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Abstract 


This report deals with the topic of combining Operations Research (OR) and Geographic 
 Information Systems (GIS) to improve the ambulance service of Falck A/S, the leading 
 provider of ambulance services in Denmark.  


Using the GIS software ArcView 3.2a (ESRI) the geographic occurrence of accidents over 
 time and three different location allocation models are investigated. Two models on 


minimizing the average response time and one model on minimizing the maximum response 
 time.   


The location allocation models used are the Multi Facility Location Allocation problem 
 (MFLA), the p-center problem and the p-median problem. The method used for solving the 
 MFLA is the Multi Restart Cooper. The p-center and p-median problems are solved using a 
 metaheuristic called the Noising Method, very similar to Simulated Annealing.  


The project is carried out under the assumption that the traditional stochastic models used for 
 ambulance allocation do not match the way Falck operates very well. Hence the approach is 
 to place the resources at hand as well as possible in a given situation, without consideration of 
 what happens when the number of available ambulances changes.  


Keywords: Location, Allocation, GIS, Ambulances 
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Preface 


This thesis has been established with the help from Informi GIS A/S and Falck A/S.  


My background is a vide variety of engineering fields: Geographic Information Systems 
 (GIS), Operations Research (OR), Building construction, Surveying, Traffic modeling and 
 Basic engineering disciplines as physics, math and statistics. 


The last two years of my education as a Civilingeniør (“Master of Engineering”) at the 
 Technical University of Denmark (DTU) has primarily dealt with GIS and OR, hence it 
 seemed logical to combine the two fields in my thesis.  


Through a trainee project at Informi GIS I got acquainted with Heino Sørensen who inspired 
 me to do this project. He also did his thesis on ambulance allocation using GIS and also in 
 cooperation with Informi GIS and Falck. I found the project inspiring, not only because it 
 would let me combine GIS and OR, but also because it would involve a practical problem 
 with data from “real life”.  


The project has been carried out under the supervision of Henrik Juel, Informatics and 
 Mathematical Modeling (IMM) at the Technical University of Denmark (DTU).  


When writing this report I saw two options, either do a more theoretical study with theory and 
 formulas or do a more easy to read report with a much broader audience. I chose the last since 
 it could help more people benefit from the project, especially Informi GIS and Falck.  


There has been done a large amount of programming in this project, traditionally source code 
 and often also data is printed out and handed in with the project. However the amount of both 
 source code and data is so large that it is without justification to print it out, especially 


considering that it is seldom read. A good guess is that the source code is about 5000 to 7000 
 lines, and the data both available to this project and produced by this project would fill more 
 than one CD (680 MB). A CD with the source code and the most important data is handed in 
 for examination purposes only (data may not be used without the permission of Falck A/S and 
 Kraks Forlag A/S).  


References are presented as [AA p. 1]. “AA” refers to the full reference at the end of the 
 report, “p.“ to the page number of the reference, in this case page one. Definitions of a few 
 terms, which might trouble some readers is included in the Definition at the end of the report.  


The computing power used (when real computing time is mentioned) is:  


  Amd Athlon Palomino 1800+ (1.53GHZ) Processor 
   256 MB DDR PC2100 RAM 


  Running Microsoft Windows XP Professional  


In some of the figures, in this report, continuous curves are used to represent discrete data, 
some might argue that it in principle is wrong to do so, though it has been done to make the 
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 figures easier to understand, since using bars would not have been a good alternative. In some 
 cases bars are used, especially when the differences between the different “series” presented 
 on the figure are so small that they could not have been revealed by continuous curves.  


I apologize for any figures which may look a little odd, MS Excel and MS Word, does not 
 cooperate all that well. What I see on the computer screen is not always what comes out of the 
 printer, sorry. Though there should be only cosmetic errors left. 


The thesis is writing in English, not to annoy any Danes, but help me get a job outside 
 Denmark if things get too dull around here.  


Christian Krog Lindeskov, c971771. 30th of August 2002 
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1 Introduction 


This chapter gives a short introduction to the topics dealt with in this report. 


Solving location-allocation problems is not a new discipline. Since the beginning of mankind 
 it has been a high priority to find a good solution to location-allocation problems, from the 
 early years of trying to find a good place to settle near resources such as wood, food and 
 water till today’s problem of placing transistors in CPU chips while maximizing speed and 
 minimizing heat. Despite the long history and rewarding benefits of solving these problems to 
 optimality, many are still difficult to solve to optimality if not impossible.  


This project deals with the location allocation of mobile units. The focus of this project will 
 be on placing ambulances on the Danish islands of Funen, Tåsinge, Thurø, Siø and 


Langeland, which can all be seen on Figure 1. 


Figure 1. The island investigated in this project. 


The islands are connected by bridges, making access by ambulance easy. Together these 
 islands will be referred to as Funen. The reason why the rest of Denmark does not need to be 
 taken into consideration is that ambulances seldom move off Funen to assist in other regions.  


Data has been supplied by the leading provider of ambulance services in Denmark, Falck 
Danmark A/S (from now on Falck), and by one of the major distributors of digitized maps in 
Denmark: Kraks Forlag A/S. Often when ambulances respond to an emergency it is a matter 
of life and death with time being the crucial factor. Poor performance by Falck or other 
providers is very likely to reach the front page of leading national newspapers. In order both 
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 to increase performance and profit, Falck is always seeking technology and knowledge that 
 can help them improve their routines. The latest major technology step is using Geographic 
 Information System (GIS) and the Global Positioning System (GPS) to identify the positions 
 of current available ambulances and to dispatch the ambulances so that they will reach the 
 locations of accidents as quickly as possible.  


The aim of this project is to investigate the possibility of introducing methods from 


Operations Research (OR) to station ambulances as optimal as possible prior to the received 
 emergency calls. However, there are many problems involved in this process, such as: 


 How is optimality defined? 


 How are future accidents predicted? 


Before attempting to answer these questions, a short introduction of Falck ambulance service 
will follow. GIS and OR will be explained later in its own context. 
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2 Project Formulation 


This chapter is a precise definition of what is being investigated in this project. 


