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Abstract

Crew scheduling is one of the major phases in crew management in large transportation networks such as
railway, bus and airline systems. The scheduling of crews is usually considered as two problems: the crew
pairing problem and the crew assignment (rostering) problem. These problems are solved sequentially. In this
paper we focus on the crew pairing problem in the railway systems. An optimization model for solving train
drivers pairing problem arising from a practical application is presented. The model allows to define a number
of duties with minimal total duration, covering all segments that the company has to carry out during a
predefined time period. In order to evaluate the results from the developed model, they are compared with the
results obtained by the planner. The results show that the proposed model is capable of efficiently generating
the optimal work schedules for the train drivers in a reasonable computation time.
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1. INTRODUCTION

Before explaining the crew pairing problem a few definitions should be given. In railway scheduling, a segment
is a section of the trip from one station to another with specified departure and arrival times. A duty period (or
duty) - mostly a working day of a crew - consists of a sequence of segments with short rest periods or sits
separating them. A sit connection during a duty period mainly consists of the waiting time of the crew for
changing planes on to the next segment. Each duty starts with a sign-in and ends with a sign-out by the crew.
A pairing (also called tour of duty, rotation or trip) is a sequence of duties and each pairing begins and ends at
the same crew base. Crew base is a city where crews are stationed. In a pairing there is an overnight rest
between each duty. To reposition a crew from one base to another base, a pairing might include crews as
passengers and this kind of task is called deadhead (or positioning). Generally deadheads are used to
transport a crew where they are needed to cover a segment or to return to their home base. Figure 1 illustrates
an example of a two-day crew pairing, showing duty periods, sits within duty periods, overnight rests, and sign-
in and sign-out times.

In the crew pairing problem the objective is finding a set of pairings over the planning horizon. While selecting
pairings all segments must be covered exactly once and cost of the all selected pairings should be kept in the
minimum [1]. Cost structure depends on the individual railway companies. Some railway companies pay a
fixed salary for a working hour. Others calculate the salary based on credit hours which are the maximum of
the travel time and some guaranteed minimum hours. The cost of a pairing also includes a cost paid to the
crew for staying away from their base (e.g., accommodations, transportation), deadheading (when crew are
transported on a trip as passengers), and other penalty costs. Also selected pairings should be legal according
to the specified work rules and rail traffic regulations.

The crew pairing problem is one of the most widely studied problems in the field of Operations Research.
Mathematically, crew pairing problem is usually modeled via the set partitioning problem or the set covering
problem with additional constraints [3-7]. The problem is difficult because of the number of constraints and
variables; they are large-scale mixed integer problem [8]. The three most common solution methodologies are
Lagrangian relaxation [9-12], Benders decomposition [13-15] and branch-and-price [16-19]. Since the 1990s,
the most popular approach has been the set covering problem with column generation embedded in branch-
and-bound [20-22].
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Figure 1 An example of crew pairing with DFW station as crew base [2]

The outline for the rest of the paper is as follows. In the next section, a detailed description of the problem is
provided. The decision model, which will allow to construct a work schedule (a set of feasible duties) for train
drivers, is defined in Secion 3. In Section 4, the results of our computational experiments are presented. Finally,
the last section concludes the paper and gives directions for further research.

2, PROBLEM DESCRIPTION

In this study, we consider the problem of constructing a cyclical work schedule of minimum duration for train
drivers spread over several crew bases in a rail network. Cyclical means that each day has the same work
schedule. A feasible duty is a duty that satisfies all constraints imposed by labor contracts and union
regulations, among others. The following constraints were used to create work schedule for drivers:

° each driver belongs to one of the crew bases. There are 5 crew bases, mainly located at the main nodes
of the railway network in Lower Silesia. Figure 2 presents the rail network.

. Each driver operates from his crew base. That is, each of his duties starts and ends in his crew base.

o Each duty consists of a series of segments to be carried out by a single driver on a single day.

° The duties should be such that each segment is covered by (at least) one driver.

o The minimum length of a duty is 8 hours.

o The maximum length of a duty is 12 hours.

° The duration of duty for train driver includes besides the time of reading the duty plan, the time of driving

a train, the time of cleaning and refueling of railbus, also the gaps between the trips, the time necessary
to complete the duty (if the duty duration is less than 8 hours), the travel time from the crew base to the
start station of the first segment of the duty, the travel time from the end station of the last segment of
the duty to the crew base and travel time from the end station of his/her previous trip to the start station
of his/her next trip. A driver has to travel as passenger in a train driven by another driver or take a taxi.
Assuming that the travel time by car is the same as the average travel time of train.

Efficiency is one of the main criteria for scheduling process of drivers. Efficiency means that the percentage of
productive time in the duties is high. Productive time of work includes the times of 4 above mentioned tasks
i.e. driving a train from one station to another, reading the duty plan, cleaning and refueling of train, where as
the times of all other tasks must be considered as non-productive time.

