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Road freight transportation is subject to several legal requirements having direct impact on the practical
applicability of routes and schedules. The vast majority of vehicle routing literature, so far, has largely
focused on physical constraints such as capacity limits, or customer requirements such as time windows
for pickups and deliveries. This paper studies legal requirements for long-distance haulage in the European
Union, identifies some major gaps in the current state-of-the-art in vehicle routing, presents approaches for
overcoming this gap, and analyzes the impact of the legal requirements studied.
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1. Introduction

In the European Union, as in other parts of the world, road freight carriers must comply with sev-
eral legal requirements. Some of these legal requirements, e.g., speed limits and access restrictions
for certain types of vehicles and roads, can be easily considered in approaches for road trans-
port optimization, because these approaches are usually based on distance matrices which can be
pre-computed taking into account the various requirements of the individual roads. Other legal
requirements, in particular, those arising from social legislation are more complex and difficult to
deal with in approaches for road transport optimization and have so far seen little coverage in the
scientific literature on vehicle routing.

This paper contributes to research on transport optimization in several ways. First of all, it
reviews social legislation for road freight transport in the European Union and identifies major
gaps in the state-of-the-art in vehicle routing. These gaps can lead to practically infeasible solutions
and solutions having unnecessarily high costs. Secondly, an approach is presented which can be
used by transport companies, drivers, and enforcement agencies to validate compliance of planned
or executed schedules. Furthermore, an approach for generating feasible schedules is presented and
it is shown how compensation schemes compliant with social legislation can be considered when
optimizing routes and schedules. Lastly, the impact of social legislation on feasibility, route length,
costs, and road safety is experimentally analyzed. This impact analysis should be of particular
interest to policy makers and other stakeholders, in particular, as relevant regulations are currently

under review and may be revised in the near future (European Commission 2017b).
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2. Social legislation

In the European Union, several legal frameworks exist aiming at improving road safety and working
conditions of drivers as well as ensuring fair competition between road transport operators through-
out the European single market. Among these is Regulation (EC) No 561/2006 which entered into
force in 2007. With the introduction of this regulation, transport companies can be made liable
for infringements committed by the drivers and, thus, they are legally responsible if plans and
schedules are generated in such a way that drivers do not have enough time for compulsory break
and rest periods.

According to Regulation (EC) No 561/2006, a driver must not drive for more than 41 hours
without taking a break of at least 45 minutes duration, during which the driver may not carry out
any work. The break can also be taken in two parts, whereas the first part must have a duration of
at least 15 minutes and the second part must have a duration of at least 30 minutes. After a total
of 9 hours of driving, a driver must take a rest period of 11 hours duration, during which the driver
may freely dispose of her or his time. Similar to break periods, rest periods can also be taken in
two parts, whereas the first part must have a duration of at least three hours and the second part
must have a duration of at least nine hours. Thus, if a rest period is taken in two parts, a total
rest of 12 hours is required before the driver may continue to drive again. Three times a week, the
regular duration of a rest period may be reduced to at least 9 hours, and twice a week, the total
driving time between rests may be extended to 10 hours. In any case, the required amount of rest
must have been taken within 24 hours after the end of the previous rest period. The accumulated
amount of driving and the accumulated amount of working within a week are restricted to at most
56 and 60 hours and a weekly rest period of at least 45 hours must be taken after at most 144 hours
after the end of the previous weekly rest period. Alternatively, a reduced weekly rest period of
24 hours may be taken if the reduction is compensated by an equivalent period of rest taken in
a subsequent week. The regulation constrains the total accumulated driving time during any two
consecutive calendar weeks to at most 90 hours and in any period of four months, the average
working time during a calendar week must not exceed 48 hours.

In order not to incentivize drivers to violate above mentioned rules on driving hours, Regulation
(EC) No 561/2006 demands that transport companies do not give drivers any payment related to
distances traveled, not even in the form of a bonus or wage supplement.

Besides Regulation (EC) No 561/2006, which is directly applicable in all member states of
the European Union, transport companies must also comply with national implementations of
Directive 2002/15/EC. The directive is also called “Road Transport Working Time Directive” and
outlines additional provisions for working time, breaks, and night work. The directive is not directly

applicable, however, the member states of the European Union have adopted additional national
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regulations imposing comparable constraints, with some variation in the working time limits and
the definition of night time (see Goudswaard et al. 2006). These regulations require that a truck
driver does not work for more than six hours without a break of at least 30 minutes. If the total
amount of work between two rest periods exceeds 9 hours, the amount of break time required is
increased to at least 45 minutes. The required break time can be taken in several periods of at least
15 minutes each. Furthermore, the directive restricts the total amount of work within any period of
24 hours if night work is performed. Night work in this context means any work performed during
night time which is defined by national law. As shown in Table 1, the definition of night time and

the daily working time limit varies across the Furopean Union.

