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Motivation
I Aging population

I Age class of [70, · ] causes 50 % of EMS operations

I EMS demand increases

source: Statistisches Bundesamt 2013
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Motivation

1. Access to emergency medical services (EMS) is crucial

2. Ensuring optimal supply quality

I Short arrival time

I Coverage of entire demand area

I High degree of achievement

=⇒ Dependent on location and number of

ambulances

3. Efficiency

I Reduction of fixed costs (avoid

overcapacity)

I Utilization of ambulances

.
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Quality criteria and objectives

Evaluation of emergency medical services (objective of EMS provider):

I Degree of achievement (ex post):

# operations within a time standard T

# total number of operations

Objectives in literature (ex ante):

I Coverage: Single coverage, double

coverage, busy fraction models,

queuing models, hypercube models

.
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Optimal quality in emergency medical services
Research project: 2 years (work in progress)

Focus:

I Analysis of required resources for EMS

I Analysis of time-dependent demand and speed fluctuations for EMS

I Tactical and strategic planning horizon

I Stochastic influences, uncertain parameters (demand, speed)

Goal:

I Dynamic (and robust) optimization model

=⇒ IT-based decisions support tool for local EMS providers
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Decision support tool
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Basic covering location models

Idea: Demand nodes i have to be covered within a time standard T
M.H. Fazel Zarandi et al. / Scientia Iranica, Transactions E: Industrial Engineering 18 (2011) 1564–1570 1565

Figure 1: A sample solution to the covering location problem.

the set of nodes and the set of potential facilities are identical.
Also, it is assumed that each node has a specific amount of de-
mand to be met. Besides, proximity of the population to these
facilities is desirable. This means that facilities such as landfills
are excluded from the scope of this paper. In addition, an exoge-
nous version of MCLP is considered. Hereby, the mathematical
program of MCLP is given. First, we define problem parameters
and variables as discussed in [2] (for further information about
the formulation, interested readers can refer to [2]):

i, I The index and set of demand nodes,
j, J The index and set of eligible facility sites,
ai The population or demand at node i
dij The shortest distance (or time) from demand node i

to facility at node j,
S The distance (or time) standard within which

coverage is expected,
Ni {j | dij ≤ S} = the nodes j that are within a distance

of S to node i,
p The number of facilities to be established,
xj A binary variable that equals one when a facility is

sited at the jth node and zero otherwise,
yi A binary variable which equals one if node i is

covered by one or more facilities stationed within S
and zero otherwise,

Maximize z =


i∈I

aiyi, (1)

Subject to : yi ≤


j∈Ni

xj, i ∈ I, (2)


j∈J

xj = p, (3)

0 ≤ yi ≤ 1 i ∈ I, (4)
xj ∈ {0, 1} j ∈ J. (5)
The rest of the paper is organized as follows: a concise literature
review of covering problems and related issues is presented
in Section 2. Section 3 is dedicated to the proposed solution
algorithm. Numerical examples appear in Section 4. Finally,
conclusions and outlooks for potential future research are given
in Section 5.

2. Literature review

The large number of publications in the area of MCLP
prevents a comprehensive review in this paper. Thus, some
of the main contributions to the field are discussed in this
section. Two valuable and recent reviews by ReVelle et al. [3]
and Berman et al. [4] may be consulted for further information
regarding the subject.

MCLP was first presented by Church and ReVelle [1] in
the mid 70s. Since then, numerous papers about various
types of the problem have appeared. Some examples are
the proposal of hierarchical MCLP by Moore and ReVelle [5],
modeling the MCLP in competitive environments by Plastria
and Vanhaverbeke [6], gradual covering models by Church
and Roberts [7], and Berman et al. [8,9], using GIS in MCLP
by Alexandris and Giannikos [10], and covering nodes, using
parallelograms byYounies andWesolowski [11], to name a few.

Another stream of research in the field of MCLP deals
with employing heuristics and metaheuristics to tackle the
computational hurdle of solvingMCLPmodels. Table 1 presents
some of the main non-exact solution algorithms that have
been used in order to solve variants of MCLP from the
beginning of the 21st century. This review apparently shows
that metaheuristics have been an attractive area of research to
solve MCLP models.