The aim of this project is to investigate the possibilities of using Geographic Information 
 Systems (GIS) and Operations Research (OR) to allocate ambulances. The data consists of 
 elementary GIS data such as a road network, demographic data, area use etc. and data from 
 the Danish company Falck, such as ambulance duties/accidents and Falck-resources (number 
 of vehicles, garages etc.). 


The investigation will be carried out in three steps.  


1) Analysis and preparation of data for optimization algorithms 


The main purpose of this step is to understand the data, using it to create data 
 structures/models that can be used later in the project. This will be done using 
 relatively simple statistics and the features in the GIS software ArcView 3.x and its 
 extensions Spatial Analyst and Network Analyst. The aim is to process the data in 
 such a way that it can be used in the optimization methods. 


2) Static optimization 


This step will present and evaluate different models for allocating ambulances. Using 
 the data from step 1 with the Multi Facility Location Allocation model with Euclidean 
 distance (MFLA), the p-median problem and p-center problem. This is done 


considering the problem as a static problem with a fixed number of accidents and a 
 fixed number of ambulances to be placed. The possibility of expanding the models 
 with constraints, such as time and capacity requirements, and multi-criteria objectives 
 to satisfy the more complex aspects of the real life problem will also be discussed. 


3) Future possibilities 


A discussion of how the methods used in the project can be improved to handle more 
 complex aspects, such as dynamic allocation of ambulances. 


This project will hopefully help Falck and their partners to develop systems that can improve 
the allocation of ambulances, hence provide a better service to their customers and possibly 
even save lives 
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3 Falck Danmark A/S 


This chapter explains who Falck is and what it is that they do. 


Falck is part of the worldwide company Group 4 Falck A/S. Falck is active in many different 
 areas most of which deal with helping people in some sort of an emergency, some of these 
 being: 


• Fire fighting 


• Auto assistance 


• Ambulance service for emergency 


• Ambulance service for transportation of patients to and from treatment 


• Security facilities for private and businesses 


Common for all of these is that time is a critical factor in one way or the other. Fire fighting is 
 about material damage and often life and death, ambulance is also often about life and death, 
 whereas the auto assistance is helping people out of an inconvenient situation as quickly as 
 possible. 


Falck is a private company and unlike many other countries Denmark allows commercial 
 interests in such vital areas as fire fighting and ambulance services. This is due more to a 
 historical development than politically based, but Falck has proved to be quite competitive 
 and is expanding to other countries. Falck is by far the largest provider on the Danish market 
 in both areas, but they are not the only one. The largest competitors are “public companies” 


owned by municipalities or counties and organizations based on volunteers (fire fighting 
 only).  


Though this project is about ambulances, many parallels can be drawn to the other areas of 
 Falck’s business, primarily fire fighting, auto assistance and the security section, which may 
 also be able to benefit from the investigations of this project. 



3.1 The Ambulance Service In Depth 


Falck is hired by municipalities to operate in a specific area according to some requirements 
 agreed upon, such as not more than 10% should wait for more than 20 minutes for an 
 ambulance and the average response time should not be more than 10 minutes. 


Response time is the time between an emergency call is received and the first unit arrives, this 
 also applies if several ambulances are required, i.e. major traffic accidents, then it is still only 
 the first unit that counts. Not all units are ambulances, Falck also have agreements with 
 doctors and nurses in remote areas, such as small islands. Motorcycles with medical personal 
 being more mobile than ambulances, and even helicopters are used once in a while, however 
 ambulances are by far the most common response unit. 


No legal limits have been stipulated for the response time, other than those in the individual 
contracts. However, with regard to fire fighting there is legislation stipulating a maximum 
limit for how long it must take before the fire fighting crew arrives, i.e.10 minutes in cities 
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 and 15 minutes for other areas. Like other companies Falck will probably raise their prices if 
 they are to give such guarantees. Hence contracts are often focused on the average time rather 
 than worst case. National politicians have been discussing introducing maximum 


requirements on the ambulance services. However, as I see it there is one important aspect to 
 be considered, there are less than 14.000 fires a year and around 300.000 accidents (in all of 
 Denmark), therefore covering extreme situations with many fires/accidents at the time are 
 probably a lot simpler to handle for fire fighting than for the ambulance service. Since 
 extreme situations are a lot more extreme when it comes to ambulance service compared to 
 fire fighting. 


It would be an easy task for Falck if they knew in advance where to pick up the next patient, 
 however if accidents could be foreseen they probably never would happen. Hence Falck has 
 to cover the entire area, but still take into account that the risk of accidents is greater in some 
 parts of the area than others. The tradeoff between low average response times and few high-
 end response times is a political matter rather than a commercial matter.  


There are other complicated matters than predicting accidents: 


In their ambulance service Falck is limited by: 


• The number and sort of resources that they can afford, and still make a 
 profit. 


• The technical limits of the equipment. Ambulances do have both physical 
 and practical speed limits.  


• The requirements of the ambulance crew’s union, such as the number of 
 breaks during the day and the salaries. 


Still the Falck situation is even more complicated than this. Ambulances are also used for 
 other assignments that emergency. As mentioned earlier, some people have to be transported 
 using ambulances, a job that Falck also takes care off. In some cases, when e.g. an ambulance 
 is on its way to pick up a patient from a hospital and move him to another hospital, the 


ambulance may be redirected to an emergency. The reason being that a man with e.g. a 
 complicated leg fracture will survive waiting 15 minutes more whereas the man with a 
 possible heart attack might not. Besides this Falck often chooses to place ambulances out in 
 the field rather than in their garages, both to meet the requirements of the municipality and to 
 cover a temporary increased risk of accidents, such as large sports events, concerts and 


highway rush hour traffic. Furthermore the ambulance crew is a not a crew of specialists, they 
 are trained to handle many types of assignments, ambulance, auto assistance etc. Falck’s 
 flexibility within its organization might be a commercial advantage, but it also tends to 
 complicate matters. 


It is clear that the problem as a whole is rather difficult to handle, and cannot be dealt with in 
 its entirety by one person within six months. The focus of this project will be to “optimize” 


the response time and then only for the emergency part: ambulance service. Allocation of 
resources to or form other areas will not be considered, nor which type of unit is used, all 
unites are considered to be ambulances. 
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4 What is GIS? 


