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Abstract

For the yearly over 500,000 vehicle inspections of the German Federal Logistics
and Mobility Office (BALM), crew rosters must be scheduled to efficiently achieve
Germany’s road inspection control targets. For that, we present a model to solve
the respective duty scheduling and crew rostering problem in order to obtain duty
rosters that comply with numerous legal regulations while maximizing the ‘control
success’ to achieve the control targets. We formulate the Template Assignment
Problem, which can be modelled as a large scale mixed-integer linear program.
Here, feasible combinations of control topics are assigned to the duties using a
hypergraph approach. The model is used in production by BALM, and we prove
its effectiveness on a number of real-world instances.

1 Introduction

Every year, over 500,000 truck and bus inspections are carried out by road inspection
services of the German Federal Logistics and Mobility Office (BALM). These
inspections are conducted in the form of mobile controls, where the inspectors
control vehicles while driving themselves, and stationary controls at highway
service areas. To efficiently achieve the road inspection control targets the question
of which inspector should control on which road section or service area and during
what times needs to be answered. The control targets are expressed as the number
of vehicles inspected per year in seven different legal fields, which can be influenced
by assigning different control topics such as technical control, control of transport
of hazardous goods or waste, and driving-time regulations. On basis of historical
data, a target-topic-matrix can be derived, giving for every combination of a control
target and a control topic a quota indicating how many transport units per hour are
expected to be checked for this control target when the control topic is assigned.
Consider Fig. 1 for an illustrative example of the target-topic-matrix with two targets
and three topics. The topic diagonals is expected to be the most efficient choice for
control target A. Dots seems to be dominated by grid, but there may be inspectors
without a qualification for grid.

Typically, a monthly schedule for one control area needs to be produced a
month in advance. In the first planning stage, the preplanning, BALM planners
first determine absences due to vacations, seminars, weekend shifts, and stationary
controls that are carried out with other authorities such as customs or police. Only
the timing, location, and participating inspectors are regularly determined for these
stationary controls.
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Topic dots Topic grid Topic diagonals
Target A 0.5 0.6 1.1
Target B 0.2 1.2 0.1

Figure 1: Target-topic-matrix for three control topics and two control targets.

The complete construction of the stationary controls and their extension with
mobile controls to a complete duty will take place in the fine planning stage. In this
stage the binding results of the preplanning provide planning gaps that are filled
by defining mobile controls. These are defined by information on the inspectors
and the teams formed, the duty type with start, end, and break times, the control
location or section and control topic while meeting the targets. It should be noted
that mobile controls should always be carried out in pairs in a shared vehicle if
possible, resulting in a team size of two. However, there are several accepted
situations where only one inspector is allowed to use the control vehicle. The
requirement of teams gives rise to a hyperarc approach in our graph model to
enforce the dependency of the participating inspectors of a control. In addition,
information on qualifications of inspectors for control topics and locations, their
working time accounts as well as numerous legal regulations are relevant for fine
planning. Furthermore, the monthly targets should be achieved in an objective and
efficient manner.

For this Inspector Scheduling Problem (ISP) we propose a mathematical model
for automated and optimized duty scheduling and rostering, i.e., constructing a
valid sequence of duties for the road inspection service. We extend the coarse duty
scheduling model by Borndorfer et al. [2], which allocates the inspectors’ locations
and times

(1) with an extension of stationary controls and
(2) with a novel subsequent fine template assignment approach.

This fine template assignment approach assigns concrete control topics to the
duties selected by the coarse model in order to satisfy the control targets as best as
possible.

A summary of the coarse duty scheduling model and the extension to stationary
controls is given in Section 2, followed by a description of the fine template
assignment problem in Section 3. Finally, Section 4 provides a computational
study of real-world instances.