As far as we are concerned, the literature on real-world case
studies of MCLP is comparatively limited. A case to ameliorate
the accessibility of demand nodes to fixed facilities has been
considered by Murawski and Church [25], which is called
the ‘‘maximal covering network improvement problem’’, and
which has been employed in Ghana as a real-world case. In
another paper, Curtin et al. [26] studies the distribution of
police patrol areas in Dallas, USA. In addition, Ratick et al. [27]
can be considered as another real-world case study in the
Kohat district of Pakistan, by applying the model of Moore
and ReVelle [5]. Recently, Basar et al. [24] surveyed the multi-
period version ofMCLP to locate emergency services in Istanbul,
Turkey.

A recent interest in MCLP has arisen about the uncertainty
of parameters, such as demands or even the location of demand
nodes. Batanovic et al. [28] suggested a MCLP in networks with
uncertainty, and studied the problemwith three different types
of demand node weight:

(a) Equal weights.
(b) Relative deterministic weights.
(c) Linguistic terms as the demand weights.

Moreover, Corrêa et al. [21] is another recent publication which
addresses the problem of MCLP, considering congestion in
queue lines. Araz et al. [29] presented a fuzzy goal programming
approach for locating emergency service facilities. A recent
paper by Berman et al. [30] studies the gradual covering
problem with uncertain demands. In another publication by
Berman and Wang [31], they surveyed a case in which the
demands are random variables with unknown probability
distributions. Fazel Zarandi et al. [32] is another recent attempt
in modeling covering problems in the fuzzy sense. They
modeled a closed-loop supply chain network with coverage
considerations, and used fuzzy goal programming to solve it.

To the best of the authors’ knowledge, the only attempts
to model and solve MCLP of larger sizes are ReVelle et al. [2]
and Park and Ryu [15]. Although these two papers are valuable
contributions to the literature, the problem sizes which were
targeted are below 900 nodes, in both papers. Moreover, it is

source: Zarandi et al. 2011–The large scale maximal covering location problem; page 1565
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Set Covering Problem (SCP)
Toregas et al. 1971
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T = response time
i = demand node i ∈ I

j = vehicle location xj = 1, j ∈ J

j = vehicle location xj = 0, j ∈ J

1

Ni := {j ∈ J | tij ≤ T}
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Maximal Covering Location Problem (MCLP)
Church, ReVelle 1974
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Double Standard Model (DSM)
Gendreau et al. 1997
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i := {j ∈ J | tij ≤ T`, ` ∈ {1, 2}} p = 3
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Double Standard Model (DSM)
Gendreau et al. 1997

max
∑
i∈I

dix
2
i

s. t.
∑

j∈NT2
i

yj ≥ 1 ∀i ∈ I

∑
i∈I

dix
1
i ≥ α

∑
i∈I

di

x1i ≥ x2i ∀i ∈ I∑
j∈NT1

i

yj ≥ x1i + x2i ∀i ∈ I

∑
j∈J

yj = p

x1i , x
2
i ∈ {0, 1} ∀i ∈ I

yj ∈ N0 ∀j ∈ J

I di: demand at node i

I N T`
i := {j ∈ J | tij ≤ T`}

T1 < T2

I p: number of ambulances

xki =


1, if demand node i is

covered k ∈ {1, 2} times

0, else.

yj : number of ambulances at node j
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Double Standard Model (DSM)
Gendreau et al. 1997 — Limitations: (1) static consideration (2) fixed double coverage

max
∑
i∈I

dix
2
i

s. t.
∑

j∈NT2
i

yj ≥ 1 ∀i ∈ I

∑
i∈I

dix
1
i ≥ α

∑
i∈I

di

x1i ≥ x2
i ∀i ∈ I∑

j∈NT1
i

yj ≥ x1i + x2
i ∀i ∈ I

∑
j∈J

yj = p

x1i ,x
2
i ∈ {0, 1} ∀i ∈ I

yj ∈ N0 ∀j ∈ J

I di: demand at node i

I N T`
i := {j ∈ J | tij ≤ T`}

T1 < T2

I p: number of ambulances

(fleet size)

xki =


1, if demand node i is

covered k∈{1,2} times

0, else.