This chapter is a very short and not very detailed introduction to GIS, it is meant to help 
 readers with no knowledge of GIS whatsoever to understand what GIS is and how it is used in 
 this thesis. For more precise information about GIS, www.gis.com would be a good place to 
 start. 


GIS is an abbreviation of Geographic Information System, and is normally used about 
 systems that handle geographically related data in one way or another. The shortest and most 
 precise definition I have found is: 


“...GIS is a computer system capable of assembling, storing, manipulating, and displaying 
 geographically referenced information, i.e. data identified according to their locations. “ 
 (http://www.usgs.gov/research/gis/title.html, 27 March 2002). 


The type of GIS explained in this project is the “ArcView 3.x way”, of which only the most 
 important features have been used. ArcView is the GIS software used in this project. In  
 Appendix III: How it works – Software Engineering“ 



4.1 Representing Data 


Data is stored as either vector data (points, lines, polygons) or as raster data (grids, images 
 etc.). 


4.1.1 Vector Data 


Vector data is basically represented using points (vertices), i.e. lines are composed of two or 
 more points, and polygons consist of three or more points. Both lines and polygons have a 
 direction, i.e. the order of their points, hence the left and right side of a line can be defined. 



5000 



5270 


  


Figure 2. Example of vector data: Polyline 
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 The vector data is referred to as either shapes or features. Features have attributes like records 
 in a database. A feature can only have one set of attributes. As a result of this a feature, e.g. a 
 road with a postal code attributed must be spilt into two features if it lies within two postal 
 code areas. An example of this is shown in Table 1. 


Shape information  ID  Length  Postal code 


Shape information  1  4,2  5000 


Shape information  2  4,4  5000 


Shape information  3  3,9  5270 


Shape information  4  4,1  5270 


Table 1. Attribute data. 


Topology is an important matter when working with GIS. Topology is the description of how 
 features relate to each other, or you could say what they know about each other. Topology 
 may be explained as two lines that are connected or two polygons that are adjacent. 


ArcView 3.x does provide some topology facilities that allow features to relate to each other. 


It is for example possible to define two roads crossing each other as either connected or 
 unconnected. For a road network the connected case could be an intersection and the 
 unconnected case could be a bridge crossing another road. 


The topology allows the network representation to be converted into a graph (directed 
 graph/digraph), which can be used for shortest path algorithms such as Dijkstra. 


4.1.2 Raster Data 


Grids and images are characterized by presenting some areas as number of squares, with a 
value assigned to each square. Each value or interval of value then has a color assigned to it. 
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4.2 Working with Data 


Features are collected in themes (layers), such as “road network”, ”accidents”, “outline of 
 Funen” etc. Themes are gathered in a stack so that the features in the top theme will cover the 
 themes beneath. An example of Falck garages on top, then the road network and at the bottom 
 the theme representing Funen, can be seen in Figure 3. 


Figure 3. Geograhic data from Funen. On top is Flack Stations (there are less today), 
 then roads with speed limits above 70 km/h and beneath that the outline of Funen. 


The themes can be switched on and off. Spatial queries such as determining all accidents 
 within ten kilometers of a Falck garage or locating all the highway approaches close-by can 
 be performed. A feature that has been applied much in this project is the ability to snap one 
 feature to another feature. In order to calculate the distance between two points on a road, the 
 points actually have to be on the road. An example of snapping is shown in Figure 4. 


Figure 4. Snapping a point to a line using "snap to boundary"-rule. 


Snapping can be used to move a point onto a line using a rule such as snapping to the nearest 
end of the line or closest “point” on the line (“snapping to boundary”), as shown in Figure 4. 



(20)   



4.3 Using GIS 


Basically GIS is an interactive atlas on a computer, with all the possibilities that it entails. 


Moreover GIS can communicate with other programs such as web-browsers, spreadsheet 
database systems etc. making it a very powerful tool in any environment that deals with data 
that has a geographic dimension. 
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5 What is Operations Research? 


This chapter introduces the concepts of Operations Research (OR) used in this project. There 
 is much more to OR than presented in this chapter. 


Operations research can be defined as "a scientific approach to 
 decision making, which seeks to determine how best to design and 
 operate a system, usually under conditions requiring the allocation of 
 scarce resources".  


Professor Wayne L. Winston  
 Indiana University, USA 


The short version is "quantitative planning". 


Professor Jens Clausen,  
 Informatics and Mathematical Modeling,  
 Technical University of Denmark 


Operations research (OR) is used in many areas, crew and fleet scheduling, location 
 and distribution, production planning etc.  


A typical way of applying OR to a real life problem could be: 


1. Create a model of the problem. 


2. Solve the model. 


3. Validate the solution. 



5.1 The Model 


A model in OR is a tool used to define what a feasible solution to a problem is and what a 
 good solution is. A model often has an objective such as minimizing the cost, maximizing 
 profit, minimizing the maximum travel time etc. however sometimes the objective is nothing 
 more than finding a feasible solution. 


There are different ways of defining models. The most common one is probably the 
 mathematical formulation, a method that uses equations to define the model. Another 
 common approach is a graph-definition often used for problems such as finding shortest 
 distance in a network and other network problems.  


One of the most obvious reasons for using a mathematical model is that it often can be solved 
as is, especially if the equations are linear. Another good reason is that a mathematical model 
is a very clear statement of what is actually being solved. The drawback is that people who 
are not familiar with this type of language, may find it difficult in the beginning to understand 
the concept. Therefore it is often a good idea to combine the mathematical description with a 
more common explanation. 



(22)   
 Models also serve the purpose of simplifying the problem. Real life often has so many 


stochastic elements and other complex elements such as physical laws and labor union rules 
 etc. that it is impossible to model them all. By simplifying the problem it becomes easier to 
 solve it, the drawback however is that there is no guarantee that the optimal solution to the 
 simplified problem will also be the optimal solution to the real problem. Still, a well-defined 
 simplification will nearly always prove also to be a good solution to the real life problem. 



5.2 Solving the Model 


Once the model is clearly defined, it is time to solve it. The first reaction may be, : “How 
 difficult can it be?”...”Computers today are very fast, they must be able to solve anything 
 within a few seconds.” However, this is far from so, in order to explain this a new term needs 
 to be introduced: Computational complexity. 