2 Coarse Duty Scheduling and Rostering

In the first optimization step, an integrated model by Borndorfer et al. [2] for
finding daily controls, i.e., valid duties, and combining them in feasible rosters
is used. Feasibility for rosters means that all duties of an inspector must respect
legal rules, such as working time accounts, maximal number of consecutive duties,
etc., and comply with other requirements like vacation days over a time horizon of
several weeks. To maximize the profit while finding an employee-friendly roster,
the objective is to maximize the profit of the chosen control tours, to minimize the
rotations in the duty schedule, i.e., changes of duty start times on two consecutive
days, and to minimize the deviation of the working time accounts of the inspectors.
The profit of a tour takes the traffic volume of the planned sections at the planned
times, the expected number of checks and complaints per hour, and the qualifications



of the assigned inspectors into account. This problem is a special type of the prize-
collecting vehicle routing problem extended by planning feasible rosters for the
control teams.

We refer to [2] and [3] for a detailed model. Let / be the set of all inspectors
and L be the set of all control locations. Solving the coarse duty scheduling and
rostering problem provides us with a set of chosen control tours, where each tour
has a mobile and stationary part. By setting either part to be empty, a tour can
be a pure mobile or stationary control. Mobile and stationary parts are handled
separately in our computations due to some intrinsic differences but are modeled
identically. Let C be the set of all mobile and stationary parts (controls). A control
¢ € C is defined by:

¢ the corresponding team I, C I, usually |I.| = 2 for mobile controls and
2 < |I.| < 10 for stationary controls,

* the day, and

* aset of triples (!, start, end) with a control location / € L, start time, and end
time.

The consideration of sets of triples (/, start, end) allows us to keep track of potential
changes of control locations and breaks within a control.

3 Fine Template Assignment

After finding a coarse duty schedule and roster, the second optimization model
called Template Assignment Problem (TAP) assigns control topics such that the
control targets are met as best as possible. To assign a control topic, the following
requirements must be respected:

(1) minimal and maximal allowed duration of a topic
(2) valid time interval for a topic depending on the weekday
(3) technical qualifications that define valid topics for each inspector

(4) minimal percentage of the total control duration of a certain topic for each
inspector per month (depending on inspector qualification)

We define a duty template for each permissible chronological sequence of
a maximum of two control topics for mobile and stationary controls. Examples
could be 8h topic dots or 2h topic grid + 1h topic diagonals. These take into account
requirement (1) as well as the permissible order of control topics per template. We
construct all potential control templates by enumeration and denote by 7' the set of
all templates.

As the definition of a hypergraph is not distinct, we follow the one of Borndorfer
et al. [1]: Let (V, A) be a directed graph with node set V and arc set A C V X V.
Then define the triple (V, A, H) to be a graph-based hypergraph with arc-based
hyperarcs H C 24. For simplicity, we refer to arc-based hyperarcs as hyperarcs.
We then introduce a bipartite hypergraph (V, A, H), where the set of nodes is given
as the set C; of all pairs (c,i) of controls ¢ € C with a corresponding inspector
i € I. and the set of duty templates 7. So in total,

V=CUT={(c,i)|ceC,icl.}UT.

As the inspectors may have different technical qualifications, it is relevant to
consider each control in C per assigned inspector. If for control ¢ template r € T
can be assigned to the inspector i € I, then ((c,i),t) € A. Hereby, the technical
qualifications of the inspectors as well as the time interval
are checked, i.e., requirements (2) and (3). We then consider a hyperarc
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Figure 2: Bipartite hypergraph for one control with two inspectors and assignable
by three hyperarcs to four different eight-hour templates involving the three control
topics dots, grid, and diagonals. The arc set A was omitted for better readability.

{((c,i1),t1), ..., ((c,iy1))s 1))} € H if and only if ((c,ij),t;) € A for all
j =1,...,|I.| and the templates are not mutually exclusive. Moreover, hyperarcs
do not only allow one to take into account which control topics may and may
not be processed in parallel by the inspectors of a team but also other operational
requirements, such as one inspector always receiving the general control topic for
stationary controls. See Fig. 2 for an example of (V, A, H).

Even among the permitted combinations of control topics, some can be
performed better, and some are undesired simultaneously by inspectors in a team.
To consider these positive and negative synergies, each hyperarc 7 € H receives a
profit pj.