Country Abbreviation Definition of night time Daily working time limit
Austria AT 00.00-04.00 10
Belgium BE 20.00-06.00 8
Cyprus CYy 00.00-07.00 10
Czech Republic CZ 22.00-06.00 8
Denmark DK 01.00-05.00 10
Estonia EE 00.00-07.00 10
Finland FI 23.00-06.00 NA
France FR 22.00-05.00 NA
Germany DE 23.00-06.00 8
Greece GR 22.00-06.00 10
Hungary HU 00.00-04.00 10
Italy IT NA NA
Ireland IE 00.00-04.00 10
Latvia LV 00.00-07.00 10
Lithuania LT 22.00-06.00 10
Luxembourg LU 00.00-05.00 10
Malta MT 00.00-07.00 10
Netherlands NL 00.00-05.00 10
Poland PL 21.00-07.00 10
Portugal PT 00.00-05.00 10
Slovakia SK 22.00-06.00 10
Slovenia SI 23.00-06.00 10
Spain ES 00.00-07.00 8
Sweden SE 00.00-07.00 10
United Kingdom GB 00.00-04.00 10

Table 1 Night time definitions and daily working time limits (Goudswaard et al. 2006)

It must be noted, that in some countries, additional regulations exist prohibiting road freight
transport during night. In Austria, there is a general night time driving ban for heavy goods
vehicles between 22.00h and 5.00h (International Road Transport Union 2016a). In Germany, night
driving restrictions exist for specific roads (International Road Transport Union 2016b), and in the
United Kingdom there is a night time driving ban in the Greater London area from 21.00h to 7.00h
(International Road Transport Union 2017a).
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3. Discussion of the regulatory impact

According to Broughton et al. (2015), 62.9 percent of the truck drivers in the European Union
never work during nights and, among the remaining truck drivers, less than half of them regularly
perform night work. It must be noted that the EU labor Force Survey (European Commission
2017a), on which the study by Broughton et al. (2015) is based, does not provide a definition of
night work, so that the number of drivers who do not work between midnight and 4.00h, i.e. the
shortest night time definition of the night work provisions, might actually be even higher.

Some logistics operations systematically rely on night driving. For example, in the courier, express
and parcel (CEP) industry, night driving is used to move shipments between major cities. Similarly,
parts and components which are produced during the day at one facility are sometimes transported
by night so that they are available at another facility before the morning shift starts there. Such
operations are usually planned on a strategical or tactical level before drivers are assigned to
specific tasks. Based on normative work plans considering the total working time allowed, the
timing of loading and unloading operations is usually synchronized with the trip requirements such
that no significant waiting times do not occur. When a driver is eventually assigned to a such
night shift, it is usually assumed that the driver is fully rested. In such cases, the impact of the
night work provision mostly depends on the distance between hubs and facilities and whether the
night shifts may legally include 8 or 10 hours of working time. Similarly, for day time operations,
transportation between hubs and facilities is often planned based on normative work plans and
loading and unloading operations are usually synchronized with the trip requirements. Thus, the
difference between day and night time operations is minor in countries with a 10 hours working
time limit for night workers and the non-driving work does not exceed one hour per night shift.

Night driving is also sometimes considered for long-distance trips in line-haul transportation. The
fastest way of completing a long-distance trip is to follow a normative driving pattern comprised of
driving periods with the maximal allowed duration, a 45 minute break between the driving periods,
and a rest period of minimal duration when required. Figure 1 illustrates such normative driving
patterns starting at different times of the day. The lines show the duration required as a function
of the driving time for normative schedules considering different rule sets. The solid black line
illustrates the schedule of a driver who does not work during night time and starts driving at 7.00h
in the morning of the first day. The dashed black line illustrates the schedule of a driver starting
at 7.00h in the morning of the first day without considering the night work provision. As we can
see, a driver ignoring the night work provisions could significantly reduce the trip duration by
taking a rest period of minimal duration whenever the daily driving time limit of Regulation (EC)
No 561/2006 is reached. When considering the night work provisions, the driver has to extend the

rest period until the morning of the next day. The gray lines illustrate the schedule of a driver
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starting at midnight with a daily working time limit for night workers of 8 hours (dashed gray line)
and 10 hours (solid gray line). For countries with a daily working time limit of 10 hours for night
workers, the driving pattern is very similar to the driving pattern of a driver who does not work at
night (solid black line). As we can see, night drivers in countries with a daily working time limit of
8 hours have a productivity loss of at least one hour on every day compared to drivers who do not
work during night and every additional hour of other work would further reduce the productivity.
We can conclude that the night work provisions have a significant impact on driving patterns for
long-distance trips, whether the driver is conducting night work or not. Without these provisions,
the productivity of the driver could be significantly increased. In countries with a daily working
time limit of 8 hours for night workers, long-distance trips are best conducted during day time. In
countries with a daily working time limit of 10 hours for night workers, a productivity loss could

occur if more than one hour of other work has to be conducted by the driver in every shift.
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Figure 1 Normative driving patterns