5.2.1 Computational Complexity 


There are basically two things to be understood about computational complexity. There is the 
 number of possible solutions to a problem and the amount of time it takes for a solution 
 procedure to solve the problem. These two factors are of course often correlated, i.e. it takes 
 more time to solve complicated problems, since these very same problems often have more 
 possible solutions. The most important of the two is of course how much time it takes to solve 
 a problem to optimality, rather than how many “non-optimal” solutions can be found to a 
 problem.  


The reason for introducing a concept like computational complexity is that when a problem 
 doubles in size, more roads, customers, facilities etc. it does not necessarily double in running 
 time / number of possible solutions. Actually it might not even be polynomial; many 


problems are exponential if not worse. Figure 5 illustrates five functions: three polynomial 
 (linear, quadratic and cubic) and two non-polynomial (exponential and faculty) on a 
 logarithmic scale. 


Running time/number of possible solutions as a function 
 of problem size
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Figure 5 shows the relation between solution time (logarithmic scale) and problem size. 
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 There is a special category of problems which no one has found a polynomial time solution 
 methods for: NP-hard (NP stands for nondeterministic polynomial) [DSA p. 446]. 


It is clear that if the problem can be reduced in size, a lot is to be gained. Regarding the 


problems in this project there might be something to gain by reducing the number of accidents 
 from 60,000 to perhaps 5,000 or even 1,000, how this can be done will be discussed in 


Chapter 9: Representing Demand.  


Figure 5 also illustrates why trying all possible solutions might not be a good idea. The 
 single facility location allocation problem is a classical example of this. The objective is to 
 place a facility so that the average weighted distance between facility and the customers is 
 minimized. Since the facility can be placed anywhere in space (often only two dimensional), 
 the number of possible solutions is infinite. Another problem is the p-meidan, which may 
 have the same objective, but has a finite number of solutions, since the facility can only be 
 placed at a customer. If there are n customers and only one facility to place, there are only n 
 possible solutions however if there are 10 facilities and 1000 customers the number of 
 possible solutions are the number of different ways 10 facilities can be placed out of a 1000 
 possible locations which is: 
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Even if it would be possible to test one billion solutions every second, it would still take more 
 than 8 million years to have tried all possible solutions. And it must be remembered there are 
 a finite number of solutions. More on that in section 11.2.3: “Complexity of the p-median and 
 p-center problems”. 


5.2.1.1 Big O notation 


A special notation for computational complexity is the Big O notation. The Big O notation is 
 represented with the symbol O(⋅), where the ⋅ is the input size of the problem being solved, 
 hence O(n) is linear complexity, O(2n) is exponential and so forth. O(⋅) is an upper bound on 
 the running time. There also exists other types of notation, a recommended reading is “Data 
 Structures, Algorithms and Applications in C++” by S. Sahni [DSA p. 83]. The O(⋅) might be 
 far form a practical running time, it should be considered a “worst case scenario”. However 
 the running time also depends on how an algorithm is implement, hence the skill of the 
 programmer and the programming language used can have an influence on the O(⋅). 


O(⋅) will be used in this project with the intention that those who have an interest in O(⋅). can 
 use it, nevertheless it not necessary to understand O(⋅) to get a thorough understanding of the 
 solution methods used.  


5.2.2 Solution Methods 


There are many different ways to solve optimization problems, the most obvious one is to try 
all solutions, however if it were that easy, why would there be a science called OR? Many 
problems, as mentioned above, have so many feasible solutions that it is impossible to try 
them all.  
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 In order to solve such problems an intelligent search for solutions is needed. Many problems 
 may be solved by exact solution methods, which find the best, hence optimal solution. The 
 single facility location problem e.g. is a good example of this.  


Problems that can be formulated relatively simple i.e. using linear equations; can be solved by 
 using a method called simplex. Software such as CPLEX and GAMS can solve problems that 
 are a bit more difficult, but they still rely on the mathematical formulation, and generally do it 
 quite well. Nevertheless, as the problems increase in size so does the number of equations in 
 the formulation and for quite big problems even CPLEX and GAMS will continue calculating 


“forever”. 


It is a classical problem in OR that when problems grow in size, i.e. more customers, more 
 facilities etc., the exact solution procedures often run into the same problem as with trying all 
 solutions, it simply takes too long time. In other cases there exist no exact solution procedure 
 for the problem at hand. For those purposes approximation algorithms, also called heuristics, 
 have been developed. Some of them have been designed for solving a specific problem, such 
 as the solution procedure for the single facility location problem. Other heuristics called 
 metaheuristics are designed to solve optimization problems in general, they are frameworks 
 needing a little customization to solve the problem at hand. The most famous of these are 
 Simulated Annealing (SA), Tabu Search and Genetic Algorithms. 


They all try to achieve the same thing, to find local minima in the solution space (set of all 
 feasible solutions), and then again escape these local minima to find other local minima, 
 hoping that one of these minima will be the optimal solution, and if not that at least the best 
 found solution is acceptable. The major drawback of these solution methods is that there will 
 be no guarantee of the quality of the found solution. In theory there exists (at least for SA) an 
 investigation that concludes that given the right parameters SA will find the optimal solution 
 [HA], however it is seldom possible to carry out in practice. There also exist descent 


algorithms, which go straight for the local minima, but have no utilities for escaping these 
 local minima, they always yield the same solution if given the same staring parameters.  



5.3 Validating the Solution 


Once a solution has been found it is often necessary to test it in reality. The model solved is 
 seldom a perfect copy of the real life problem that was actually to be solved. However the real 
 world is very complex and often the only way is to start using the new results and see how 
 they perform compared with perhaps older methods. Often a few simulations or tests can be 
 run on historic data, but the underlying model is often just a more precise “simplification”, 
 hence not the real thing. 



5.4 OR is More than Finding Solutions 


Some solution methods, such as simplex, also provide other information than the optimal 
solution and its solution value. Marginal information (marginal cost) can be retrieved from the 
calculation to find out where it the pays-off to improve the production line etc. The advantage 
is that it is not necessary to calculate a wide range of solutions to find out where to improve, 
thereby saving much time and work. 
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6 Previous Work  


This chapter will provide a very short overview of how others have dealt with ambulance 
 allocation.  