Let F be the set of all control targets and K the set of all control topics. We
denote by qi (i,1) the quota from the target-topic-matrix of how many transport
units per hour are expected to be checked for control target f € F when control
topic k € K is assigned. The quota depends on inspector i € I and on control
location / € L. Moreover, for an arc a € A we consider the decomposition D (a)
of a into triplets (d, k, ) giving the duration d of a control to topic k at location
[ determined by a. Then the contribution of hyperarc / to the target value of the
control target f can be expressed as

wf=Ywl wih  wi= > d-gll@.D.
ach (d,k,1)eD(a)

Here i(a) is the inspector corresponding to arc a € A. Whether a hyperarc h € H
is selected is indicated in the model using the binary variable x,.

Last but not least, each inspector i € I has minimum quotas y; j that specify
to which proportion they have to carry out control topic k. Let H; € H be
the set of hyperarcs containing inspector i. Furthermore, let dj; be the control
duration in hours assigned to inspector i by hyperarc / and let d, ;  be the control
duration in hours of control topic k assigned to inspector i by A. Lastly, we define
6*((c,i)) ={h|3Fa=((c,i),t) € h}.

The Template Assignment Problem can now be written as:



Table 1: Results for seven real-world instances for the ISP. Here, Cy,op are the
mobile and Cg, the stationary controls, TAP-nz the number of non-zeros in the
TAP model, and tTap and fisp the total runtimes in seconds of the TAP and full
problem, respectively.

instance  |Cnob| | Cstatl |H| TAP-nz  ttap fisp
il 80 0 1,690 14,865 0 10
i2 56 1 2,542 20,006 0 6
i3 187 59 5,959 58,580 0 4
i4 227 0 7,854 62,018 1 5
5 184 2 9,916 88,348 0 44
i6 233 35 9,854 126,322 0 4
i7 233 51 585,992 9,268,462 3 7

min Z cfsf - Z DPhXn (1)

feF heH
xp =1, V(c,i)eCr, (2)
hedt((c,i))
Zwﬁxh+sf20f, VfeF, 3
heH
Zdh,i,k'xh_ﬂi,k Zdh,i-xh >0, Viel kek, (4)
heH; heH;
xp €{0,1}, YheH, (5
s7 € Qso, YfeF. (6

Constraints (2) ensure that each pair of a mobile resp. stationary control and
its inspector is contained in exactly one hyperarc. By of we denote the number
of controls to be carried out for control target f. Constraints (3) thus check the
target achievement per control target, whereby a shortfall is represented by the
non-negative slack variable s/ and penalized by cost ¢/ per unit. These costs ¢/
allow us to determine a focus target for the planning month. Ideally, all goals
for the legal fields can be fulfilled, i.e., s/ = 0 for all f € F in a solution. In
constraints (4), the control time for control topic k for inspector 7 is set in relation
to its total inspection time. Thus, they ensure requirement (4). The objective (1)
is to minimize the weighted lower deviation from the target values for each control
target and to maximize the synergy effects of the chosen hyperarcs.

4 Computational Experiment

To showcase the capability of our approach, we report on seven real-world instances
for ISP in Table 1. Our optimization module IPKScore is written in C++ and we
use CPLEX 12.6 as MIP solver. The computations were carried out on a PC with
AMD Ryzen 9 7950X 16-Core Processor with 4.5 GHz and 128 GB RAM. All
instances were solved to proven optimality.

The instances are for different regions of Germany and for different planning
months. In all instances, we consider seven different control targets (i.e., |F| = 7)
and between 22 and 27 control topics. The number of stationary controls ranges
from 0 to 59 and greatly influences the number of created hyperarcs. Especially if a



stationary control is performed by many inspectors (in our case up to 9), the number
of potential combinations for topics increases dramatically. While in instance i3,
the topics of the stationary controls were mostly fixed by a planner, the stationary
controls for instance i7 were to be filled by our optimization model. However, we
can observe that even with over 500,000 variables and almost 10 million non-zeros,
the TAP is generated and solved to optimality in a few seconds.
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