the disaster were directly obtained from authorities. The decisions gathered from the data that were included exclusively in the real instances included facilities actually used during the event, amount of relief shipped, number of personnel employed per activity, the upper bound of products available for purchasing, number and type of vehicles deployed, and demand per facility. Data regarding the number of non-medical and medical items delivered per period per city were provided by the Ministry of Interior. The information was corroborated with data publicly available from FONDEN. Perfect coverage, perfect connectivity, and the absence of the equity constraint were incorporated into the reconstructed scenarios to avoid unfeasibility. 
In cases where data about resources was available for a single period, the information was assumed to be constant for every interval. This assumption was considered sensible because, in the current system, all resources should be available for deployment at different periods. As decisions related to the allocation of resources were not recorded by authorities, these decisions were optimised to obtain the best possible outcome of the decisions made by them. 
The ideal points of both performance measures for the scenarios are listed in Table 5. There is a small variation of cost between the solution of the individual minimisation of cost and the individual minimisation of unfulfillment in both instances. This is because most of the decisions were obtained from the information given by authorities. As the organisations involved and the amount of relief delivered during both disasters were recorded by them, only the transportation cost was optimised. Based on that variation of cost and focusing on providing the best possible care for the victims, the solution with the highest fill rate in both cases was used for comparison.
Table 5
Ideal points for each one of the cases under real circumstances in Veracruz and Acapulco
	Objective
	Veracruz
	Acapulco

	
	Cost (MXN)
	Total unfulfillment
	Cost (MXN)
	Total unfulfillment

	Minimise cost
	81,552,000
	38,570
	114,350,000
	101,990

	Minimise unfulfillment
	81,575,576
	4,490
	114,530,000
	5,800


The representation of the best possible outcome of the decisions taken by authorities in Veracruz and Acapulco are compared to the Pareto frontiers obtained from the model in Figures 9(a) and 9(b), respectively. In both cases, there was a significant overflow of food and human resources, which led to a considerable difference in terms of cost. Conversely, not enough hygiene kits were sent to the areas, which led to a delay in the delivery of medical kits. 

Fig. 9(a). Comparison of the real activities in Veracruz with the Pareto frontier of the model

Fig. 9(b). Comparison of the real activities in Acapulco with the Pareto frontier of the model
The results illustrate that interoperability in the real activities was essential to reduce the level of unfulfillment in comparison to the cases of independent agencies. FONDEN was able to supply products and use human resources from organisations such as SEDENA and SEMAR for distribution. Healthcare organisations had enough resources in the field and operative support for shelters was provided by different organisations. In fact, the graphs show that considerably more resources than necessary were used in both instances. This was reflected in cost, which was extremely high in comparison to the results of the model. 
The reader could be concerned about an overestimation of cost given the assumption of uninterrupted presence. Nevertheless, cost was increased greatly by the amount of relief sent to the area, representing nearly 70% of the overall expenditure in Veracruz and 34% of the overall cost in Acapulco. In both cases, only the cost of the relief sent to the area would be enough to provide a higher fill rate using the optimisation model proposed rather than the one achieved in reality. These scenarios show the capability of authorities to provide products and services to all the victims. However, that potential was not reflected in reality. The comparison depicts the advantages of the optimisation model solution over the current approach. 
5.3. Analysis of results
Table 6 provides a comparison of four different solutions for the cases of Acapulco and Veracruz for the floods of 1.5 meters. The values presented for each case represent the maximum level of service from agencies working independently (Agencies), the maximum level of service from real activities (Real), the maximum level of service from the response model (MFR), and the solution chosen by the authors of this work operating as decision-makers (R1V114/ R1A46). For comparability, the scenarios of the agencies were created from the combined results of all of the organisations acting independently on each disaster. To assess the performance of the model, the table provides a summary of all the experiments presented in the articles. 
Table 6
Comparison of solutions for disaster response in Veracruz-Boca del Río
	CA
S
E
	Sol
	Cost (MXN)
	Max agencies p/period
	Fill rate (%)
	Max personnel used per period
	Total trips

	
	
	
	