A major goal of Directive 2002/15/EC is to increase road safety. To better understand how
the driving patterns shown in Figure 1 impact road safety, we used the fatigue and risk index

calculator available from Health and Safety Executive (2006). The risk index calculator is described
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in Spencer et al. (2006) and can be used to estimate the relative risk of the occurrence of an accident
given a specific work schedule. The factors considered when calculating the risk indices include the
accumulated fatigue associated with working over a period of several days, the effect of start time
and length of the individual daily shifts, and the breaks taken within these shifts. The risk index
calculator indicates that the driving pattern illustrated by the dashed black line has a 33 percent
higher accident risk than the driving pattern illustrated by the solid black line. This higher risk
can be seen as a result of the combination of shorter times for recovery and occasional night work.
The major difference between the driving patterns shown by the solid black line and the solid gray
line is a shift in the timing of the activities. According to the risk index calculator, this shift in the
timing results in a 47 percent increase in accident risk. The smaller amount of driving time within
any 24 hour period, that is prevalent in the pattern illustrated by the dashed gray line, compensates
the detrimental effect of night work to some extend with only a 26 percent higher accident risk
compared to solid black line. It has to be noted here, that for the driving patterns illustrated by
the solid and dashed gray lines, the cumulative risk component grows approximately twice as fast
than for the driving pattern illustrated by the solid black line. This means that for shorter trips,
the difference between accident risks for night time and day time workers is less pronounced. We
can conclude that for long-distance trips, the relative increase in accident risks for night workers
can hardly be justified by a productivity gain for night workers. When night work is avoided, the
directive clearly achieves its goal of increasing road safety for long-distance trips.

For transport operations where truck drivers have to conduct a mix of driving and other work
and where drivers may have to wait because of opening hours of customers, assessing the impact
of hours of service regulations can not be conducted based on normative driving patterns, because
driver schedules could be very irregular and may change from day to day. If night work is performed,
the amount of work within 24 hours is limited to 8 or 10 hours. If a driver does not work at night,
however, the maximum amount of daily work is implicitly constrained by the maximum time span
between subsequent rest periods, i.e. 13 hours if a rest period of 11 hours duration is taken or
15 hours if a reduced rest period of only 9 hours duration is taken. A driver can legally have at
least two 6 hour work periods and a 45 minute break within this time span, and thus, can work
significantly longer than a night worker. Thus, unless there are special reasons to conduct night
work, e.g., due to requests requiring night time deliveries, day time operations can be expected to
be more productive than operations involving night work.

Given that the majority of truck transport is conducted during day time (Broughton et al. 2015)
and that night time provisions do not impose a major challenge for transport operations that
can be based on normative driving patterns, the remainder of this paper will focus on transport

operations where drivers do not work during the night and in which regular driving patterns can
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not be assumed. Thus, we assume that the timing of driving, work, break, and rest periods may
differ on every day of operation depending on the requirements of the tasks assigned to the drivers.

Although, Regulation (EC) No 561/2006 requires that driver payments are not related to dis-
tances traveled, labor costs should anyhow be considered when optimizing road transport. In many
organizations, regularly employed drivers have a fix number of working days and vacation days per
year. Any day on which a driver is working, reduces the number of remaining working days, even if
the actual amount of work on that day is very small. Similarly, external drivers can often only be
hired on a daily base. A compensation scheme based on the number of working days of the drivers
is in accordance with legal requirements and, thus, transport companies should try to minimize the
number of working days while making the best possible utilization of the drivers on every working

day.

4. State-of-the-art

Approaches for optimizing road freight transport are commonly based on the vehicle routing prob-
lem, i.e., the problem of determining a cost-minimal set of routes for a fleet of vehicles such that
a set of given customers is visited and all operational constraints are satisfied. Given the maturity
of research concerning the vehicle routing problem (see e.g. the book by Toth and Vigo 2014),
the last decade has seen an increasing interest in variants of the vehicle routing problem captur-
ing important constraints arising in practical applications, see e.g. the surveys by Irnich et al.
(2014) and Lahyani et al. (2015). An important class of practical constraints are those on drivers’
working hours as imposed by government regulations and corporate agreements. One of the first
works explicitly considering breaks and night rests within a vehicle routing context is presented by
Savelsbergh and Sol (1998) who consider a compulsory 45 minute lunch break between 11.00h and
14.00h and a night rest between any two working days. More recently, vehicle routing problems
with break requirements have been studied in Beaudry et al. (2010), Wen et al. (2011), Parragh
et al. (2012), and Coelho et al. (2016).

