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Abstract: In many current healthcare situations, strategists are looking to improve facilities in the community, as a means of lessening demand for expensive hospital services and to improve customer service. In the UK, developments such as polyclinics are being considered to bring facilities closer to patients, while in developing countries community health centres can enable people living in remote rural locations to access quality healthcare. We present a number of novel hierarchical location models designed for different possibilities of patient access in community situations. We include both efficiency and equity components in optimisation, the latter ensuring an equitable or fair distribution of services as required.
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1. Introduction

Recent healthcare policy changes may cause some services to be moved from centralised locations into facilities closer to residential areas. For places as far apart as metropolitan Leeds, UK, and rural northern India, we model location of community health facilities for the purpose of improving services to patients. In rural India, excessive travel and cost may prohibit access to healthcare from hospitals, while, in the UK, congestion and expense in hospitals is the main driver in moving services into the community.
Location modelling offers opportunities for assessing the effects of alternative scenarios on service delivery. In general, community healthcare is part of a hierarchical supply of health service. We have developed a range of location models that reflect possible access to such hierarchical systems. For example, the UK NHS generally requires patients to access facilities at the general practitioner (GP) level, with subsequent referral if necessary. In rural India, however, fee-paying patients choose the level of access they require, whether at village, community or hospital level. Services such as ante-natal checkups, for example, may be available in rural areas at both local and hospital locations; other specialist services are available only at the highest levels. Our range of location models reflects such differing access to hierarchical health systems. 
Locations of particular at-risk patient groups can be incorporated in the modelling. Where information is available that certain regions are prone to higher demand for particular healthcare services, weighting can be applied to such populations. 
Healthcare facilities may be considered as delivering an essential service, such as emergency treatment, or a non-essential, optional service such as preventive care. Planning objectives for such services will differ: we model these differences using techniques based on classical location models.
A new dimension incorporated in our hierarchical models is that of equitable or fair distribution of services. We use the concept of a service standard by which to judge different scenarios. Such a standard might be specified in terms of a desirable distance to be travelled by patients to facilities, or a desirable number of patients expecting treatment at one of several facilities. Trade-offs between efficiency and equity produce insightful comparisons.
This paper proceeds with a review of some classical location models applicable for healthcare facilities. We consider access to hierarchical healthcare facilities, with particular reference to community healthcare schemes in rural areas of developing countries. Equity in health care and our objective functions for equitable distribution of facilities are discussed. We introduce our hierarchical location models, with selected details and model output using data from schemes in northern India. We also give experience of applying the models on behalf of “Making Leeds Better”, and present conclusions.
2. Classical location models with applicability to health care   

Several classical location models have been formulated which are of relevance to the location of healthcare facilities; we describe here some major contributions.  In [Hakimi, 1964, 1965], the p-median problem on a network is considered, for optimal locations of p facilities, minimising total weighted travel distance from each demand node to the nearest facility. A solution of the p-median problem is given in [ReVelle and Swain, 1970]. We note that in the review [Sahin and Süral, 2007], the majority of healthcare applications of hierarchical models (14 out of 20) use p-median-type modelling as their basis.  Such models may be criticised because distances may be unreasonably great for people living in inaccessible places within a target area. However, for overall planning purposes, p-median models are appropriate when considering the needs of a region as a whole and thus are relevant for essential services.
In [Toregas et al., 1971], the authors propose the location set covering problem (LSCP), with reference to the siting of emergency services. The minimum number of facilities is sought so that distance from all demand points is within a specified limit. The maximal covering location problem (MCLP) is introduced in [Church and ReVelle, 1974], with many applications since that date. The population covered is maximised for a fixed number of facilities. A second version of the model is also proposed, with a constraint that ensures that no demand is further away from a facility than a desirable service distance. 
[Berman and Krass, 2002] considers the MCLP when coverage is not simply full coverage or no coverage, but where different levels of coverage exist. The generalised maximal covering location problem (GMCLP) is defined, where coverage level is a decreasing step function of the distance to the closest facility.
3. Community healthcare schemes in rural areas of developing countries

The nature of access to health care in rural areas of developing countries may be very different from that in countries such as the UK. We refer interested readers to [Smith et al., 2007] for descriptions of community health schemes operated by non-governmental organisations (NGOs) or faith-based organisations (FBOs) in developing countries. A possible hierarchy of services in a developing rural region could consist of:

· village health workers;
· community health centres staffed by nurses or family doctors;
· hospitals for referral.
It is common for patients to travel long distances for medical treatment if seriously ill, though often as a last resort. For services which may not be regarded as essential, such as ante-natal care, limited travel distances are usual, if travel is on foot and hardship is incurred by losing a day’s wages. Patients may expect service to be available at a given medical facility of any level, whatever the seriousness of their illness. In some community health schemes, patients may be encouraged to consult village health workers first, before referral to community health centre or hospital if necessary [Lankester, 2007].
4. Access to community health care within a hierarchy of services

Our hierarchical models for location of community healthcare facilities are designed to reflect different characteristics of patient access, in many situations. We offer variation in modelling to account for:
a) access mode to the hierarchy of services, from local to community to hospital level;
b) whether or not the service is considered essential by patients. 