	Food
	Med
	Ckit
	Pkit
	Hkit
	NH
	NS
	Operative
	Health
	

	V
E
R
A
C
R
U
Z
	R1V114
	4,259,706
	5
	100
	100
	100
	100
	100
	75.1
	100
	348
	17
	15

	
	MFR
	5,864,065
	5
	100
	100
	100
	100
	100
	100
	100
	388
	17
	9

	
	Agencies
	54,170,350
	9
	85.07
	100
	84.4
	84.4
	84.4
	100
	100
	2159
	33
	128

	
	Real
	81,575,576
	9
	100
	81.1
	100
	100
	0
	100
	83.3
	621
	502
	336

	A
C
A
P
U
L
C
O
	R1A46
	25,461,547
	7
	100
	100
	100
	100
	100
	90.1
	100
	1534
	127
	122

	
	MFR
	46,725,583
	5
	100
	100
	100
	100
	100
	100
	100
	1215
	127
	221

	
	Agencies
	78,525,770
	11
	93.4
	97.5
	92.3
	92.3
	92.3
	100
	100
	3407
	149
	88

	
	Real
	114,750,000
	11
	100
	100
	100
	100
	43.6
	100
	100
	3803
	137
	924


[bookmark: _Hlk498605713]The solution chosen by the authors of this work operating as decision-makers was obtained through several iterations, using an interactive approach (see Miettinen et al., 2008). The principal author selected a solution based on his preferences and that solution was discussed among the other members of the team. If the solution was not acceptable from the perspective of any member, another solution was chosen until the team reached an agreement. The purpose of the solution is to show the value of the trade-off between objectives and its impact.
The analysis presented demonstrates the resource underutilization created by the proactive approaches (Chakravarty, 2011) currently used by authorities. Fewer organisations were required to manage both situations, which contradicts the common practice of sending every available agency to the field. The ability to decide which institutions are required instead of sending every potential participant to the affected area can boost the efficient use of resources and improve operations. Only the optimisation model achieved a 100% fill rate across products and services on each case, with considerably lower cost than real activities and independent decision-making. The instance with independent agencies suffered from overlaps and duplication of efforts in some areas, preventing organisations from using the resources efficiently. This clearly states the potential value of collaboration among participants. 
In both cases, authorities were able to purchase enough products to meet the requirements. However, the immediate response seems to have been delayed because of the length of the process required to request relief. Additionally, there were inconsistencies in the decisions about the type and number of items required, as shown by the variations in the number of the diapers and female hygiene towels delivered from one case to the other. The importance of the trade-off between performance measures and the impact of the dynamic approach can be observed in Table 5. For instance, between R1A46 and MFR in Acapulco, an improvement of less than 10% of healthcare coverage has an impact of over 21 million MXN. This is because, at some periods, the system used the maximum number of healthcare employees (first stages), later withdrawing the largest healthcare agency (SMEXICO) and balancing resources using the two remaining organisations (SGUERRERO and IMSS). Conversely, the case of Veracruz shows that an investment of a little over 1.6 Million MXP would improve healthcare coverage on nearly 25%. This highlights the value of balancing two performance measures to allow the decision-maker to consider trade-offs. This becomes more important for medium-scale and large-scale situations, in which the variations among solutions can become significant.
The number of organisations and resources deployed per stage delivered by the model were consistently lower than accounts from reality. The model considered the size and resources of each one of the organisations to deploy the optimal number of them to the field based on the existing conditions. Overall, the model provided logistics solutions whilst managing the required units in the field at different time periods, with the advantage of preventing overlaps among organisations. The result was a significant reduction of cost and a more effective spread of resources across time for the entire emergency. 

6. CONCLUSIONS
This paper proposes the first dynamic response model for resource allocation and relief distribution that also considers the optimisation of the number of organisations involved. The application of the model to two major floods in Mexico has shown its potential to balance cost and level of service while at the same time efficiently managing the number of organisations with considerations of equity. This research contributes to a wider body of research that emphasises the importance of coordination. The analysis presented here demonstrates the importance of enhancing the participation of different organisations to provide better support, since there is no agency with the resources to completely manage disaster situations on its own. Optimisation can be a valuable tool to create an environment which allows different participants to work together and achieve better results.
The results obtained challenge the common practice in research of designing models for a single organisation. This paper demonstrates the need to manage and guide the organisations involved in disaster operations depending on the stage of the disaster. Using only the resources required can prevent waste and congestion. One of the main problems of the disaster management system in Mexico seems to be more related to the allocation of resources than to their availability. Additionally, the model showed the importance of using a dynamic approach. The evolution of the event has a direct impact in the deployment of organisations and the equitable delivery of products and services. The literature has focused on shortages of resources, but having access to the right expertise at the right time can significantly improve humanitarian logistics. 
One limitation of the model is the need for centralised decision-making. The features of the organisations involved, along with jurisdictional challenges, should be carefully considered. Additionally, perfect information cannot be assumed given the chaotic circumstances experienced in disasters, pointing towards the need to incorporate imperfect information and/or resilience in future models. Future challenges and opportunities include the introduction of a routing and scheduling plan, dealing with the hierarchy of the organisations involved, and extending this system to introduce casualty transportation. Another aspect is the adaptation of the model to function with real time information and modify it to provide real time results. Phase integration can be a valuable step forward from this point onwards. Introducing collaborative models for disaster recovery, and developing integrated systems for disaster response and recovery are interesting opportunities for further research, especially considering the lack of research in the recovery stage. These systems could allow to smooth the transition across stages. Incorporating collaborative models for response and recovery can support the management of the shift in priorities among phases and ensure support is maintained for long-term operations. 
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Total unfulfillment
Acapulco

