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Introduction

Police Service District Planning
T. Vl�ć ek, K. Haase, M. Fliedner, and T. Cors [1]

Challenges
Question: What makes the work of emergen�y servi�es �omplex?

• Dynami� urban development
• Changing population patterns
• Resour�e �onstraints
• Need for rapid response
• Multiple stakeholder interests

Emergency Services

1



Emergen�y servi�es address the needs of three interest groups:

• Citizens
• Servi�e personnel
• Administrators

Question: What �ould be the obje�tives of these groups?

Stakeholder Objectives
1. Citizens

• Fast response times
• Reliable servi�e �overage

2. Servi�e Personnel
• Manageable workloads
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• Safe working �onditions

3. Administrators
• Cost effi�ien�y
• Resour�e optimization

 Note

Aligning the obje�tives of the three interest groups is �hallenging.

Emergency Service Districting

Question: Why might �urrent distri�t layouts be suboptimal?

• Many layouts date ba�k several de�ades
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• Often designed along highways and regions [2]
• Extensive data not used for data-driven improvement

How �an we improve

this situation?

The Role of Data
Question: What data �an help improve emergen�y servi�es?

• Histori�al in�ident patterns
• Response time analysis
• Resour�e utilization metri�s
• Population densities and traffi� patterns

. . .

 Note

Extensive data �olle�ted, but often la�k of tools or knowledge to leverage it.

Optimization
• Operations resear�h (OR) models �an help!
• Based on in�ident re�ords and geographi�al information
• Improve the response of emergen�y servi�es
• Help administrators in making strategi� de�isions
• Lo�ate new departments or �lose departments [3]

Case Studies

Police Districting

For an effi�ient and effe�tive distribution of resour�es, poli�e jurisdi�tions are
divided into pre�in�ts or �ommand distri�ts with separate departments. These are
further divided into patrol beats [4].

Service Priority Extremes
• High Priority
‣ Life-threatening situations
‣ A�tive �rimes in progress
‣ Multiple unit response needed

• Low Priority
‣ Minor in�idents
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‣ Administrative tasks

Case Studies
• Different urban �ontexts
• Study of jurisdi�tions in
‣ Germany: Large metropolitan area
‣ Belgium: Large rural area

• Fo�us on response time optimization

. . .

 Note

Part of the for�e patrols the streets, another part is stationed at the departments.

Dispatching
• Dispat�hers assign all CFS to vehi�les from the �orresponding distri�ts and patrol

areas
• Offi�ers are familiar with the area and are thus better prepared to respond appropri-

ately [5]
• To �ope with high demands, dispat�hers �an assign vehi�les from nearby distri�ts

or beats

Potential Problem
Question: What �ould be the potential problem?

. . .

• This �an lead to a domino effe�t
• Transferring vehi�les from other distri�ts or beats redu�es �overage in those lo�ations

[6]
• This makes them vulnerable to missing resour�es when they need assistan�e them-

selves

Overloaded Systems
• This �an lead to overloaded systems!
• Long dispat�hing delays due to staff shortages
• Preventive patrol hardly possible [7]
• Dispat�hers �onstantly draw on patrol resour�es
• Redu�es the response time of emergen�y servi�es

. . .

 Warning

This is a �ommon problem in many emergen�y servi�es.
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• Central �riterion to measure the effe�tiveness of emergen�y servi�es is the response
time

• Time between a �all for aid and the arrival at the in�ident lo�ation
• Low response time in�reases the likelihood of helping and improves �onfiden�e [5]

Response Time Influencers
Question: What affe�ts response time?

• Initial �onta�t
• Information gathering
• Unit assignment
• Resour�e �oordination
• Route to lo�ation
• Traffi� �onditions

Territory Design Problem

Territory Design Problem

Aggregation of small geographi� areas, �alled basi� areas (BAs), into geographi�
�lusters, �alled distri�ts, so that these are a��eptable a��ording to pre-defined
planning �riteria¹.

Objective
Question: What �ould be the obje�tive?

¹A. A. Zoltners and P. Sinha [8]
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. . .

• Minimize the response time to help �itizens faster while in�reasing the �onfiden�e in
the servi�e

. . .

Question: What �ould be further obje�tives?

. . .

• Reallo�ate only part of the poli�e department’s
• Compa�t and �ontiguous territories to improve patrol
• Prevention of isolated departments

Basic Structure
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Question: How �an we stru�ture this?

• Model as a digraph with verti�es and edges
• Ea�h BA �entroid be�omes a vertex
• 𝒥 : set of BAs, indexed by 𝑗
• ℐ : set of potential distri�t �entres (ℐ ⊆ 𝒥)
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Why Hexagons?
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Question: Advantages of hexagons?

• Equal distan�es to all neighboring �entroids
• Redu�es sampling bias from edge effe�ts [9]
• Spe�ial properties that help with the enfor�ement of �ompa�tness
• Better representation of urban geography

Response Time Components

11



Call
Length

Dispatch
Time

Driving
Time

12



Question: How �an we model response time?