For hours of service regulations in the United States algorithms for determining a feasible truck
driver schedule are presented by Archetti and Savelsbergh (2009), Goel and Kok (2012b), and Goel
(2014). Xu et al. (2003), Rancourt et al. (2013), and Goel and Vidal (2014) present heuristics for
solving the vehicle routing and truck driver scheduling in the United States. Recently, Goel and
Irnich (2017) and Tilk (2016) proposed first exact approaches capable of optimally solving the
problem. Kog et al. (2016) study the interplay between hours of service regulations in the United
States, costs, and carbon emissions due to engine idling.

The introduction of Regulation (EC) No 561/2006 triggered the development of several models

and algorithms to facilitate the generation of compliant routes and schedules, in particular, the
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works by Goel (2009), Goel (2010), Drexl and Prescott-Gagnon (2010), and Kok et al. (2010), as
well as other heuristic approaches for combined vehicle routing and truck driver scheduling, e.g.,
by Zépfel and Bogl (2008), Ceselli et al. (2009), Bartodziej et al. (2009), Prescott-Gagnon et al.
(2010), Derigs et al. (2011), Drexl et al. (2013), and Goel and Vidal (2014). A first exact approach
capable of optimally solving the vehicle routing and truck driver scheduling problem subject to
Regulation (EC) No 561/2006 is presented by Goel and Irnich (2017). The special case of generating
team driver schedules complying with Regulation (EC) No 561/2006 is studied by Goel and Kok
(2012a). The first papers focusing on modeling Regulation (EC) No 561/2006 did not consider
the provisions outlined in the Road Transport Working Time Directive (Goel 2009, 2010, Drexl
and Prescott-Gagnon 2010), and thus, were only useful for generating compliant schedules for self-
employed drivers who were initially excluded from the scope of the directive. With the extension
of the scope of the directive to also apply to self-employed drivers in 2009 and the subsequent
adaptation of national law in the following years, the rules of the directive must be complied with
by all drivers. Kok et al. (2010) consider provisions defined by the directive and claim to present
the first planning method that respects “all restrictions on drivers’ driving and working hours
laid down in Regulation (EC) No 561/2006 and in Directive 2002/15/EC”. Similarly, Prescott-
Gagnon et al. (2010) claim to present a planning method that respects “all driver rules dictated
by Regulation (EC) No 561/2006 and Directive 2002/15/EC”. Interestingly, Kok et al. (2010) and
Prescott-Gagnon et al. (2010) do not consider and do not even mention the night work provisions
of the directive. To the best of the author’s knowledge, all subsequently published approaches also
ignore the night work provision of the directive and follow the ideas proposed by Kok et al. (2010)
and Prescott-Gagnon et al. (2010). Due to this major gap in research, schedules generated by any
of the presented models have a large likelihood of violating the night work provisions and being
infeasible in practice.

Approaches for determining a feasible truck driver schedule for hours of service regulations in
Canada and Australia are studied by Goel and Rousseau (2012) and Goel et al. (2012). These
scheduling approaches have also been used within the hybrid genetic search presented by Goel and
Vidal (2014) who also present a comparison of the impact of the hours of service regulations in the
United States, Europe, Australia, and Canada.

In the vehicle routing literature, the predominant objectives are to minimize the number of
vehicles used and the total distance traveled. While respective models may approximate transport
costs reasonably well in many parts of the world, they do not fit to legal requirements in the
European Union, because Regulation (EC) No 561/2006 dictates that driver wages must not be
related to the distance traveled. If labor costs can be approximated by a linear function of the

total route duration, the approaches by Savelsbergh (1992) and, more recently, by Tilk and Irnich
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(2016) can be used to minimize labor costs. For various hours of service regulations world wide,
Goel (2012b), Goel (2012c) and Goel (2012a) propose exact approaches for finding the schedule
with minimal duration. Heuristic approaches considering duration-related labor costs within vehicle
routing and scheduling problems are presented by Xu et al. (2003), Zépfel and Bogl (2008), and
Rancourt et al. (2013). Although minimizing route durations can help in minimizing labor costs,
it must be noted that in many cases, transport companies and drivers would prefer work plans
consisting of full working days over those consisting of multiple partial working days with only a
few hours of work each. Approaches minimizing total route durations would not make a difference
between these alternatives and may result in undesired work plans. To the best of the author’s
knowledge, approaches for minimizing the number of working days have not been considered in

any of the papers on hours of service regulations.