The input data comes from the daily plan of trains circulation obtained from regional operator of passenger
trains. Company runs mostly inside Lower Silesian Province of Poland. Each circuit is served by diesel rail
buses. The plan consists of segments that the driver has to perform. Each segment is characterized by a
departure station, a departure time, an arrival time, and an arrival station. It should be pointed out that the work
schedule for the crew is created manually by employee of the company (qualified person who is responsible
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for scheduling of crews' work). Manual scheduling is time consuming and error prone. Currently the company
doesn't have any decision support system to crew scheduling.

ZGM
GO 2G

J

n — Rail routes operated
L$
by the company
[l The crew base
HA

SZP

Figure 2 Schematic representation of the geographical railway network used by the regional operator of
passenger trains in Lower Silesia in Poland

3. MATHEMATICAL MODEL

In the formulation written with formula (1) to (10), five groups of decision variables were used. The first group
contains the decision variables x, y and z which are responsible for ensuring consistency of the routes obtained
in the solution. The variable x.1,2sis a binary variable and is equal to the value of 1 if and only if segment r is
served directly after segment ry by duty s. Variables y.s and z; s are equal to 1 if the segment r is served as the
first in a duty s (variable y) or is served as the last in a duty s (variable z). The next group of variables consists
of variables qrs and ws, which are important for the times of the duties. The variable g, s is equal to the duration
of the duty in minutes from the beginning of the duty until the segment r is realized. On the other hand variable
ws is equal to the largest value of gs, so it represents the duration of the duty s.

The objective function expressed by the formula (1) causes that the solution will have the shortest length of
duties - it means sum of durations of all duties expressed in the decision variable ws:

> w, — min (1)
seS

Constraints expressed by formula (2) and formula (3) are used to ensure that each segment will be served,

i.e. it is served after another segment or is served first -formula (2), and is followed by another segment or is
handled last - formula (3):

Zyr,s + ZXM,,,S >1forevery reR )
seS seS,r1eR
er,s + ZX,MYS >1 forevery reR (3)
seS seS,r1eR
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The constraint expressed by formula (4) initializes the value of the q.s variable. If the duty starts from the
segment r (that is variable y; s is equal to 1) then the value of variable g, s after handling the segment r must be
equal to the length of the duration of the segment r:

Grs2Y,s (cf - cf) forevery reR, seS 4)

where:
c¥ - end time of segment r,

¢’ - end time of segment r.

The constraint expressed by formula (5) ensures the continuity of one duty in the time. If the value of the
variable x;1r2s is 1 then this constraint is active and causes that qg.2,s is equal to the value of g1 s increased by
the duration of segment r; and the interval between segment r; and r.. In addition, this restriction takes into
account the situation when the segment begins one day before it ends:

ch-ck if ¢

Gro+ Vs - (ch —Cﬁ)+{ ’

>ck |
24—(0", —c",) i P >ck -24-(1-x,,,)<q,, foreveryreR, r'eR 5)

The constraint expressed by formula (6) is used to combine the value of variable ws with decision variables
grs- The value of variable ws is equal to the largest of all values of g,s for a given duty:

k
Qs+ ;?yr’,se:;s‘,’ +;Zrusegs‘,’ <w, forevery seS, reR (6)
where:

g, - depot of duty s,

egs, - travel time between gs and start station of segment r,

egs, - travel time between gs and end station of segment r.

Two further constraints expressed by formula (7) and formula (8) ensure that the duration of the duty will not
be less than 8 hours and longer than 12 decreased by 20 minutes, when the employee has to read the duty
plan:

q,<11.67-> y,, forevery seS (7)

reR

s2767->y, forevery seS (8)

reR

The last group of constraints is related to the consistency of the segments. Constraints expressed by formula
(9) and formula (10) ensure that the duty used to serve segments must have a beginning (y.s=1) and end (z;s
equal to 1):

> X, <MYy, forevery seS (9)
reR,r'eR r'eR

> X, <MY z. forevery seS (10)
reR,r'eR r'eR
where:

M - very large number.

Then constraints expressed by formula (11) and formula (12) ensure that the duty can not start and end more
than one segment:
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D ¥,s<1forevery seS (11)
reR

Y.z, <1forevery seS (12)

reR

Similarly, restrictions expressed by formula (13) and formula (14) ensure that the duty will not serve (x:1,2s=1)
more than one segment:

Zx,v <1forevery seS, reR (13)

8
r'eR

D X, .<1forevery seS, r'eR (14)
r'eR

The last limitation expressed by formula (15) causes that the sum of segments started by duties is equal to the
sum of completed segments:

D XepstYrs =D X o +2,, forevery seS, reR (15)

r'eR r'eR

4, COMPUTATIONAL RESULTS

Computational experiments were carried out using instances based on the daily trains circulation plan of the
regional operator of passenger trains in Lower Silesia in Poland to compare the results obtained by the
proposed model proposed with the results received by planner (qualified person who is responsible for
scheduling of crews' work in the company). The plan of train circulation included 7 circuits, which included 82
segments in total. Each circiut consisted of a different number of segments (from 6 to 15).