yj : number of ambulances at node j
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Extensions of the Double Standard Model
Time-dependent parameter: speed
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Source: Kritzinger et al. (2011), S. 71
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Time-dependent parameter: demand
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Time-dependent parameter: degree of required coverage

T
ti−1 ti

operation 1 operation 2 operation 3 operation 4

time period ∆t

ξ : number of ambulances, X : number of parallel operations

P ({X ≤ ξ}) ≥ β (= 0.95)
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Time-dependent parameter: degree of required coverage
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Extensions of the Double Standard Model

Existing:

I Speed is time-dependent and location-dependent

I Empirical investigation (e. g. Schmid/Doerner (2010); Wiesche 2012)

Additional:

I Time- and location-dependent demand

I Empirically required coverage for each demand node/period

I Additional and flexible ambulance stations

I Dynamic and flexible allocation of ambulances to stations
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New optimization approach
Objectives (1)
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time
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- - double coverage — empirical necessary coverage
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rural areas

I Observed: differences between required and actual coverage

I Maximize the empirically required coverage:

xkit :=

{
1, if demand node i is covered k-times in period t,

0, otherwise.

I k = e(it) is determined empirically (← parallel operations)
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time
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over supply under supply

rural areas

I Observed: differences between required and actual coverage

I Maximize the empirically required coverage: x
e(it)
it ∈ {0, 1}

max
∑
t∈T

∑
i∈I

ditx
e(it)
it

I k = e(it) is determined empirically (← parallel operations)
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New optimization approach
Objectives (2)

I Re-locations due to variations of demand/speed (penalty costs)
I Utilization of flexible ambulance stations (penalty costs)

j1 D

j2

0

0

λ2

Time t

uij1

t = 1

. . .

uijT

t = T

period T

yjT

first day

uij1

t = 1

period 1
yj1

uij2

t = 2

. . .

uijT

t = T

second day

Abbildung 1: Ablauf eines Rettungseinsatz
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New optimization approach
Objectives (2)

I Re-locations due to variations of demand/speed (penalty costs)
I Utilization of flexible ambulance stations (penalty costs)

min
∑
t∈T

∑
i∈J

∑
j∈J

uijt

min
∑
t∈T

∑
j∈F

yjt

yDt = p− pt ∀t ∈ T

yjt +
∑

i∈J∪{D}
uij(t+1) −

∑
i∈J∪{D}

uji(t+1) = yj(t+1) ∀j ∈ J ∪ {D}, ∀t ∈ T \ {T}

yjT +
∑

i∈J∪{D}
uij1 −

∑
i∈J∪{D}

uji1 = yj1 ∀j ∈ J ∪ {D}

uijt ∈ {0, 1} ∀i ∈ I, ∀j ∈ J ∪ {D}, ∀t ∈ T
yjt ∈ N0 ∀j ∈ J , ∀t ∈ T

...
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New optimization approach
Constraints

I covering constraints

I location constraints

I relocation constraints

I allocation constraints

I demand constraints
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Bochum

Coordinates

51◦ 28′ 55′′N 7◦ 12′ 57′′E

I 16th biggest city in Germany

I Area: 145.4 km2 (56.1 sq mi)

I Population: ca. 375,000

I Population density: 2,577/km2

I Services: about 21,000 operations per year

I Services per 1,000 inhabitants per year:

about 56 operations

I 14 ambulances
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The city area of Bochum
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The city area of Bochum
.

Stadtgebiet Bochum

26
W1

63
W4

60
W2

87
W5

82
W6

144
W31

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

61

62

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

83

84

85

86

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

.

