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Abstract

In this study, location analysis of emergency system vehicles is discussed using an approximate queueing model (AQM) on fully
connected networks. We relax single vehicle restriction in each vehicle location which is commonly employed in the literature.
Order of districting structure is used to transition rates in AQM. Service rates are computed regarding the location of the demand
call and the vehicle, which provides higher resolution than inter-intra district service rates. Generic rate formulations are delivered
for service rate calculations. A coverage threshold is used and all location solutions for a problem instance having a higher coverage
than the threshold are analyzed. Mean response time for these solutions are found using AQM and an exact simulation model. Mean
absolute percent error for mean response time is reported against different order of districting levels and network specific variables
such as distribution of demand over the area, traffic intensity or the number of vehicles.
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1. Introduction

Emergency system (ES) is a system of several components including organizations, transportation and communi-
cation networks, trained professionals, administrators aiming to work in coordination for success. Having the primary
concern as emergencies, planning of this system requires significant work to ensure serving the public at its best.
Other than administrative decisions, planning of physical infrastructure, primarily locating emergency vehicles con-
stitutes a major part in the performance of the system. Various criteria could be important in deciding the locations
of emergency vehicle server locations. In addition to location of the vehicles, strategic decisions such as dispatch
policies, types or number of vehicles are subject to planning of these systems as well.

In our study, the problem of location analysis of ES vehicles such as fire trucks, ambulances, patrols as a server-to-
customer service is discussed based on Markovian processes. The performance of the system is assessed using both
Markovian analysis and discrete event simulation. The region where ES vehicles would be located is divided into
demand regions and some of those regions are considered as candidate vehicle locations. For the given number of
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vehicles, different location solutions are analyzed in terms of mean response time to the incidents while a predefined
coverage requirement is satisfied. A demand region is considered covered if it is closer to a vehicle location than a
threshold travel time. In assessing the performance of a location solution, it is required that frequency of total demand
generated from covered regions is greater than a threshold coverage ratio. In the problem, demand is assumed to be
independent, non-identical and it follows a time homogeneous Poisson process. Service time to an incident is assumed
exponentially distributed and its mean is known.

2. Literature Review and Motivation of the Study

Deterministic and probabilistic studies are reported on both location analysis of ES in the literature. Hakimi (1964)
first proposed p-Median model for the locations of switching centers in telephone networks as a deterministic model.
Berman et al. (2003) used coverage decay function in a generalization of maximal coverage and median-based models.
Kunkel et al. (2013) used weighted p-median problem in assigning medical assistants to population centers and then
Capacitated Facility Location Problem (CFLP) was solved to assign these medical assistants to resupply centers.

In probabilistic stream, Daskin (1983) introduced Maximum Expected Covering Problem for location analysis
of public service facilities. Maximum Availability Location Problem(MALP) was developed by Revelle and Hogan
(1989) incorporating vehicle availability into the location problem. Beraldi and Bruni (2009) located ambulances to
cover demand within a specified reliance by using Two Stage Stochastic Programming.

Regarding the uncertainties inherit to these systems, queueing theory is utilized to analyze the performance of
these systems. Hypercube Queueing Model (HQM) by Larson (1974) is the first model using queueing theory to
achieve performance measures which are significant to the location decision of ES vehicles. With the help of HQM,
an existing system can be analyzed regarding various performance measures such as utilization of vehicles, mean
response time and probability of loss. Iannoni and Morabito (2007), Takeda et al. (2007) used HQM as a base to
measure performance of EMS systems. In these studies, service time variations resulting from the variations in the
travel times were taken of second order and service rates were defined specific to the servers not to the call itself.
Morabito et al. (2008) used HQM by defining non-homogeneous service rates for servers and compares results with
homogeneous service rate assumption. Iannoni et al. (2008) used a genetic algorithm to find the optimal location for
EMS servers allowing only one server in a single location while using service rates specific to servers. Iannoni et al.
(2009), Iannoni et al. (2011) used HQM in an optimization environment for location and districting decision of EMS
servers on high ways with alternative objectives.