The most common approach to stochastic demand, like accidents, is to define a set of server 
 locations, where p ambulances can be placed and then minimize the probability that some 


“accident ” cannot be serviced within a given service time S (response time). This is typically 
 done using extensions of the Maximum Covering Location Problem (MCPL) a model, which 
 maximizes the number of accidents covered with in a given S. The most common extensions 
 are the Maximum Expected Covering Location Problem (MEXCLP) by Daskin [SAP p. 2] 


and the Maximum Availability Location Problem (MALP) by Revelle and Hogan [SAP p. 2]. 


The main downside for these models is the use of coverage within the service time, S. If an 
 accident cannot be covered, or if an ambulance is not available, they must be serviced from 


“elsewhere”. The models accept that some accidents may not get attended to within the 
 service time. Furthermore the models do not consider the average response time as a part of 
 their objective. Finally the models make a lot of assumptions on the “stochastic behavior” 


which is not necessarily satisfied.  


There are many other ways to approach the problem of ambulance allocation using a 
 stochastic demand. S. H. Owen and M. S. Daskin made a detailed overview in: “Strategic 
 Facility Location: A Review” (1998), European Journal of Operations Research [SAP p. 19].  


In 2000 H. Sørensen did a master thesis at Department of Electric Power Engineering 
 (ELTEK) at the Technical University of Denmark (DTU), studying the use of the MALP on 
 Falck’s data from the northern part of Jutland, Denmark [HS]. Sørensen showed how 
 ambulances should be placed to ensure the most reliable coverage. He also found several 
 problems in using the MALP model. First of all the assumptions for the model were not 
 fulfilled entirely, secondly the lack of consideration to the average response time is a problem 
 and third: only 50% of the accidents were attended to from the Falck garages, which H. 


Sørensen used as server points [HS].  
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7 Reducing the Problem 


The model investigated by H. Sørensen (chapter 6: “Previous Work”) relies on two things, 
 which to the findings of this project do not comply with the real life problem at hand. First of 
 all the assumption that there is always at least one ambulance in each of the garages, and that 
 the ambulances are expected to respond to emergency calls from the garages do not correspond 
 with the real life situation very well. Secondly, the stochastic assumptions made about 


distributions are not likely to be fulfilled by real life data, hence there is no “guarantee” that 
 the model provides a very accurate picture of the real life situation, despite its very fine 
 mathematical properties. 


The approach in this project will be different from most other work done on ambulance 
 allocation (according to the knowledge of this author). The main idea in previous projects has 
 been to assume a kind of static placement of ambulances at Falck stations, compensating for 
 the static placement by using allocation ambulances so that a certain response time can be met 
 for 95% of the accidents. 


In this project the ambulances will be placed according to the following philosophy: Given a 
 certain demand (expected accidents) and ten ambulances, what is the most optimal placement 
 of the ambulances?  


The placement of the ambulances will be carried out without a consideration of the coverage 
 when an ambulance is called to an accident. The reason for allowing such a model is the 
 dynamic use of Falck’s resources, especially the use of ambulances which are assigned to 
 other services, such as transportation assignments, which may be canceled, to ensure coverage 
 for the emergency service. 


In order to build and use such a model the following four elements must be investigated and 
 decided upon: 


• The demand that the ambulances have to meet. 


• A measure of response time such as travel time / distance, i.e. what is the price of 
 moving one ambulance from A to B. 


• An objective for what is optimality. 


• Possible requirements of various sorts, such as capacity, limits on maximum response 
 time, etc. 



7.1 Demand 


What is to be the determining factor with regard to demand: population density, type of area 
 i.e. residential or industrial, the geography (cover the entire Funen), and accidents in the past 
 or something else?  


GIS provides a lot of options, any information about people and their whereabouts could be 
 useful. The most obvious thing is to make use of the accidents in the past. It might be 
 conservative to think that this year will probably be like last year, however the overall 


geographic pattern of accidents as a whole is not likely to have changed all that much from one 
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 year to the next year. It could be interesting to compare the data on accidents with information 
 about people’s whereabouts, land use etc. However, this is not within the scope of this project. 


The demand used in this project will be a composition of geography and accidents in the past, 
 more on that in the section 12.3.4.1: “The Cost dij”. 



7.2 A Measure of Response Time 


The best measure would be the real travel time from one place to another, however such a 
 measure is not a fixed value and hence difficult if not impossible to work with. The most 
 obvious alternative is one of the following: 


Network travel time:  


The digitized road network can be transformed into a graph, with the cost of each 
 edge being an estimated/expected travel time based on the speed limit on the 
 road, which the edge represents. This is the traditional way to handle road 
 networks in GIS. This model, however, lacks both the dynamic and stochastic 
 elements of a real road network. Dynamic aspects such as rush hour and the 
 general variation of traveling from A to B are not considered. 


Euclidean distance: 


An even simpler model is to eliminate the roads and use a distance measure such 
 as Euclidian or Rectangular distance, or another p-norm distance. However, this 
 model lacks a time reference, and since time is a crucial parameter, this might be 
 a fatal flaw. 


For both types of travel cost it is possible to establish models, which can be solved, however 
 for large instances there is no guarantee that an optimal solution can be found.  Though a good 
 solution should be possible to find.  


The time it takes for the ambulance crew to receive an assignment from the emergency 
 operator, or to get into the ambulance is not considered at all.   



7.3 Objective 


What characterizes an optimal solution? 


1. The “best” possible service to the people whom Falck serve? 


2. The maximum time it takes to reach an accident should be as short as possible? 


3. The average time it takes to reach an accident should be as short as possible?  


4. It is done as cheaply as possible? 


5. It is done with as little risk as possible? 


There are many choices, the optimal solution would be to include them all, however when it 
comes to comparing them there is no clear answer to what is best: One accident less with 
ambulances involved or an average response time 20 seconds faster? The good thing is that all 
of the subjects can be treated individually. It is not that they do not affect each other, they do, 
but they are not prerequisites for each other.  
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 The objectives dealt with in this report will be the average response time and the maximum 
 response time, since these are expected to be the most important to Falck.  



7.4 Requirements 


Requirements can be many things, labor union rules, a limit on the number of expected 
 accidents an ambulance is allowed to cover (capacity constraints), a limit on the maximum 
 response time etc.  