We characterise access to health facilities by the level at which patients are able to enter the hierarchy or different levels of service. In some situations patients must make contact with the lowest or local level of services, before referral to higher levels if necessary. Sometimes, however, patients are able to access higher level services directly. Moreover, access to a particular service may only be possible at a defined level: this is termed a successively exclusive hierarchy. A successively inclusive hierarchy is one in which lower level services are present at higher levels.    
We further categorise access to health facilities by whether the services are considered essential or non-essential by patients. We make the assumption that patients will choose to travel any necessary distance for a service that they consider to be essential, whereas non-essential services will only be used within a limited distance.  In the UK, screening checks would only appeal to patients within a limited travel distance, while to receive a service such as x-ray, patients would travel as necessary, while preferring the shortest possible distance.
For essential travel, we base modelling on the p-median problem described above, minimising population-weighted total travel distance. For limited cover services, we use the MCLP as a basis, maximising population covered, with an extra at-risk population weighting if required.
5. Equity in healthcare and public services
Notions of equity, or fairness, have given rise to philosophical debate since Aristotle introduced ideas of horizontal and vertical equity. Horizontal equity gives identical treatment to like individuals. Vertical equity, however, ensures that those who are unlike should have appropriately different treatment. In this study, we focus on equity in terms of distance from facilities and population numbers making use of facilities.
Equity (or balancing) objectives can be used in location modelling when a fair or equitable distribution of services is sought.  [McAllister, 1976] is the first to propose equity objectives in location analysis. Since then, an extensive body of literature has arisen on the subject, with material drawn from other field such as socio-economics. For reviews, the reader is referred to [Erkut, 1993], [Marsh and Schilling, 1994], [Eiselt and Laporte, 1995] and [Revelle and Eiselt, 2005].
A small number of studies use bicriteria efficiency/equity models to find optimal location of facilities. [Mayhew and Leonardi, 1982] presents a model that permits planners to trade off equity against efficiency, with application to healthcare resource allocation in London. A variance-like measure is used in a gravity-based model of a health system. [Mandell, 1991] applies two models incorporating measures of both equity and effectiveness to the distribution of library books in public libraries throughout a region, taking into account population in the areas served. The efficient frontier is explored to demonstrate possible trade-offs between efficiency and equity that could be made by decision makers.  [Oliveira and Bevan, 2006] uses three mathematical programming models to demonstrate possible approaches to an equitable redistribution of hospitals throughout Portugal. 

5.1 Forms of equity objectives
Equity objectives have been cast in a wide variety of different forms. [Eiselt and Laporte, 1995] gives a number of examples, pointing out that, in most cases, use of equity objectives has meant minimising the variance of the distribution of distances. The aim is that all customers should travel similar distances to a facility. A classification of equity objectives can be made into those that take population need into account and those that do not.  A convincing case is given for using the former “equity” type, classifying the latter as “equality” objectives. 
Objectives similar in form to mean absolute deviation (MAD) can be intuitively suitable for equitable distribution of services, as noted in [Mulligan, 1991]. A variance-like function is similar in effect, giving a greater penalty on behalf of those clients whose distance is furthest from the mean.