As an extension of HQM, Spatial Queueing Model (SQM) by Geroliminis et al. (2009) was proposed for spatial
networks. SQM is introduced as an optimization problem where mean response time of the system is minimized.
In a different study, Geroliminis et al. (2011) worked on a large scale system to deploy emergency response mobile
units with server specific service rates and single vehicle restriction for each location. Boyaci and Geroliminis (2015)
proposed approximation algorithms for large scale networks with spatially distributed demand. In this study, multiple
vehicles were allowed and service rates for servers were differentiated regarding inter or intra-district service. They
proposes Aggregate Hypercube Queueing Model that is used with a partitioning algorithm to find the optimal server
locations.

We base our study on SQM proposed by Geroliminis et al. (2009). SQM is not an exact system. Mean response
time is calculated by constructing a queueing system for a location solution. Only busy-available information of the
vehicles defines the states of the queueing system. No prior information is considered about which region a busy
vehicle is serving. Hereby, districting is used to approximate the transition rates in the queueing system. Although
the order of districting is not limited, it is studied as three in the literature by Geroliminis et al. (2009). With this, a
demand call would be served by at most the third nearest vehicle to this region. After generating the transition rates,
fractions of dispatch of vehicles to regions are found with an approximate formulation from steady state probabilities
by solving the balance equations. Then, these fractions are used to calculate the mean response time in the system.
In SQM, at most one vehicle is allowed in a candidate location. This restriction is appropriate when one considers
the distribution of demand over a spatial network. Service rate is not different for every demand region but it is
differentiated for sets of demand regions emerging in the calculation of arrival rates of the queueing system. However,
in the study no closed form expression is delivered for calculation of these rates.



 M. Altan Akdogan  et al. / Transportation Research Procedia 22 (2017) 430–439 431
Available online at www.sciencedirect.com

Transportation Research Procedia 00 (2016) 000–000
www.elsevier.com/locate/procedia

19th EURO Working Group on Transportation Meeting, EWGT2016, 5-7 September 2016,
Istanbul, Turkey

Location analysis of emergency vehicles using an approximate
queueing model

M. Altan Akdogan a,∗, Z. Pelin Bayındır a, Cem Iyigun a

aMiddle East Technical University, Dumlupınar Bulvarı No:1, Ankara 06800, Turkey

Abstract

In this study, location analysis of emergency system vehicles is discussed using an approximate queueing model (AQM) on fully
connected networks. We relax single vehicle restriction in each vehicle location which is commonly employed in the literature.
Order of districting structure is used to transition rates in AQM. Service rates are computed regarding the location of the demand
call and the vehicle, which provides higher resolution than inter-intra district service rates. Generic rate formulations are delivered
for service rate calculations. A coverage threshold is used and all location solutions for a problem instance having a higher coverage
than the threshold are analyzed. Mean response time for these solutions are found using AQM and an exact simulation model. Mean
absolute percent error for mean response time is reported against different order of districting levels and network specific variables
such as distribution of demand over the area, traffic intensity or the number of vehicles.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

Keywords: location analysis; queueing model; simulation

1. Introduction

Emergency system (ES) is a system of several components including organizations, transportation and communi-
cation networks, trained professionals, administrators aiming to work in coordination for success. Having the primary
concern as emergencies, planning of this system requires significant work to ensure serving the public at its best.
Other than administrative decisions, planning of physical infrastructure, primarily locating emergency vehicles con-
stitutes a major part in the performance of the system. Various criteria could be important in deciding the locations
of emergency vehicle server locations. In addition to location of the vehicles, strategic decisions such as dispatch
policies, types or number of vehicles are subject to planning of these systems as well.

In our study, the problem of location analysis of ES vehicles such as fire trucks, ambulances, patrols as a server-to-
customer service is discussed based on Markovian processes. The performance of the system is assessed using both
Markovian analysis and discrete event simulation. The region where ES vehicles would be located is divided into
demand regions and some of those regions are considered as candidate vehicle locations. For the given number of

∗ Corresponding author. Tel.: +90-312-210-4790.
E-mail address: aaltan@metu.edu.tr

2214-241X c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

Available online at www.sciencedirect.com

Transportation Research Procedia 00 (2016) 000–000
www.elsevier.com/locate/procedia

19th EURO Working Group on Transportation Meeting, EWGT2016, 5-7 September 2016,
Istanbul, Turkey