• Call length is independent of territory
• Dispat�h time is diffi�ult to model
• Driving time �an be minimized dire�tly

 Con�lusion

We fo�us on minimizing expe�ted driving times between departments and in�ident
lo�ations.

Model Formulation

Let’s build our model

step by step!

Key Model Components
Question: What �ould be our key model �omponents?

. . .

• Basi� areas (BAs) and potential department lo�ations
• Driving times between basi� areas
• Fore�asted in�ident data
• Assignment de�isions

. . .

Question: Whi�h are sets, parameters, and variables?

Sets and Indices
• 𝒥 - Set of BAs, indexed by 𝑗
• ℐ - Set of potential distri�t �entres (ℐ ⊆ 𝒥), indexed by 𝑖

. . .

 Note

The depot lo�ations are a subset of the basi� areas!

Parameters
Question: What parameters do we need?

• 𝑝 - Number of distri�t �entres (departments)
• 𝑡𝑖,𝑗 - Expe�ted driving times between 𝑖 and 𝑗
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. . .

 Tip

Parameters should be �arefully �alibrated with real-world data!

Decision Variable(s)?

 We have the following sets:

• BAs, indexed by 𝑗 ∈ 𝒥
• Potential department lo�ations, indexed by 𝑖 ∈ ℐ

. . .

! Our obje�tive is to:

Minimize the expe�ted response time of the emergen�y servi�es by optimizing the
assignment of BAs to departments.

. . .

Question: What de�isions do we need to model?

Decision variable/s
• 𝑋𝑖,𝑗: 1 if BA 𝑗 assigned to department 𝑖, 0 otherwise

. . .

Question: What is the domain of our de�ision variable?

. . .

• 𝑋𝑖,𝑗 ∈ {0, 1} ∀𝑖 ∈ ℐ, ∀𝑗 ∈ 𝒥

Let’s build our

obje�tive fun�tion!

Objective Function?

! Our obje�tive is to:

Minimize the expe�ted response time of the emergen�y servi�es by optimizing the
assignment of BAs to departments.

. . .
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Question: How do we minimize response time?

• We want to minimize total driving time
• Consider frequen�y of in�idents in ea�h BA
• Don’t in�lude fixed �osts (handled by �onstraints)

Objective Function
Question: What �ould be our obje�tive fun�tion?

. . .

minimize ∑
𝑖∈ℐ

∑
𝑗∈𝒥

𝑡𝑖,𝑗 ×𝑋𝑖,𝑗

. . .

! Expe�ted Driving Time

• Total driving time a�ross all assignments
• Weighted by in�ident frequen�y
• Considers all possible BA-department pairs

Constraints

Key Constraints

Question: Constraints needed?

1. BA must have one department
2. Limit number of departments
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3. Only assign a�tive departments
4. Ensure �ontiguous distri�ts
5. Maintain distri�t �ompa�tness

Single Assignment Constraint?
Question: Why do we need this �onstraint?

. . .

• Ea�h BA must be assigned to exa�tly one department
• Prevents overlapping jurisdi�tions
• Ensures �omplete �overage

. . .

 We need the following variables:

• 𝑋𝑖,𝑗 - 1 if BA 𝑗 assigned to department 𝑖, 0 otherwise

Single Assignment Constraint?
Question: What �ould the �onstraint look like?

. . .

∑
𝑖∈ℐ

𝑋𝑖,𝑗 = 1 ∀𝑗 ∈ 𝒥

. . .

 Note

Ea�h BA must be assigned to exa�tly one department.

Department Count Constraint?

! The goal of these �onstraints is to:

Ensure that exa�tly 𝑝 departments are opened.

. . .
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 We need the following sets and variables:

• ℐ - Set of potential department lo�ations, indexed by 𝑖
• 𝒥 - Set of BAs, indexed by 𝑗
• 𝑋𝑖,𝑗 - 1, if BA 𝑗 assigned to department 𝑖, 0 otherwise
• 𝑝 - Number of departments

Department Count Constraint
Question: What �ould the �onstraint look like?

. . .

∑
𝑖∈ℐ

𝑋𝑖,𝑖 = 𝑝

. . .

Question: What happens if we have more departments than potential lo�ations?

. . .

• We �an’t open more departments than there are lo�ations
• The model will be infeasible

Active Department Constraint?

! The goal of these �onstraints is to:

Ensure that ea�h BA is assigned to an a�tive department, e.g. a department that is
opened and that �ould dispat�h vehi�les.

. . .

 We need the following sets and variables:

• 𝑋𝑖,𝑗 - 1, if BA 𝑗 assigned to department 𝑖, 0 otherwise

Question: How do we ensure assignments only to a�tive departments?

Active Department Constraint
𝑋𝑖,𝑗 ≤ 𝑋𝑖,𝑖 ∀𝑖 ∈ ℐ, ∀𝑗 ∈ 𝒥

. . .
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 Note

This �onstraint �reates a logi�al �onne�tion between department lo�ations and BA
assignments where BAs �an only be assigned to opened departments.

p-Median Problem

Contiguity and Compactness

Contiguity Introduction

Question: Why is �ontiguity important?