R1A1	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	2	3	2	2	2	4	2	4	2	2	2	R1A2	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	2	4	3	4	2	2	2	2	2	2	2	R1A3	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	2	4	3	4	2	3	4	4	3	4	2	R1A4	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	4	3	2	4	2	4	4	2	4	4	4	R1A5	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	4	3	4	2	3	4	4	4	4	4	2	R1A6	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	3	5	3	4	3	3	3	3	3	3	3	R1A7	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	3	4	4	4	3	4	4	4	4	4	3	R1A8	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	5	5	3	4	3	4	3	3	3	3	3	R1A9	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	6	5	3	4	4	4	3	4	3	3	3	R1A10	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	4	4	4	5	4	3	3	3	3	3	3	R1A11	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	5	5	5	4	4	4	4	4	4	4	3	R1A12	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	6	5	5	5	4	4	4	4	5	4	3	R1A13	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	6	5	5	5	5	5	5	5	5	5	3	R1A14	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	6	4	5	5	5	5	5	4	5	5	3	R1A15	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	7	7	5	5	5	5	5	5	5	5	5	4	R1A16	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	7	7	5	5	5	5	5	5	5	5	5	4	R1A17	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	5	5	5	5	5	5	5	5	4	R1A18	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	7	6	5	5	5	5	5	5	5	4	R1A19	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	6	5	6	5	5	5	5	5	5	4	R1A20	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	7	7	7	5	6	5	5	5	5	5	5	4	R1A21	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	6	5	5	5	6	5	5	4	R1A22	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	6	5	6	6	6	5	4	R1A23	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	6	6	6	6	6	5	4	R1A24	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	6	7	6	6	6	6	6	4	R1A25	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	7	6	6	6	6	6	4	R1A26	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	7	6	6	7	6	6	4	R1A27	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	6	7	7	7	6	7	6	7	6	4	R1A28	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	7	6	7	6	7	6	4	R1A29	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	7	7	5	7	7	6	6	6	7	7	6	4	R1A30	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	6	7	5	7	7	7	7	7	6	7	6	4	R1A31	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	5	7	7	6	6	6	6	7	6	4	R1A32	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	5	7	7	6	6	6	6	7	6	4	R1A33	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	5	7	7	7	6	6	6	7	6	5	R1A34	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	5	7	7	7	6	6	6	7	6	5	R1A35	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	5	7	7	7	6	6	6	7	7	5	R1A36	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	7	6	7	4	6	7	6	6	7	6	5	R1A37	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	5	7	7	7	6	6	6	7	6	5	R1A38	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	5	7	7	7	6	6	6	7	6	5	R1A39	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	5	7	7	7	6	6	6	7	6	6	R1A40	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	5	4	7	7	6	7	6	7	6	6	R1A41	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	5	4	5	6	4	4	4	4	4	6	R1A42	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	7	5	7	6	6	6	7	6	6	R1A43	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	4	4	6	4	6	7	4	6	6	R1A44	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	1	5	6	4	4	6	7	6	6	R1A45	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	1	7	4	6	7	5	8	6	5	R1A46	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	2	3	2	5	6	5	6	6	1	7	5	R1A47	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	4	1	5	5	5	7	1	2	6	6	R1A48	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	1	2	6	7	6	1	1	6	6	R1A49	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	2	2	2	1	1	5	4	1	1	4	6	R1A50	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	1	3	1	3	7	1	1	7	6	R1A51	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	2	3	1	3	3	3	1	3	2	7	4	R1A52	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	4	1	2	1	2	1	1	1	1	1	1	6	R1A53	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	2	3	2	2	1	1	3	1	1	3	3	R1A54	T1	T2	T3	T4	T5	T6	T7	T8	T9	T10	T11	T12	5	4	4	1	4	4	3	3	4	3	2	3	