5.2 Equity objectives proposed
A number of factors have to be taken into account in deciding upon equity objectives for hierarchical health facilities. We interpret the decision-maker's desire for equitable access to facilities as meaning an even distribution of facilities amongst people in need of service.  Also, we believe that at-risk population numbers should be taken into account, and so “equity” rather than “equality” objectives should be used. It is possible that use of equity objectives alone can lead to inefficient locations, as goals are different from those employed when optimising efficiency. We therefore propose a linear combination of efficiency and equity objectives, proportions being chosen by the decision maker.
The first service situation we model is that of a facility covering only a limited distance; all population within that distance is deemed to be equally well covered. We adapt the MAD objective to offer the possibility of choice of desirable service standard in terms of numbers of population served at each facility. This leads to a compact formulation, with the advantage of being intuitive to planners in any application. 
The second situation we model is that of customers travelling as far as is necessary to reach the nearest facility, i.e. facilities are essential to the population. We propose use of an objective function that lowers the total absolute difference from a specified desirable distance standard to be travelled, weighted by numbers of at-risk population. In this case, we assume that appropriate capacity can be provided for the volume of customers.  
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6. The models
We propose a number of hierarchical facility location models with combined efficiency and equity objectives, and referral between levels. We use both p-Median and maximal covering as the basis for modelling, as described above. We have implemented the models in Visual C++.NET, which gives the advantage of graphical display of different facility locations and relative local populations. Commercial optimising software Xpress-MP is also used.  The models are original in terms of the combinations of efficiency and equity objectives and the interpretations of access to the hierarchical services as applicable to health services.
For essential Services ( p-Median problem or PMP):
· HiMi-PMP-Eq for multi-level access to nearest level (i.e. successively inclusive hierarchy)
· HiMe-PMP-Eq for multi- level access to specific levels (i.e. successively exclusive hierarchy)
· HiS-PMP-Eq for single-level access with referral.
For limited cover services (maximal cover location or MCL):
· HiMi-MCL-Eq for multi-level access to nearest level (inclusive)
· HiMe-MCL-Eq for multi- level access to specific levels (exclusive)
· HiS-MCL-Eq for single-level access with referral.
Figure 1 shows typical limited cover output, using program HiMi-MCL-Eq to locate 1 level 1 (highest) facility, 2 level 2 and 3 level 3 facilities. Populations are used from villages in Vikasnagar block, in the area surrounding Herbertpur Christian Hospital, Dehradun District, Uttarakhand, northern India. In a community health scheme previously running in this area, trained reproductive health nurses worked with village health workers to provide all pregnant women with ante-natal checks. 

6.1 Model details: HiMi-PMP-Eq
As an example of our models, we give details of HiMi-PMP-Eq. (For the other models the interested reader is referred to [Smith et al., 2008].) This model minimises a linear combination of the total at-risk population-weighted travel distance and the total absolute deviation of travel distance to a facility at any level from the desired service standard. It is used when facilities are to be located at a number of levels so that total travel distances are optimised and/or a service standard in terms of distance travelled is required.
Demand nodes i belong to the set I, and candidate facility nodes j to the set J. Hierarchical levels k run from 1 to K. The decision variables are given below, with 
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Input variables are 
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where dij is the distance from node i to node j, and Rk is the referral distance between a level k server and a level k+1 server. Nk is the number of facilities to be located at level k, while pi and ri are the population and at-risk factor at node i. SA is the desirable service standard in terms of distance travelled, at any level. The objective function consists of a linear combination of the efficiency and equity components, where α (0 < α < 1) is a suitable weighting.  
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Demand is allocated to the nearest facility at any level via constraint (1). Constraint (2) ensures that demand is allocated to exactly one facility. Further, (3) satisfies all demand via an open facility at some level. Constraint (4) ensures that each lower level facility is within referral distance of a facility at the next level up. The total number of facilities to be located at each level is given by constraint (5), and (6) enables pre-existing facilities to be taken into account.
7. Location modelling for “Making Leeds Better” polyclinics
We describe the application of our models in the context of the “Making Leeds Better” (MLB) programme, in which all the main health and social services organisations in Leeds have come together to facilitate improvements to services in the region. Relocation of hospital facilities is a major part of future strategy.  Part of the programme's vision is to see more care and treatment closer to home, with modern facilities located in the community. It is in this context that the provision of extended GP surgeries, known as polyclinics, is under consideration. A number of services currently supplied at hospital level under consultant supervision may be transferred into the community at such polyclinics, with referral to hospital only where necessary. For example, GP-requested X-rays might be available in future only at a polyclinic, along with a number of other diagnostic and treatment functions. 
Clearly, decisions to be taken about the locations of such polyclinics within the community are of great importance and are likely to be contentious. It is important that, in general, patients should have easier journeys to polyclinics than to the current hospital outpatient clinics. Some exceptions to this desired aim will be unavoidable, but it is hoped to minimise such circumstances. Equity of travel distance to polyclinics is thus of interest, as well as overall efficiency of operation. 

[image: image12]7.1 Model runs for location of polyclinics

We describe a number of runs of our models undertaken in demonstrating the effects of different scenarios. These are based on:

· a choice of objective function, whether total distance or maximal cover, and equity proportion;
· different proxies for likely polyclinic demand;
· alternative sets of potential facility locations.
For efficiency objectives, we use both the MCL and PMP basic models as outlined above. Total distance calculations are provided by HiMi-PMP-Eq, using 100% efficiency. Similarly, HiMi-MCL-Eq gives maximum cover calculations. For comparison purposes, we make use of the 100% equity objectives, minimising absolute deviation in distance from a desired service standard. In this instance, a desirable standard travel distance of 4 miles is utilised. Figure 2 gives sample output for a scenario with 3 facilities located, using travel distances along bus routes.
It should be noted that hierarchical aspects of the models are not used in this particular application, as referral to a hospital is assumed possible for all candidate facility sites, and location is not made relative to doctor's surgeries. A single-level location analysis is therefore carried out.  Also, we do not use the efficiency and equity objectives in combined form, as runs showing the extremes of efficiency versus equity are sufficient for illustrating the different possible scenarios in Leeds.  