5. Validating compliance of given work plans
This section shows how compliance with Regulation (EC) No 561/2006 and Directive 2002/15/EC
can be validated for a given work plan. Before showing how we can determine whether a truck
driver schedule complies with Regulation (EC) No 561/2006 and Directive 2002/15/EC, let us
make some assumptions and observations concerning the regulations. In both rule sets, there are
provisions imposing limits on driving and working time concerning periods of more than a week.
When generating schedules on a rolling planning horizon, these weekly limits can be considered
by parameter adjustments, i.e., by reducing the maximum weekly driving and working time to the
remaining values considering the bi-weekly limit and the maximum time not violating the four
month average. Therefore, in the remainder we will only consider planning horizons of at most
six days, which is the maximum amount of time between two weekly rest periods as mandated
by Regulation (EC) No 561/2006. We make a simplifying assumption that the planning horizon
does not include midnight between Sunday to Monday. This simplification is without loss of gen-
erality, because the problem formulation can be modified as described in Goel (2011) for other
planning horizons. Furthermore, there are weekend and Sunday driving bans in several countries
(see overview of driving restrictions for goods transport by International Road Transport Union
2017b), so that in these countries weekly planning horizons would not include Sunday at all.
According to Directive 2002/15/EC, a break must have a duration of either 30 minutes or
45 minutes, depending on the total amount of work, and can be taken in several parts of at
least 15 minutes each. Like Kok et al. (2010) and Prescott-Gagnon et al. (2010), we simplify this
constraint in the remainder, by using the same definition of breaks as in Regulation (EC) No
561/2006, i.e. a break is an off-duty period of at least 45 minutes or an off-duty period of at least

15 minutes followed by another off-duty period of at least 30 minutes. This simplification guarantees
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compliance with the directive, however, in rare cases compliant schedules may only exist if the
possibility of taking several short breaks of 15 minutes each is exploited. As this paper focuses on
planning problems in which drivers do not perform night work (compare Section 3), we assume
that drivers take a rest period in every night.

Feasibility w.r.t. the weekly driving and working time limits can be easily verified by checking the
accumulated values. For the other rules, compliance can be checked using so-called resource labels
representing the driver’s state at a particular point in time and resource extension functions (REFs)
modifying these labels considering the activities a driver is performing (compare Irnich 2008). For
Regulation (EC) No 561/2006 respective resource labels and REFs have been presented by Goel
and Irnich (2017), however, neither the constraints imposed by the Road Transport Working Time
Directive, the possibilities of extending the daily driving time limit from nine to ten hours and
reducing the duration of rest periods from eleven to nine hours, nor the constraints on driver
payment schemes were considered.

For the ease of reading, this section describes how compliance of a schedule can be validated
under the assumption that the driver does not exploit the possibilities of extending the daily driving
time limit from nine to ten hours and reducing the duration of rest periods from eleven to nine
hours. In a later section, it is shown how the approach can be adapted so that these possibilities
are also considered. Also the minimisation of labor costs w.r.t. the constraints on driver payment

schemes will be added in a later section.

Notation Value Description

grest 11 hours The minimum duration of a regular rest period

grostlist 3 hours The minimum duration of the first part of a daily rest period taken
in two parts

grest|2nd 9 hours The minimum duration of the second part of a daily rest period
taken in two parts

tday 24 hours The duration of a day

gbreak 3hours The minimum duration of a break

ghreakilst — Ihour The minimum duration of the first part of a break taken in two
parts

ghreaki2nd - dhoyr The minimum duration of the second part of a break taken in two
parts

tdrive|R 9 hours The regular daily driving time limit

tdrive|B 41hours The maximum driving time without a break

twork|B 6 hours The maximum amount of work time without a break

gnight >4 hours The duration of the time considered as night time

Table 2 Parameters
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The main parameters constraining resource labels in the European Union are shown in Table 2.

Relevant resource labels can be defined by

__ (jtime jnight jdrive|R jdrive|B jwork|B jelapsed jrest jbreak
[ = (Jtime right jdrivelR jdrivelBB [jwork|B  Lrest breaky

where ["™¢ denotes the completion time of the schedule, (" denotes the time at which the next
night begins, (7R denotes the total amount of driving since the last rest, ['"*I® denotes the total
amount of driving since the last break or rest, [****/B denotes the total amount of driving and other
work since the last break or rest, [°#P**d denotes the time elapsed since the end of the last rest
period, I'** denotes the minimum duration of the next rest, i.e. t**!1?*d if the first part of a rest
is already taken or t**s* otherwise, and [”*#¢ denotes the minimum duration of the next break, i.e.
tbreaki2nd §f the first part of a break is already taken or t”**®* otherwise.

Throughout a trip, a driver can drive or perform some other type of work, take a rest or a break
(including the second part of a rest or break taken in two parts), take the first part of a rest or
break, and wait idle without performing any work. For each type of driver activity, we can define a
REF that updates the driver state, i.e. the resource label. Table 3 shows how the REFs are defined

for a given parameter A specifying the duration of the driver activity. In this table, and those

which will follow, empty fields indicate that the resource value is not changed by the REF.