The most obvious to introduce are the capacity constraints and the limit on the maximum 
 response time. Both requirements will be dealt with several times in this report. 



7.5 Conclusion on Reducing the Problem  


It should be quite clear that it is both necessary and possible to reduce the problem to 


something that can be modeled and solved, while providing Falck with valuable information. 


The next step is to obtain an understanding of which data is available to this project and what it 
 consists of. Secondly, it will be necessary to create a model of what is being solved and 


find/develop methods that can solve the model given the available data.  
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8 Data  


This chapter is a discussion and a presentation of the data available to this project and how it 
 used. 


The main elements of the data are the accidents and the road network. Data or rather the 
 positions of the Falck garages are also available, as well as cosmetic data like the extent of 
 Funen. A more technical description can be found in Appendix I. The data was partly delivered 
 by Falck (the accidents and Falck garages) and by Kraks Forlag A/S (road network, cosmetic 
 data etc.).  


8.1.1 Accidents 


Accidents only include responses to emergency calls, however data for transportation and 
 other jobs carried out by ambulances are available, though not used in this project..  


The data about accidents consists mainly of addresses, time etc. Data is from the some time 
 early in 1999 till 18th of March 2002 22:43 (10:43 pm) (more on this in section “8.1.3: 


Geocoding.”). There are no coordinates to the accidents. The only geographic reference is the 
 address (or assumed address). That an accident has happened in “Jernbanegade 4, 5000 Odense 
 C ” is not a very precise position; it could still be several meters, even hundreds, from the 
 position of the address to the correct location of the accident. It is not even certain that the 
 accident actually happened there it might as well be in number “Jernbanegade 6”.  


Accidents are placed on the network using a process called geocoding, more about that in 
 section 8.1.3: Geocoding. 


The time information available is the time of the call, the time that the ambulance reaches the 
 accident and the time when the ambulance is available again.  


There are many other types of information, such as which ambulance serviced the call, to 
 which station does the ambulance belong, and much more. Some of this is described in 
 Appendix I, which also includes some comments on possible errors in the data. 


8.1.2 Road Network 


Besides the geography, the road network contains information about one-way streets (the 
 network can be considered to be a digraph), speed limits, travel time, and information about 
 which addresses belong to which road. The travel times are based on the length of the road 
 and its speed limit; hence it does not take traffic congestion, traffic lights and other variation 
 in the traffic pattern into account. The travel time is a rough estimate of how much time it 
 takes to travel a certain path, but is much more precise than distance models, such as 
 rectangular and Euclidean distance. The travel times used in this project are not the same as 
 those of Falck, nor can the travel times be used to evaluate the current performance of Falck. 


The travel times in this project should only be used to compare solutions and methods used in 
 this project.  


The road network has been altered a bit. The geographic data remains the same, however the 
one-way information and the travel time / speed limits has been altered.  
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 8.1.2.1 One-way 


All roads with the “one-way” attribute set to “n”, the symbol for no car traffic, have been 
 altered to “” (null string), the symbol for free traffic. Hence ambulances are free to travel on 
 the entire network, this however is not always true. Sometimes the road is physically blocked, 
 and cannot be passed even by an ambulance, however many of the “n”-roads are pedestrian 
 streets”. The main reason for altering this was that many accidents occur on addresses on “n”-
 roads, and hence would have required some special placement rule, if they were to be 


accessed by an ambulance. Since it could give wrong results both to assume that ambulances 
 could and could not use an “n”-road, the simple solution was to choose: no “n”-roads. True 
 one-way streets however have not been changed. Ambulances are generally not allowed to 
 drive the wrong-way, one reason could be that having ambulances driving the wrong way on 
 e.g. highways is not a good idea, however it does happen once in a while. 


  


The speed limits have also been altered. All speed limits lower that 40 km/h have been raised 
 to 40 km/h. This has been done to avoid the dramatic impact that a low speed limit has on the 
 travel time. Some streets (many of the “n”-roads) had a speed limit of 2 km/h which is slower 
 than walking. Why an “n”-road has a speed limit is not quite clear, however not all 


transportation has to be by car. 


8.1.2.2 Travel Time 


The travel time was recalculated to: 


length of road 


speed limit* 0.85  = travel time 


The parameter 0.85 was primarily based on the fact that it was a very common factor for the 
 travel time data supplied with the road network data. It is important to keep in mind that the 
 model is still a very primitive model, since this model does not take traffic loads and turn cost 
 into consideration (turning in traffic lights actually takes much time when traveling in town 
 areas). 


  


The road network also has errors, i.e. parts of data do not reflect real life the way they should.  


However the number of errors is so low that it is expected to have a minimal impact on the 
 solutions.  


8.1.3 Other 


Other data used in this project is the positions of the Falck garages. Since most ambulances 
 respond to emergency calls from Falck garages this can be used as a reference “comparing” 


how Falck is expected to perform in a given situation. Such a comparison is necessary since 
 comparing with the actual response time of ambulances is a bad idea, as they use a “different” 


measure of travel time (the real one) from the one available to this project. Data such as the 
outline of Funen and other “cosmetic data” will also be used. 
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8.2 Geocoding 


The traditional way of handling address-based data in GIS is to geocode. The idea is quite 
 simple. Most road segments have a street name, and information about zone/postal code (zip 
 code, postnr. etc.), and the house numbers on the road (including literary numbers such as 4c) 
 and the numbers on each side of the road. 


  


As an example the following two addresses could be geocoded: 


Højland 8, 5000 
 Lavland 22, 5000 


The process is illustrated in Figure 6 and Figure 7: 


  


Geocode 


Lavland  
 (5000) 
 FromLeft: 25 
 ToLeft: 25 
 FromRight: 22 
 ToRight: 38


Hø jland 
 (5000) 


FromLeft: 2 
 ToLeft: 12 
 FromRight: 1 
 ToRight: 13


Lavland 22 
 5000 


Hø jland 8 
 5000 


Figure 6. Road network with address information.  Figure 7. Addresses geocoded. 


Lavland 22 is placed at the beginning of its arc and Højland 8 is placed 60% along its arc. 


Geocoding is a bit more complex than shown here, among the more advanced features is the 
 scoring system used in ArcView 3.x that takes spelling errors and the like into account.  