Location analysis of emergency vehicles using an approximate
queueing model

M. Altan Akdogan a,∗, Z. Pelin Bayındır a, Cem Iyigun a

aMiddle East Technical University, Dumlupınar Bulvarı No:1, Ankara 06800, Turkey

Abstract

In this study, location analysis of emergency system vehicles is discussed using an approximate queueing model (AQM) on fully
connected networks. We relax single vehicle restriction in each vehicle location which is commonly employed in the literature.
Order of districting structure is used to transition rates in AQM. Service rates are computed regarding the location of the demand
call and the vehicle, which provides higher resolution than inter-intra district service rates. Generic rate formulations are delivered
for service rate calculations. A coverage threshold is used and all location solutions for a problem instance having a higher coverage
than the threshold are analyzed. Mean response time for these solutions are found using AQM and an exact simulation model. Mean
absolute percent error for mean response time is reported against different order of districting levels and network specific variables
such as distribution of demand over the area, traffic intensity or the number of vehicles.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

Keywords: location analysis; queueing model; simulation

1. Introduction

Emergency system (ES) is a system of several components including organizations, transportation and communi-
cation networks, trained professionals, administrators aiming to work in coordination for success. Having the primary
concern as emergencies, planning of this system requires significant work to ensure serving the public at its best.
Other than administrative decisions, planning of physical infrastructure, primarily locating emergency vehicles con-
stitutes a major part in the performance of the system. Various criteria could be important in deciding the locations
of emergency vehicle server locations. In addition to location of the vehicles, strategic decisions such as dispatch
policies, types or number of vehicles are subject to planning of these systems as well.

In our study, the problem of location analysis of ES vehicles such as fire trucks, ambulances, patrols as a server-to-
customer service is discussed based on Markovian processes. The performance of the system is assessed using both
Markovian analysis and discrete event simulation. The region where ES vehicles would be located is divided into
demand regions and some of those regions are considered as candidate vehicle locations. For the given number of

∗ Corresponding author. Tel.: +90-312-210-4790.
E-mail address: aaltan@metu.edu.tr

2214-241X c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

Available online at www.sciencedirect.com

Transportation Research Procedia 00 (2016) 000–000
www.elsevier.com/locate/procedia

19th EURO Working Group on Transportation Meeting, EWGT2016, 5-7 September 2016,
Istanbul, Turkey

Location analysis of emergency vehicles using an approximate
queueing model

M. Altan Akdogan a,∗, Z. Pelin Bayındır a, Cem Iyigun a

aMiddle East Technical University, Dumlupınar Bulvarı No:1, Ankara 06800, Turkey

Abstract

In this study, location analysis of emergency system vehicles is discussed using an approximate queueing model (AQM) on fully
connected networks. We relax single vehicle restriction in each vehicle location which is commonly employed in the literature.
Order of districting structure is used to transition rates in AQM. Service rates are computed regarding the location of the demand
call and the vehicle, which provides higher resolution than inter-intra district service rates. Generic rate formulations are delivered
for service rate calculations. A coverage threshold is used and all location solutions for a problem instance having a higher coverage
than the threshold are analyzed. Mean response time for these solutions are found using AQM and an exact simulation model. Mean
absolute percent error for mean response time is reported against different order of districting levels and network specific variables
such as distribution of demand over the area, traffic intensity or the number of vehicles.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

Keywords: location analysis; queueing model; simulation

1. Introduction

Emergency system (ES) is a system of several components including organizations, transportation and communi-
cation networks, trained professionals, administrators aiming to work in coordination for success. Having the primary
concern as emergencies, planning of this system requires significant work to ensure serving the public at its best.
Other than administrative decisions, planning of physical infrastructure, primarily locating emergency vehicles con-
stitutes a major part in the performance of the system. Various criteria could be important in deciding the locations
of emergency vehicle server locations. In addition to location of the vehicles, strategic decisions such as dispatch
policies, types or number of vehicles are subject to planning of these systems as well.

In our study, the problem of location analysis of ES vehicles such as fire trucks, ambulances, patrols as a server-to-
customer service is discussed based on Markovian processes. The performance of the system is assessed using both
Markovian analysis and discrete event simulation. The region where ES vehicles would be located is divided into
demand regions and some of those regions are considered as candidate vehicle locations. For the given number of

∗ Corresponding author. Tel.: +90-312-210-4790.
E-mail address: aaltan@metu.edu.tr

2214-241X c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Scientific Committee of EWGT2016.