• Prevents isolated areas
• Ensures �ontiguous patrol routes
• Maintains operational �oheren�e

What is compactness?
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. . .

 Compa�tness

Compa�tness has no univo�al definition; a distri�t is �ommonly de�lared �ompa�t
if it is ‘somehow round-shaped and undistorted’ [10].

Contiguity and Compactness
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Question: Are our resulting distri�ts based on the model �ontiguous and �ompa�t?

• This depends on 𝑡𝑖,𝑗
• If Eu�lidean distan�e
‣ Distri�ts will be �ontiguous
‣ Likely of �ompa�t shape

Compactness p-Median
Question: Is this likely for poli�e servi�e distri�ting?

• No, as we minimize the driving time within a �ity
• Highways, Tunnels, et�.
• Multiplied by the differing number of requested �ars
• This �an �ontribute to distorted distri�t shapes

Contiguity Sets
Additional Set and Parameter

• 𝑒𝑖,𝑗 - Eu�lidean distan�e between �entroids
• 𝒜𝑗 - Sets of BAs adja�ent to BA 𝑗

. . .

𝒩𝑖,𝑗 = {𝑣 ∈ 𝒜𝑗 | 𝑒𝑖,𝑣 < 𝑒𝑖,𝑗} ∀𝑖 ∈ ℐ, ∀𝑗 ∈ 𝒥

. . .
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 The idea

BAs �loser to department 𝑖 than BA 𝑗 on eu�lidian distan�e and adja�ent to 𝑗!

Example A

i j

v

v

v
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Example A
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v
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Example B
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Example B

i

j

v

v

v

Enforcing Contiguity
All distri�ts have to be �ontiguous

𝑋𝑖,𝑗 ≤ ∑
𝑣∈𝒩𝑖,𝑗

𝑋𝑖,𝑣 ∀𝑖 ∈ ℐ, ∀𝑗 ∈ 𝒥 \ 𝒜𝑖 : 𝑖 ≠ 𝑗

. . .

! The idea

At least one department has to be assigned to a BA that is adja�ent to BA 𝑗 and
�loser to department 𝑖!

Contiguity and Compactness
All distri�ts have to be �ontiguous and �ompa�t

. . .
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! The idea

At least one department has to be assigned to two BAs that are adja�ent to BA 𝑗
and �loser to department 𝑖!

Comparison

Figure 1:  One department
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Figure 2:  Two departments

Figure 3:  Up to three departments

. . .
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 Why does this work?

Due to the �onstraints, there is always a path ba�k to the department if a BA is
assigned to a department!

Model Characteristics

Characteristics
Questions: On model �hara�teristi�s

• Is the model formulation linear/ non-linear?
• What kind of variable domains do we have?
• What do you think, �an the model be solved qui�kly?
• Have we prevented isolated distri�ts?

Model Assumptions
Questions: On model assumptions

• What assumptions have we made?
• Use Eu�lidean distan�es to approximate driving time?
• Can we rely on in�ident data �olle�ted by the poli�e?

Implementation and Impact

Overview of Studies
Question: Where did we apply our model?

• Two distin�t environments:
1. Large metropolitan area (Germany)
2. Rural region (Belgium)

• Different �hallenges and requirements
• Fo�us on response time optimization

German Metropolitan Case
. . .

• 1.8 mio in�idents (2015-2019)
• ~20 department lo�ations
• 1,596 basi� areas
• Dense urban environment

. . .

Goal: Redesign distri�ts to improve response time.
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German Metropolitan Results

departments

Belgian Rural Case
. . .

• 50,000 in�idents (2019-2020)
• 2 existing + 1 planned lo�ation
• 1,233 basi� areas
• Dispersed rural setting

. . .

Goal: Optimize �overage with limited resour�es.
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Belgian Rural Results

departments

Simulation Framework
Question: How did we validate the results?

. . .

• Spatial and temporal patterns
• Shift s�hedules
• Priority handling
• Rush hours
• Inter-distri�t support
• Variable driving times

Results
• Response time redu�tion up to 14.52%
• Better workload distribution
• Improved �overage equity
• More effi�ient resour�e utilization

. . .

! Important

All improvements are without additional staff!

Conclusions
1. Model adaptability �ru�ial
2. Lo�al �ontext matters
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3. Stakeholder buy-in essential
4. Data quality �riti�al

. . .

 Tip

Su��ess requires balan�ing theoreti�al optimization with pra�ti�al �onstraints!

Future Applications
Question: Where else �ould this approa�h be useful?

• Other emergen�y servi�es
• Different urban �ontexts
• Resour�e allo�ation problems
• Servi�e territory design

. . .

 Note

The methodology is adaptable to various publi� servi�e optimization s�enarios.

Wrap Up

 And that’s it for todays le�ture!

We now have �overed distri�ting problems and are ready to start solving some tasks
in the up�oming tutorial.

Questions?

Literature

Literature I
For more interesting literature to learn more about Julia, take a look at the literature
list of this �ourse.

Literature II
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