Veracruz
Model	910664.66310165008	944168.32310164941	951269.48310164991	957502.5711016499	957515.00110165123	977397.75110164995	1010587.13135398	1043771.9711016498	1076989.4716063021	1110187.4153539704	1143392.0511016501	1176593.3513539799	1209775.6711016551	1242985.3313539799	1276195.1113539936	1309369.3951016511	1342568.0313539796	1375779.3711016511	1408972.6313539799	1442199.2113539726	1475344.6391016589	1508571.7313539796	1541798.9711016503	1574955.7513539796	1608193.5113539796	1641395.8511016511	1674573.9833539799	1681398.3511016571	1707777.7711016501	1740959.0513539799	1774199.4711016505	1807399.5511016508	1840592.411353972	1873790.0711016508	1906991.2716063096	1940193.6113539806	1973395.9511016505	2006569.4713539728	2039796.1311016511	2072987.6716063106	2106170.8313539657	2139382.5711016292	2172582.9513539677	2205765.2911016457	2238942.4719518218	2272187.2436063103	2278002.8411016301	2305391.8316063057	2338585.17135398	2371796.9753539618	2404940.6113539767	2438186.9511016263	2471388.6316063097	2490287.6911016447	2504598.1313539767	2537785.3111016219	2570952.9113539667	2604175.17135398	2637386.9111016248	2670578.8113539657	2703781.7111016447	2736967.8581941603	2770182.9730043067	2803370.2936063097	2836574.3360522711	2869798.6553539657	2902992.1601095898	2936175.4993539667	2969375.1751016239	3002562.1253539757	3035787.3151016156	3054947.4051016229	3068987.9551016171	3075378.9551016171	3102160.2353539667	3135389.1251016292	3168589.0756063047	3201791.0153539618	3234984.3551016147	3268156.6353539657	3290949.5351016205	3301400.0000000005	3334574.5959949894	3367741.2571016457	3371464.3171016239	3400994.2192952987	3434136.3338531009	3467360.8486632453	3500594.2434734167	3533731.1871979195	3566941.5355093013	3593930.2244416047	3633397.2076063105	3666580.3673539804	3699764.3071016311	3732966.167353991	3766179.1571016447	3799385.5197454067	3832592.2191016311	3865796.5491016447	3867614.1191016282	3898978.0876035499	3932152.9724136689	3965368.0872238502	3998583.2020340012	4002561.6956598014	4022027.0456598047	4031743.0716539477	4064985.8664640957	4090449.7276598187	4098144.8083661157	4131378.8266775147	4159046.3584415843	4259706.4704416264	4330588.031606311	4363754.982363333	4396993.7671734495	4430185.2119836006	4463370.2672984106	4496591.0413515754	4529784.71122385	4562990.4260340007	4586300.9596598204	4596196.4630205194	4629357.4113319209	4654092.2504416211	4695789.2232097192	4728332.5544416206	5094200	5127382.0490246806	5160560.6841887198	5193794.7025001207	5225108.7124416204	5260181.8143779198	5293074.1784416214	5691788.561447531	5724963.9768096209	5758163.6751210205	5790537.2364416234	5824518.1769988202	5857775.1153102191	5864065.2304416224	32341.555555555497	31162.444444444525	30908.222222222321	30788.222222222561	30788.222222222321	30637.555555555497	30386.444444444525	30134.888888888901	29787.333333333296	29478.111111111106	28635.888888888901	28384.777777777756	28133.222222222321	27838.111111111106	27534.111111111106	26779.555555555497	26383.111111110957	26131.555555555497	25880.444444444525	25532.444444444525	24923.222222222321	24381.444444444525	24129.88888888892	23878.777777777756	23530.777777777756	23279.222222222321	22470	22345.222222222321	22145.222222222321	21894.111111111106	21642.555555555497	21294.555555555497	21043.444444444525	20791.888888888901	20444.333333333296	20192.777777777756	19941.222222222321	19594.111111111106	19342.555555555497	19091	18814.444444444525	18562.888888888901	18311.777777777756	18060.222222222321	17815.777777777756	17079.666666666657	17026.222222222321	16818.666666666657	16567.111111111106	16284.444444444454	15968.444444444454	15716.888888888889	15465.333333333327	15226.222222222284	15117.777777777777	14866.222222222284	14615.111111111164	14338.111111111164	14086.555555555555	13835.444444444454	13583.888888888889	13350.555555555555	13148.333333333327	12901.666666666661	12694.555555555555	12466.111111111166	12240.333333333327	11700.555555555555	