Stadtgebiet Bochum

A B C D E F G H J K L M N O P Q R

A B C D E F G H J K L M N O P Q R

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Brigitte Werners (RUB) Tactical Ambulance Location and Relocation November 22, 2013 21 / 28



Motivation Basic models Optimization model A real world problem Outlook

The city area of Bochum

A B C D E F G H J K L M N O P Q R

A B C D E F G H J K L M N O P Q R

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1

2

3

4

5

6

7

8

9

10

11

12

13

14

24
W1

63
W4

60
W2

87
W5

82
W6

144
W31

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

61

62

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

83

84

85

86

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Brigitte Werners (RUB) Tactical Ambulance Location and Relocation November 22, 2013 21 / 28



Motivation Basic models Optimization model A real world problem Outlook

Model results
Usage of flexible ambulance stations and relocations

Period t = 1, number of ambulances 7

� main stations, � flexible stations
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Model results
Usage of flexible ambulance stations and relocations

Period t = 2, number of ambulances 7

� main stations, � flexible stations
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Model results
Usage of flexible ambulance stations and relocations

Period t = 3, number of ambulances 14

� main stations, � flexible stations
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Model results
Usage of flexible ambulance stations and relocations

Period t = 4, number of ambulances 13

� main stations, � flexible stations

Brigitte Werners (RUB) Tactical Ambulance Location and Relocation November 22, 2013 22 / 28



Motivation Basic models Optimization model A real world problem Outlook

Model results
Usage of flexible ambulance stations and relocations

Period t = 5, number of ambulances 13

� main stations, � flexible stations
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Motivation Basic models Optimization model A real world problem Outlook

Model results
Usage of flexible ambulance stations and relocations

Period t = 6, number of ambulances 10

� main stations, � flexible stations
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Model results
Difference between resulting and required degree of coverage (period 8-12 a.m.)

.

Abdeckung im Vergleich zur empirisch benötigten Abdeckung
Ergebnisse Modell, status quo
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Abdeckung im Vergleich zur empirisch benötigten Abdeckung
Ergebnisse Modell, max doppelte Abdeckung
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Model results
Difference between resulting and required degree of coverage (period 8-12 a.m.)

.

Abdeckung im Vergleich zur empirisch benötigten Abdeckung
Ergebnisse Modell, status quo
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Abdeckung im Vergleich zur empirisch benötigten Abdeckung
Ergebnisse Modell, max empirisch

A B C D E F G H J K L M N O P Q R

A B C D E F G H J K L M N O P Q R

1

2

3

4

5

6

7

8

9

10

11

12

13

14

1

2

3

4

5

6

7

8

9

10

11

12

13

14

−2

0

0

0

0

0

0

0

1

0

0

−2

0

0

0

0

0

2

2

0

0

−2

0

0

0

0

1

3

3

0

0

0

−2

0

0

0

1

1

2

3

1

0

0

−2

1

1

2

0

0

3

3

2

1

1

−2

1

1

1

0

3

2

3

1

1

2

0

1

1

2

2

1

3

3

0

1

1

1

1

−2

3

2

2

2

3

3

1

1

1

1

0

−2

3

3

3

2

2

3

4

1

1

1

0

0

−2

0

3

3

5

4

4

1

0

0

0

0

−2

−2

0

0

5

5

4

1

1

0

0

0

−2

−1

−1

2

2

2

1

1

0

0

−2

−2

−1

1

2

1

1

0

0

0

−1

0

0

0

0

0

0

0

0

0

0

−2

0

0

−2

−2

status quo max empirically required coverage

Brigitte Werners (RUB) Tactical Ambulance Location and Relocation November 22, 2013 23 / 28



Motivation Basic models Optimization model A real world problem Outlook

Coverage level
Difference to empirically required coverage (period 8-12 a.m.)

current allocation optimal allocation
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Difference between the empirically required coverage in

percentage EMS demand

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

empirical coverage

double coverage

status quo

percentage of EMS demand

adequate

oversupply

undersupply
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Conclusions and outlook
Improvements & further research

I Quality improvements:
I Consideration of flexible ambulance stations is recommended
I More suitable coverage according to empirical demands

I Efficiency of resource utilization:
I Reduced number of ambulances
I Constant quality, with cost reduction
I Higher quality, with equal costs

I Integration of uncertainties (demand, driving speed → robust models)

I Robust Uncertain Set Covering Problem (considers uncertainty in

driving speed)

I Heuristic solution approach for large instances
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