l lAtime lAdrive R Zdrive |B Zwork B Zelapsed Zrest Zbreak

fgrive(l) ltime+A ldrive\R_i_A ldrive|B+A lwork|B+A lelapsed+A

fgest(l) ltime+A 0 0 0 0 rest tbreak
Xest|lst (l) ltime-i-A 0 0 lelapsed+A trest\an tbreak
fzrcak(l) ltimc+A 0 0 lclapscd+A tbrcak
zreakHSt(l) ltime+A lelapsed+A tbreak|2nd
fiAdle(l) ltime—}—A lelapsed+A

fxork(l) ltime + A lwork|B +A lelapsed +A

Table 3 Resource extension functions

Each REF updates the completion time of the schedule. The REF f{r¥e also increases the amount

rest

of driving and working since the last rest and break. The REF fi*' resets these values as well as
the duration for the next rest and break. Furthermore, it updates the time elapsed since the last

rest. The REFs fi"" and f{e2* reset the amount of driving and working since the last break
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and the duration of the next break. Furthermore, fX’SmSt updates the amount of time required to
complete a full rest. Similarly, f2**/'*" updates the amount of time required to complete a full

break. Furthermore, the REF f¥°'* increases the amount working since the last rest and break.

The resource value [™&" is not shown in the table. It is initially set to the start of the night of the

first day and increased by t4® whenever [time < [night gp( jtime > jnight

In the remainder of this paper, we will distinguish between rest periods taken on a day and rest

periods covering a night. For rest periods taken during the day we use the REF f{*"*" which is
identical to REF £, and for rest periods covering a night we use the REF fa&""** which is

defined by

nightrest . rest
A (l) L maX{AvlnightJ’_tnight_ltime}(l)'

This definition ensures that a night rest is long enough to fully cover the next night. As we assume
that a rest is taken every night, no label refers to a schedule ending in the middle of the night. Note
that we do not consider rest periods covering more than one night, as these can be represented by
two or more subsequent night rests. We can now state the following feasibility conditions. Given a
label [ representing a feasible driver state,

o Y1) is feasible if and only if A > [rest, jelapsed 4 prest < yday apd A < right _jtime o if the
duration of the rest is as long as required by the regulation, the required rest can be completed
within 24 hours after the end of the previous rest, and the rest does not reach into the next
night,

o fREMISY(]) is feasible if and only if A > [rest, [elapsed 4 prest < gday apnd A < right 4 gday _ jtime
i.e. if the duration of the rest is as long as required be the regulation, the required rest can
be completed within 24 hours after the end of the previous rest, and the rest does not reach
into the night after the next night,

. fsﬂm(l) is feasible if and only if [rest = ¢rest A > grestilst = A < gday _ grest[2nd _ jelapsed g q
A < [night _jtime 4 o if the first part has not yet been taken, the duration of the first part of
the rest is sufficiently long, the second part can be completed within 24 hours after the end
of the previous rest, and the first part of the rest does not reach into the next night,

o fRe(]) is feasible if and only if A > [Preak A < gday  Jrest _ jelapsed gpq A < [night _jtime 5 o jf
the duration of the break is sufficiently long, the next rest can be completed within 24 hours
after the end of the previous rest, and the break does not reach into the next night,

o fUeMI(]) s feasible if and only if [Presk = gbreak A > ghreak|lst | A < gday _ prest _ jelapsed gy
A < [night _jtime 4 o if the first part has not yet been taken, duration of the first part of the
break is sufficiently long, the next rest can be completed within 24 hours after the end of the

previous rest, and the first part of the break does not reach into the next night,
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o fdrive(]) is feasible if and only if A <A, with

Al — min{tdrlvc\R . ldrlvc\R7 tdrlvc|B o ldrlvc|B’ twork|B . lwork|B’ tday o lrcst o lclapscd7 lnlght o ltlmc}, (1)

i.e. if the driving time limits are not exceeded, the next rest can be completed within 24 hours
after the end of the previous rest, and the driving period does not reach into the next night,

o fYok(l) is feasible if and only if A >0, A < ¢worklB _ jworklB = A\ < gday _ rest _ jelapsed 5
A < [right _ ptime 5 o if the work can be conducted without a break, the next rest can be
completed within 24 hours after the end of the previous rest, and the work period does not
reach into the next night, and

o fidle(]) is feasible if and only if A >0 and A < ¢day — rest  jelapsed gpq A < Jnisht _jtime j o jf
the next rest can be completed within 24 hours after the end of the previous rest, and the idle

period does not reach into the next night.