8.2.1 Geocoding the Accidents 


Prior to geocoding all data originating from before 11th of January 2000 22:43 (10:43 pm) all 
data with obvious errors, such as missing data and invalid data, refer to Appendix I for a full 
explanation. Data was reduced from 76144 accidents to 65619 (due to errors in data). After 
working a little with the address information, see Appendix I for a full explanation, data was 
geocoded, and 7,5 % (4905) of the accidents could not be matched to a known address. 1804 
(2,7 %) of these were accidents on the islands located close to Funen, but not included in this 
project because the only connection is by boat, and therefore not part of the road network 
used. All in all about 95% (60714) of the accidents could be geocoded. No further steps have 
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been taken determine errors in data, or to geocode the unmatched accidents. The reliability of 
the data is expected to be relatively high (due to the high match percentage), but further 
investigations might be necessary before real life decisions are made using geocoded 
accidents. Errors are expected to exist [HS p. 65]. 
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9 Representing Demand 


This chapter deals different ways of representing the demand (accidents). 


Accidents are represented as points on the road network, as shown in section: 8.2 Geocoding. 


But is this a good representation? It is the most precise one presently available, but it seems a 
 bit difficult to handle as much as 60,000 points. As mentioned in chapter 5: “What is 


Operations Research?”. It will be much easier to solve a problem if the number of accidents is 
 reduced. Two methods will be used to reduce the amount of data: 


1. Separate data in time. 


2. Aggregate data. 


1). Data does not necessarily happened to follow the same pattern all year, week, day etc. it 
 might be wise to separate data into different categories in which accidents happen 


individually, geographically speaking, more about that in chapter 10: “Accident Analysis”. 


2). There is no need to have five points representing that five accidents happened on the same 
 address or in the same neighborhood, instead one point, with the weight of five could be used. 


Perhaps something other than a discrete representation might be used. Often when dealing 
 with data in GIS a more continuous data representation is preferable, like iso-curves (i.e. 


isobar, isotherm), an example is shown in Figure 8. 


Figure 8. Surface plot from the ArcView 3.x 3D Analyst tutorial, with 3D effects. 


Such a representation could also be relevant in this project. Accidents do not happen at the 
 same address again and again, at least not in most cases. Representing data as areas with a 
 probability of an accident occurring within a given amount of time would be natural. 


However, all the optimization models used in this project are based on discrete accidents data. 


The reason why the models only use discrete data is obvious; it is not possible to calculate the 
time it takes to drive from a given point to a certain “area”. The time depends on where in the 
area. Calculating the distance to the center of the area could of course solve the problem, but 
that would still be discrete. However, a visualization of the area-based idea will be useful, 
since it is difficult to look at 60,000 points on a 10 cm by 10 cm figure. 
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 The rest of this chapter will deal with the various aspects of aggregation, in order to determine 
 how to aggregate. The basis will be an aggregation from “points” to “ weighted points”. The 
 weighed points will be referred to as demand points.  



9.1 Guidelines for Aggregation 


The guidelines for aggregation have been adapted from Francis, Lowe and Tamir (Chapter 7 
 in “Facility Location: Applications and Theory” [FL]) and consist of the following six issues: 


1) Aggregation error. 


2) Computational cost to 


a. get demand point data. 


b. implement and run Aggregation Algorithm (AA). 


c. solve the approximating location model. 


3) Ease of explanation. 


4) Problem structure exploitation. 


5) Robustness. 


6) GIS implementable. 


All issues and their relation to this project will be discussed in the following. 


9.1.1 Aggregation Error 


An aggregation error is the error introduced when an accident is assigned to a demand point. 


The error is the difference in response time/distance between the ambulance and the accident 
 and between the ambulance and the demand point. Hence the error can be both positive and 
 negative.  


It seems reasonable to expect that the sum of all errors is zero, based on the assumption that 
 the error is random [FL p. 211].  As such is should have no greater impact when minimizing 
 the average response time. When minimizing the maximum response time on the other hand 
 the error can have an effect in two different ways. The solution value, when minimizing the 
 maximum response time, only consists of one response time.  


The solution value, when minimizing the maximum response time, is the highest response 
 time between any demand point and the ambulance to which it is allocated. Since most travel 
 times between demand points and accidents are different from zero, there is no guarantee that 
 the one response time which make up the solution value is actually the highest response time, 
 given that most response times has an error. Hence the ideal thing to do with a model that 
 minimizes the maximum response time / distance is to construct a set of demand points which 
 can only have negative errors. Constructing such a demand point set might be difficult, since 
 the position of the ambulances cannot be known in advance.  


9.1.2 Computational Cost 


The computational cost is only critical if the aggregation has to be done “on the fly”, which is 
not the case for this project. It does not really matter whether it takes one minute or one hour 
to calculate, as it will only have to be done “once”. 
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 9.1.3 Ease of Explanation 


Being able to explain how the aggregation algorithm (AA) works is very important to this 
 project. Since the goal of this project is to develop methods, which can help Falck make 
 decisions. It is vital to understand when the methods delivers unusable solutions and why, so 
 that decisions are not compromised.  


9.1.4 Problem Structure Exploration 


This is a rather complicated matter, but the basic idea is to use the structure of the demand 
 data, and the customers to create demand points that give a good representation. This of 
 course is a bit contrary to 9.1.3 Ease of Explanation, since exploiting the problem structure 
 often makes the aggregation algorithm more complicated. An important issue for this project 
 is that even if an area does not contain any accidents it cannot be left out, since accidents may 
 happen everywhere. Generation of demand points with virtual demand could be necessary. 


Aggregation methods that can generate a overview such as “all” of Funen could with 
 advantage be taken into consideration. 


9.1.5 Robustness 


The AA must be trustworthy. It should not deliver completely different results if: 


1) a few customers are removed or added. 


2) problem independent parameters are changed. 


and it should of course always 


 3) be a reliable representation of the original data,  


such that a good placement of ambulances among the demand points would also be a good 
 placement among the accidents.  


9.1.6 GIS Implementable 


This is very important since the project is based on GIS data and is focused to use GIS to 
 solve ambulance-allocation problem. That GIS should have limitations as to how aggregation 
 can be done compared with programming in general is not likely, since the GIS used in this 
 project can interface with other software through Dynamic Link Libraries, which again can be 
 created by programming languages such as Visual Basic and C++.   