In total, 6 instances were checked, each of which consisted of 3 circuits. In the first instance, cycles 1, 2 and
3, containing 27 segments, were considered, in the second one, the cycles 4, 5 and 6, containing 40 segments,
were analyzed, in the third one there were 43 segments making up the 5, 6 and 7 cycles, in the fourth one the
circuits 1, 2 and 5, containing 31 segments, were considered, in the fifth one there were 29 segments making
up the 1, 2 and 6 cycles, while, in the sixth one, analysis of circuits 1, 2 and 7, containing 31 segments were
analyzed.

The model proposed in Section 3 was solved by using the AIMMS (Advanced Integrated Multidimensional
Modeling Software) optimization package (version 12.7.1, CPLEX). All test runs are made on personal
computer with an Intel® Core™ i3-8130U Processor. The obtained results are presented in Table 1.

The results presented in Table 1 were compared with the results of computational experiments performed by
the planner in order to determine the efficiency of drivers' working time. Table 2 shows the results of
computational experiments performed by the planner.

The study shows that the duration of duties, according to the optimizer, is shorter than the times in the plans
of the planner. The average duration of duties according to the optimizer is 63.94 hr, while, according to planner
plan, it equals average 67.78 hr. The results indicate, on average, an approx. 5.7 % improvement in the use
of drivers' working time.

It is worth noting, that the duration of effective work during the duty is shorter on average by 0.17 hr in
schedules performed using optimizer, than by the planner. This time depends mainly on the number of duties.

The analysis of the data, presented in the Table 1 and Table 2, demonstrates, that the planner developed 5
drivers' working time schedules for 7 duties, and 1 schedule for 8 duties, while the optimizer, that was used to
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solve the six test instances, indicated, that it is possible to develop 4 drivers' working time schedules for 7
duties, and 2 schedules for 6 duties.

Table 1 Computational results of 5 instances solved by AIMMS.

Number of test instances 1 2 3 4 5 6
Number of duties 7 7 7 7 6 6
Duration of duties (hr) 63.91 64.82 65.03 67.45 61.41 61.01
Deadheads (hr) 9.61 6.91 8.13 8.07 9.74 9.63
Sits within duty periods (hr) 6.82 10.65 12.75 8.45 7.52 10.63
Waiting time for tasks (hr) 3.65 6.23 5.08 8.50 2.07 1.80
Time of effective work 43.83 41.03 39.07 4243 42.08 38.95
Solving time (min) 4.5 5.2 3.8 3.2 2.2 0,5

Table 2 Computational results of 5 instances obtained by the planner.

Number of test instances 1 2 3 4 5 6
Number of duties 7 7 7 8 7 7
Duration of duties (hr) 66.10 65.27 67.36 74.65 66.59 66.72
Deadheads (hr) 9.63 7.48 8.99 13.89 10.29 9.86
Sits within duty periods (hr) 6.97 11.83 14.37 7.62 8.45 12.15
Waiting time for tasks (hr) 5.67 4.93 4.93 10.37 5.43 5.43
Time of effective work 43.83 41.03 39.07 42.77 42.42 39.28
Solving time (min) 20.2 221 21 18.5 18.0 19.1

The results from response optimizer indicated that, the length of time of trip between the crew base and the
start or end station of the segment, was shorter on average by 1.34 hr, than the time in the planner schedules.

In addition, that sits within duties is shorter on average by 0.76 hr in schedules prepared using optimizer, than
by the planner.

Moreover, according to data obtained from the optimizer, the mean time of waiting for tasks is 4.56 hr and
there is shorter by 1.57 hr compared to the time obtained by the planner.

The three parameters mentioned above i.e. deadheads, sits within duty periods and waiting time for tasks are
important from the point of view of the transport company, because it is not connected with productive work.
The results from response optimizer indicated that, the average percentage of the non-productive work time
in the total driver work time is 35.46 % per duty, while the planner has developed schedules, in which the
average percentage of the non-productive work time in the total driver work time is 38.83 % per duty.

The data also demonstrates, that the optimizer needs less time to designate the solution than the planner
does. The optimizer presented solutions on average after 3.23 minutes, while the planner needed on average
19.82 minutes to perform driver working time schedule.

5. CONCLUSION

In this paper, a railway crew scheduling problem was presented. The constraints, which were needed to
construct a work schedule of minimum duration for train drivers spread over several crew bases in a rail
network operated by the regional company of passenger trains in Lower Silesia in Poland, were described.
Next, the model to find a solution of the problem was formulated. Finally, the results from the model were
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compared with the results obtained by the planner. For each instance solved by using the model, shorter
durations of train drivers' duties were achieved. The results indicated, on average, an approx. 5.7 %
improvement in the use of drivers' working time, which would reduce personnel costs in the company. In
addition, the optimizer needed less time to plan the solution than the planner - on average, 16.59 minutes.

Unfortunately, at the current stage of the work, it should be noted that limiting the number of segments to 50,
quite significantly reduces the possibilities of using the proposed model. It should also be noted, that this model
has been used as a exact model, while its implementation in practice means the necessity of frequent updating
of parameters and at least several solving during the day. Taking into account the above limitations, further
research will aim to develop a heuristic model, that will allow to determine a work schedule (a set of feasible
duties) for more than 50 segments.
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