11375.222222222284	11124.111111111166	10872.555555555555	10631.222222222281	10524.555555555555	10480.555555555553	10273.444444444454	10021.888888888889	9745.333333333323	9493.7777777777774	9242.2222222222772	8991.1111111111168	8820.888888888885	8757.333333333323	8555.1111111111168	8308.888888888885	8280.888888888885	8100.8888888888887	7899.1111111111441	7696.8888888888887	7494.6666666667415	7324.8888888888887	7215.5555555555857	7128	6937.6666666667415	6661.1111111111441	6409.5555555555857	6158.4444444444425	5906.8888888888887	5675.7777777777765	5473.5555555555857	5224.2222222222244	5210.8888888888887	5019.7777777777765	4817.5555555555857	4615.3333333341452	4413.1111111111441	4389.1111111111441	4281.1111111111441	4243.6666666667415	4041.4444444444443	3896.1111111111122	3870.7777777777778	3761.4444444444443	3673	3669	3490.3333333333708	3239.666666666642	3037.4444444444443	2835.2222222222217	2633.4444444444443	2431.2222222222217	2261.3333333333708	2059.1111111111122	1927.1111111111109	1894.6666666666665	1785.3333333333219	1704	1644.1111111111109	1537	1404.1110505270708	1201.8888888888878	1036.5555555555561	927.22222222222217	845	786	678	573.66666666666674	380.33333333333331	271	166.99999999999994	129.77777777777752	20.444444444444443	0	Real	81575575.737256721	4490.3333333333285	Cost (Million MXN)
Total unfulfillment
Acapulco
Model	4003083.8901729877	4246572.1668455787	4257571.2516909605	4317083.8457983695	4385125.0599135198	4412368.0765484655	4417171.4198849043	4516377.1546833711	4575948.1617345996	4710239.317876447	5132863.0450630682	5447237.7872312134	5738636.7740979139	5856804.1539105996	6011996.2996066995	6055101.9811094003	6055216.6864181785	6215472.5247052405	6290952.3655298371	6534725.6976167997	6728018.9063672628	6848989.9606049685	7024118.1787660867	7073057.8081563795	7094598.4397606831	7406996.0694027115	7607191.3493542541	7685969.1387100425	7917890.9102799566	8299946.3587227007	8328334.2523119319	8497324.059895793	8642278.4955630247	8681971.2043116372	8751994.6900789291	8801992.5010473635	8989434.4317165203	9045277.2231803872	9080999.288386777	9125670.521738993	9228719.3058160469	9230902.2849470749	9252972.790573027	9443954.047035072	9447693.0601444002	9585724.4363617711	10177225.923551166	12029946.555212449	12481260.282770196	12521019.126890073	12538924.054604834	12586085.188233199	12707998.116111305	12752479.922223654	15060636.860069944	15141400.562916592	15765515.126350489	18282804.667139798	18385806.694717295	18517534.414374921	19093781.564993896	19392675.761506826	21456558.738445997	21911834.482744046	24365119.336977728	27150650.934602845	27431877.356808476	30234002.654259089	30546831.828260168	33540391.642233517	36213038.822943442	39429850.256474026	41952837.622385994	42281964.898559473	42537338.979945011	47296201.414113797	70453.777777777548	67792.777777777679	66771.777777777679	64613.111111111175	63915.111111111175	63563.111111110986	63299.111111111175	61790.111111111175	56951.111111111124	56771.111111111175	51503.111111110986	47905.111111111124	43725.111111111124	41916.111111110986	41047.333333333321	39768.111111111175	39762.111111111175	38222.111111111175	37572.111111110986	35713.111111111124	34005.777777777774	33048.555555555547	31747.111111111142	31542.444444444525	31522.111111111153	29442.444444444525	28274.88888888892	27879.111111111106	26939.88888888892	24715.88888888892	24519.88888888892	24104.888888888901	23005.888888888949	22961.88888888892	22637.88888888892	22297.666666666657	21880.88888888892	21414.88888888892	21197.777777777756	20998.88888888892	20681.88888888892	20612.000000000015	20491.88888888892	19864.444444444525	19851	19444	18757	11692	11688	11623	11574.99999999974	11493.444444444454	11267.444444444454	11074	5370	5356	5349	4447	4126	4110	4107	4102	3588	3529	2989	2986	2451	2333	1943	1466	997	564	497	173	172.99999999999835	0	Real	114605396.51310138	5800.0000000003774	Cost (Million MXN)
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