7.2 Proxies for likely demand for polyclinic services

Postcode sectors (i.e. areas described by the first five digits of a postcode) are used as the basic division of the Leeds area for the purposes of estimating demand. The assumption is made that demand is concentrated at one central point, or centre of gravity, in each sector. A balance has to be struck here between accuracy of demand estimation, convenience and time to compute scenarios. Demand by postcode sector gives ease of input using data available to MLB, and computation times of less than one minute enable ‘live’ demonstrations of results to MLB. To increase the number of demand nodes to that of individual postcodes in the area would be punitive in computing cost, and would significantly reduce the possible scenarios that can be run. 
The primary basis for predicting demand is population per postcode sector, weighted by ASTRO-PU (Age, Sex, and Temporary Resident Originated Prescribing Unit). ASTRO-PU is a weighting structure used to weight populations served by general practitioners. The system is designed for use in budgeting prescribing costs [Roberts and Harris, 1993], which are shown to be affected by population demographics. ASTRO-PU weighted population is thus likely to give improved prediction of clinic usage compared to population alone. Our modelling is able to allow for known local variations in weighting, although MLB did not request such extra weighting. 
A number of different demand estimates are used as alternatives to the basic population figures. We list the full number of measures investigated, all of which are easily available by postcode sector:

· census population figures, weighted by ASTRO-PU; 

· future population estimates;
· outpatient clinic usage;
· GP out-of-hours calls.
All of these proxies for clinic demand introduce their own inaccuracies. Census figures may be inaccurate in particular regions, due to lack of reporting in portions of the community. The boundary of the Leeds PCT region cuts through certain postcode sectors on the limits of other towns; population in such partial sectors is estimated. GP call-outs give relatively small numbers for estimation purposes. 

7.3 Alternative sets of potential facility locations
MLB are interested in several different sets of potential facility locations, relevant to current relocation of hospital facilities. The different sets include 
a) every site currently in use for primary healthcare services; 
b) a preferred subset for purposes of redevelopment;
c) the preferred subset with a fixed facility at one particular site;
d) one site removed from the subset.
In addition, there are the alternatives of two or three polyclinics to locate. 

7.4 Results

[image: image13]We compare the efficiency of different scenarios in terms of total population-miles. A baseline optimum is created using every node in the network as a candidate facility site: this enables comparison with the efficiency of other sets of candidate sites. Certain features of the results are as expected: firstly, greater efficiency is achieved with 3 facilities located rather than 2. Secondly, more efficiency is gained with more choice of candidate locations. Fixing a facility at one location is worst of all in efficiency terms.
Runs with 100% equity objective show a clustering of distances around the 4-mile desirable service standard as required, as shown in Figure 3. However, a number of long distances remain due to large distances travelled for small populations in remote corners of the Leeds area. In general, we observe that use of equity objectives locates facilities further away from the city centre. Runs with demand by postcode sector approximated by numbers of GP call-outs give notably different solutions to those with population or outpatient proxies for demand. The low numbers from many sectors are influential here.
Although not using the more complex hierarchical features of modelling, the range of models available with both efficiency and equity objectives gives a very useful tool for comparison of a number of different scenarios. We report model runs of less than 1 minute with 114 postcode sectors and up to 59 candidate locations, even using complete enumeration to find optimal locations. Furthermore, one location for a polyclinic that has often been suggested as desirable on the ground is an optimal location for a number of 3-facility scenarios.
8. Conclusion

We are encouraged by those involved in strategy for community health facilities that our approach can form a valid part of the planning process. Both in rural areas of developing countries and metropolitan UK, the choice of site for a new facility is likely to raise controversy regarding those who will be closest or furthest away. Modelling such as ours can give impartial credence to decisions taken. Moreover, we find that with datasets of size comparable to those for MLB, the speed of runs enables live demonstration runs to take place as executives suggest desired scenarios to test. This heightens credibility of modelling, as resulting locations can be displayed using the Visual C++.NET screen output. 
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Figure 1 Typical output from HiMi-MCL-Eq, maximal cover at any level with 100% efficiency, locating 1 highest, 2 medium and 3 lowest level facilities.
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Figure 3 Distances travelled under equity objectives, with 3 polyclinics, desired service standard 4 miles, ASTRO-PU weighted future population projections.
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Figure 2 Sample output showing optimal location of 3 polyclinics in a network of bus routes.
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