WORK

2h 3h  43h 13h 3h  2h

1
2

Figure 2 A sequence of truck driver activities

Jtime pnight jdrive|R jdrive|B jwork|B jelapsed Jrest jbreak A,
lo 11 20 2& 28 28 3 11 1|2
fove 113 20 42 42 43 5 11 1 0
frresk 113% 020 4f 0 0 53 11 2 |44

Eigve 18 20 9 42 41 10 11 2 o
Tt 31 44 0 0 0 0 11 2 |4
fgve 134 44 3 3 3 311 3 1l
ok 136 44 3 3 5 5 11 2 |1

Table 4 Label calculation

Given an initial driver state and a sequence of driver activities with their durations, we can use
above REF's and feasibility conditions to check whether the respective schedule complies with hours
of service regulations. Table 4 shows the calculations for a truck driver in Belgium (i.e. with a night
time definition of 20.00h to 6.00h) and the sequence of driver activities shown in Figure 2. For the
ease of reading, a planning horizon starting at midnight is assumed and all time values represent

the hours after the start of the first day. The initial label [y represents the driver characteristics at
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time 11.00h, where 3 hours have elapsed since the previous rest. In these three hours, the driver
has worked for a total of 2% hours of which 2% hours have been driving time. Thus, the maximum
possible driving time before the next break, as given by (1), is 2 hours. Furthermore, the driver
has already taken the first part of a break. As feasibility conditions are satisfied for of each REF
applied when conducting the calculations, the sequence of driver activities shown in Figure 2 is a

feasible extension of the label [;.

6. Generating compliant schedules

Let us now consider a sequence of customer locations denoted by ny,ns,...,n, that shall be visited
by a truck driver. At each location n € {ny,ns,...,n;} some work of duration s, shall be conducted,
e.g. loading or unloading. This work must begin within a given time window denoted by [¢t™i®, ¢max],
The (positive) driving time required for moving from a node n to a node m is denoted by d,,,,.

If we want to determine a feasible schedule for this sequence of customer locations, we have to
ensure that the accumulated driving time between two consecutive customer locations n and m
matches the total driving distance d,,,, between the locations, that the work at each location n
has duration s, and begins within the respective time window [t™", ¢™¥] and that the sequence
of driver activities complies with hours of service regulations. Finding such a schedule, if not done
cleverly, may require to evaluate a huge number of different sequences of driver activities and a huge
number of reasonable activity durations. Even if time is discretized, enumeration of all reasonable
activity sequences and durations is in general too time consuming for practical purposes.

Luckily, it is possible to limit the number of activity sequences drastically and determine a unique
parameter value A for each of the REFs. As proposed by Goel (2010) all driving periods can be
scheduled with the maximal possible durations and all off-duty periods can initially be scheduled
with the minimum duration required by the regulation. Only if additional off-duty time is required
because a customer is reached before the opening of the time window, the duration of the previous
rest may be increased.

The scheduling approach presented in the following requires two new label attributes [P and

['atest where [P represents the remaining driving time until the next customer location is reached,

llatcst

and represents the latest possible time at which the last rest has to be completed. With [!atest
we can determine whether and by how much the duration of the last rest can be extended without
violating time window constraints or pushing work activities into the night. This might be useful
if we want to avoid unnecessary waiting times when a customer is reached before the opening of
the time window. Furthermore, a new REF fP is used to initialize {"'P and the REF fR°™ is
replaced by a new REF fYi which not only accounts for the work conducted when visiting the
customer m, but also ensures that the work at the customer location begins within the given time

window, e.g., by increasing the duration of the last rest or adding waiting time.
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As shown in Table 5, the attribute ("' is initialized to d,,, by the REF fP when the trip from

nm

n to m starts and is reduced by A each time the REF f{'ve is applied.

Z Ztrip

L@ dum
fgrive(l) ltrip —A

Table 5 Initializing and updating the remaining driving time on a trip

The REF fV'* updates the attributes (™, [Yo™%IB and [¢#Ps¢d a5 shown in Table 6. The com-
pletion time of the schedule is either set to the previous completion time plus the duration of the
service or to the earliest start of the service plus its duration. The accumulated work since the
last break is increased in the same way as by REF f"°'*, The time elapsed since the last rest is
either increased by the duration of the service or is set to the time difference between the earliest

completion of the service and the latest completion time of the last rest.

l Zt ime Zwork |B Zelapsed

f;rzlisit(l) max{ltime7t2in} + Sim lwork\B + A max{lelapsed7t7rgin _ llatest} + Sim

visit

Table 6 Resource extension function f,

The attribute I'***s*, which represents the latest completion time of the last rest, is updated as
shown in Table 7. For REFs fdavrest and frightrest the value of ' is set to the start of the night
following the rest period. For REF fv*it the value of [t either remains unchanged or is reduced
to the difference between the latest start of the service on the current day and either the time
elapsed since the last rest or the time span between the opening time of the time window and the
latest completion time of the rest. For all other REFs, the latest possible time at which the last
rest has to be completed either remains unchanged or is reduced to an amount guaranteeing that
subsequent activities are not pushed into the next night.