9.2 Possible Aggregation Algorithms  


The position of the demand points can be created in several ways. One very simple way 
would be to use the center or corner point of the polygon of a tessellation. H. Sørensen (the 
project prior to this) [HS p. 24] used a quadratic tessellation, but suggested that others such as 
triangular or hexagonal tessellation could prove useful as well. It also might be worth trying 
simple location allocation algorithms.  
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 9.2.1 Within Polygon Algorithm (WPA) 


The idea is to assign all the accidents within the polygon to the demand point (center of the 
 polygon) belonging to the polygon (allocation to nearest demand points in terms of Euclidean 
 distance). The demand point would then be the center point of the polygon, snapped to nearest 
 road. Snapping is necessary to calculate the travel time on the network. This is the algorithm 
 (quadratic) that Sørensen used. 


The advantage is that it is very simple and fast, however there is no guarantee that accidents 
 are assigned to the closest demand point in terms of travel time. An accident could be 
 assigned to demand points on the other side of a barrier such as a lake, river or a highway, 
 making the travel time very long. However, only under very special geographic circumstances 
 is this likely to play an important role. According to Sørensen the position of the first polygon 
 was critical for the value assigned to the demand point. The reason seemed to be that the 
 accidents are congested around the cities. If a polygon covered an entire city it would get a 
 value, which was roughly four times higher than if the city was split by four polygons, which 
 might be a problem for some solution methods. 


9.2.2 Closest Center Polygon Algorithm (CCPA) 


Like the WPA polygons are made and their centers are snapped to the road network. The 
 difference is that only the center point is used. All accidents are assigned to the nearest 
 demand point in terms of travel time, though the position of the first polygon will probably 
 still be critical. The computational cost will be much heavier than for the WPA, since a 


“closest facility” algorithm has to be run for every accident. The advantage is that the 
 maximum error is easier to control, and is most likely to be very small. 


9.2.3 Location-allocation Algorithms (LAA) 


An idea could be to solve the aggregation as a location-allocation problem either as an 
 average travel time minimization or as a minimization of the maximum travel time. However 
 it may be impossible to find the optimal or near optimal solution, since the number of 


accidents and the number of demand points necessary to give a reliable representation is quite 
 large.  


9.2.4 Other Algorithms 


There also exist special algorithms for specific problems, usually with the goal to reduce the 
 amount of errors introduced with the aggregation [FL p. 215]. However I have not found any 
 that seem to fit into this project. 


9.2.5 Conclusion on aggregation algorithms 


It seems most beneficial to try the polygon algorithms WPA and CCPA. These are very easy 
to implement, easy to understand and it should be possible to control the maximum error, 
though under special circumstances WPA might have rather large errors. It will also be 
possible to introduce virtual demand using the WPA and CCPA, since demand points with no 
weight (weight equal to zero) can have a given weight allocated. 



(39)   



9.3 Evaluating WPA and CCPA 


A minor test is carried out using 5575 accidents, to get an idea of how large errors each 
 method will generate. The first test concerns WPA and CCPA using quadratic cells and a 
 distance between centers of 1000 meters. The WPA only took a few seconds to run, whereas 
 the CCPA worked for about 25 minutes to reach the result. The results are shown in Figure 9. 
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Figure 9. Mean and maximum travel times for WPA 
 and CCPA using a quadratic 1000 meter tessellation. 


The test was carried out using the two algorithms on the 5575 accident dataset, using the same 
 starting point, hence the only difference in the algorithms is that in WPA an accident is 


allocated to closest demand point in terms of Euclidean distance, and in CCPA it is the closest 
 using the travel time on the network. In order to compare the results of the WPA with the 
 CCPA the travel time on the network between the accidents and the demand points to which 
 they were allocated is calculated.  


As can be seen in Figure 9 mean values are not that different, though as could be expected the 
WPA is the highest. The maximum values on the other hand clearly show the problem with 
the WPA with the maximum value being 1239 seconds, over 20 minutes, opposed to the 
CCPA, which is only 162 seconds, less than 3 minutes. It only seems to be a minor portion of 
the accidents that have been allocated “very poorly”, even at the 75% quartile there is only a 
difference of 7 seconds, as can be seen in Figure 10.  
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Figure 10. Quartile travel times for WPA and CCPA 
 using a quadratic 1000 meter tessellation. 


In fact there are only 16 accidents of more than 5 minutes and only 3 above 10 minutes for the 
 WPA. However for other areas with a different geography and road network results are likely 
 to differ considerably. An example of this type of error is presented (using ambulances and 
 demand points) in Figure 22 on page 55, which in general is due to the extent of (or lacks of 
 extent of) the road network. 


The second test is a comparison of the CCPA using hexagons and quadrants. The distances of 
 the to quadratic tessellations are 1000 and 2000 meters, and for the hexagonal tessellation it is 
 1070 and 2140 metes. The difference in meters is necessary to operate approximately with the 
 same number of demand points, so that a fairly unbiased comparison can be made.  


Dataset   # Demand points 


1000 Quadratic  3812 
 1070 Hexagon  3851 
 2000 Quadratic  1041 
 2140 Hexagon  1057 


Table 2. Number of demand points in each tessellation. 


In both cases the quadratic tessellation have a little less demand points. Hence the hexagonal 
tessellation is expected to be the best. The average (mean) and maximum values from the test 
can be seen in Figure 11.  
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Figure 11. Mean and maximum travel times for CCPA 
 using four different tessellations. 


Neither seems to stand out significantly. The mean values are almost the same, and the 
 maximum value is lowest for the Quadratic tessellation for the short distance and lowest for 
 hexagonal tessellation for the long distance. It is a bit interesting that the mean and maximum 
 values do not double when the distance is doubled. Why this is so is a bit unclear to me. 



9.4 Conclusion on demand points 


CCPA seems to be the algorithm to use when there is time enough, whereas the WPA can be 
used “on the fly” for instant answers. It does not seem to be very important which type of 
tessellation is used they both perform quite well.  The rest of this project, except for chapter 
10: “Accident Analysis”, will use the 2140 CCPA hexagon tessellation.  
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