2 M.A. Akdogan et al. / Transportation Research Procedia 00 (2016) 000–000

vehicles, different location solutions are analyzed in terms of mean response time to the incidents while a predefined
coverage requirement is satisfied. A demand region is considered covered if it is closer to a vehicle location than a
threshold travel time. In assessing the performance of a location solution, it is required that frequency of total demand
generated from covered regions is greater than a threshold coverage ratio. In the problem, demand is assumed to be
independent, non-identical and it follows a time homogeneous Poisson process. Service time to an incident is assumed
exponentially distributed and its mean is known.

2. Literature Review and Motivation of the Study

Deterministic and probabilistic studies are reported on both location analysis of ES in the literature. Hakimi (1964)
first proposed p-Median model for the locations of switching centers in telephone networks as a deterministic model.
Berman et al. (2003) used coverage decay function in a generalization of maximal coverage and median-based models.
Kunkel et al. (2013) used weighted p-median problem in assigning medical assistants to population centers and then
Capacitated Facility Location Problem (CFLP) was solved to assign these medical assistants to resupply centers.

In probabilistic stream, Daskin (1983) introduced Maximum Expected Covering Problem for location analysis
of public service facilities. Maximum Availability Location Problem(MALP) was developed by Revelle and Hogan
(1989) incorporating vehicle availability into the location problem. Beraldi and Bruni (2009) located ambulances to
cover demand within a specified reliance by using Two Stage Stochastic Programming.

Regarding the uncertainties inherit to these systems, queueing theory is utilized to analyze the performance of
these systems. Hypercube Queueing Model (HQM) by Larson (1974) is the first model using queueing theory to
achieve performance measures which are significant to the location decision of ES vehicles. With the help of HQM,
an existing system can be analyzed regarding various performance measures such as utilization of vehicles, mean
response time and probability of loss. Iannoni and Morabito (2007), Takeda et al. (2007) used HQM as a base to
measure performance of EMS systems. In these studies, service time variations resulting from the variations in the
travel times were taken of second order and service rates were defined specific to the servers not to the call itself.
Morabito et al. (2008) used HQM by defining non-homogeneous service rates for servers and compares results with
homogeneous service rate assumption. Iannoni et al. (2008) used a genetic algorithm to find the optimal location for
EMS servers allowing only one server in a single location while using service rates specific to servers. Iannoni et al.
(2009), Iannoni et al. (2011) used HQM in an optimization environment for location and districting decision of EMS
servers on high ways with alternative objectives.

As an extension of HQM, Spatial Queueing Model (SQM) by Geroliminis et al. (2009) was proposed for spatial
networks. SQM is introduced as an optimization problem where mean response time of the system is minimized.
In a different study, Geroliminis et al. (2011) worked on a large scale system to deploy emergency response mobile
units with server specific service rates and single vehicle restriction for each location. Boyaci and Geroliminis (2015)
proposed approximation algorithms for large scale networks with spatially distributed demand. In this study, multiple
vehicles were allowed and service rates for servers were differentiated regarding inter or intra-district service. They
proposes Aggregate Hypercube Queueing Model that is used with a partitioning algorithm to find the optimal server
locations.

We base our study on SQM proposed by Geroliminis et al. (2009). SQM is not an exact system. Mean response
time is calculated by constructing a queueing system for a location solution. Only busy-available information of the
vehicles defines the states of the queueing system. No prior information is considered about which region a busy
vehicle is serving. Hereby, districting is used to approximate the transition rates in the queueing system. Although
the order of districting is not limited, it is studied as three in the literature by Geroliminis et al. (2009). With this, a
demand call would be served by at most the third nearest vehicle to this region. After generating the transition rates,
fractions of dispatch of vehicles to regions are found with an approximate formulation from steady state probabilities
by solving the balance equations. Then, these fractions are used to calculate the mean response time in the system.
In SQM, at most one vehicle is allowed in a candidate location. This restriction is appropriate when one considers
the distribution of demand over a spatial network. Service rate is not different for every demand region but it is
differentiated for sets of demand regions emerging in the calculation of arrival rates of the queueing system. However,
in the study no closed form expression is delivered for calculation of these rates.
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