Given a label [ representing a feasible driver state, then

e fiiPr(]) is always feasible,

o flrive(]) is feasible if and only if A <" and A <A, i.e. if neither the distance to the next

location nor the driving time limits are exceeded and if the next rest can be completed within

24 hours after the end of the previous rest,
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i Jlatest
fgrive( ) min{ Jlatest Jnight __ jelapsed _ A}
gayrcst (1) [night
Xightrest (1) [night y yday
Xzst|lst (1) min{llatcst7 [night __ jelapsed _ A}
ereak(l) mm{llatest7 [night _ jelapsed _ A}
zreakﬂst (1) min{llatest’ [night __ jelapsed _ A}
fgile( ) min{ Jlatest Jnight _ jelapsed _ A}
f;/lisit (1) min {llatest, min{lnight R il g max{lelapsed7 tﬁin _ llatest}}

Table 7 Determining the latest completion time of the last rest

o fYisit(]) is feasible if and only if [P =, [time < gmax  night > gmin g = < gwork|]B _ jwork|B
max{[time ¢min} 4 g < [night and max{(clapsed gmin _ flatest} 4 oy prest <gday e if the location
is reached before the closing of the time window, the arrival is on the day of the opening of
the time window or later, the service can be conducted without a break and can be completed
before the next night, and the next rest can be completed within 24 hours after the end of
the previous rest, and

e for all other REFs the feasibility conditions remain unchanged.

Jtime Jnight jdrive|R jdrive|B jwork|B Jelapsed jrest break Jtrip jlatest A,
L, 1w 20 2& 28 22 3 11 I o0 17 |2
trip 11 20 2& 28 23 3 11 L 9% 17 |2
grve 113020 4f  4f 42 5 11 4 71 15 |0
Frete 1135 200 45 0 0 55 11§ Ty 143 44
g 18200 9 45 45 10 11§ 310 |0
pehtrest| 30 44 0 0 0 0 11 2 3 44 [4L
give 133 44 3 3 3 11 2 0 41|12
frisit 36 44 3 3 5 5 11 3 0 371

Table 8 Label generation

Let us consider a driver in Belgium (i.e. with a night time definition of 20.00h to 6.00h) who has

just completed service at a customer location n, and who is supposed to visit customer location
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m. The time window of customer n is [6,20], the time window of customer m is [34,40], and the
driving time between the customers is d,,,,, = 9%. The label [,,, representing the driver state after
conducting the service at location n, contains the same attribute values as label [y in Table 4, i.e.,
the label represents the driver characteristics at time 11.00h, where 3 hours have elapsed since the
previous rest, and in these three hours, the driver has worked for a total of 2% hours of which
2% hours have been driving time. The new attribute value for the remaining trip distance is zero
because the label represents a driver at a customer location. The new attribute value for the latest
completion time of the last rest is time 17.00h because the three hours, which have elapsed since
the last rest, must be taken before the start of the next night. The label can be updated as shown
in Table 8. In the table, A; represents the maximum driving time as given in (1). First, the driving
time to reach customer m is initialized to d,.,. Then, driving and break periods are added with
the largest possible driving time and smallest possible break duration. Thereafter, a rest period is
added using REF 8" Note that the parameter for the rest duration is 11, i.e., the minimum
value required by the regulation, but the rest is actually scheduled with a duration of 12 hours,
because the rest must to cover the full night. After another driving period of three hours, customer
location m is reached. The customer can be reached at time 33, however, this is one hour before
the opening of the time window. The REF fV® extends the duration of the last rest from 12 to
13 hours, so that customer location m is reached within the time window and the time elapsed
since the end of the last rest period remains minimal. Eventually, the driver activities generated

are the same as shown in Figure 2.

nightrest

Jrest

ftrip
N4 1

[A=0]

fgll‘ivc ‘
[0<A<i'iP]

rest|1st
trest|1st

rnightrest
[rest

break
|/ jbreak

dayrest
frest

nightrest

[rest .
[lmght < gmin ] dayrest
i+1 Jrest

lnbsed rest|1st break|1st
[lb apsec > 0] f,restusz ftbreakust

Liia

Iri 21:.,7,+1 3iit1 M@ Jisit @
e N N "/ \_J p
[Al > 0] [Al — lh»|p] [lmght Z tx:::l]
Jieak
[lwmkm > 0]

Figure 3 Network used for label generation from customer location n; to n;41

With the new label attributes and REFs we can determine a feasible schedule for any given

sequence of customer locations denoted by ni,n.,...,n;, if such a schedule exists. To do so, we
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generate a network consisting of the nodes and arcs shown in Figure 3 for each 1 <4 < k. Then,
assuming a fully rested driver, we begin at node n; with an initial label
[ = ( Quime, puight jdrivelR jdriveB jwork|B jelapsed prest break jurip jlatest
= ( quime, pnight 0, 0, 0, 0, grest, ghreak () puight )
where [%™¢ and [®8" represent the earliest availability of the driver and the respective start of
the next night. This label is expanded in every possible way using the REFs corresponding to
the respective arcs. For every path from node n; to n;;; through several auxiliary intermediate
nodes, {"' is initialized by REF ,tfiiﬁiﬂ. Then, the path may loop between auxiliary intermediate

and 1/ until the next location can be reached with the next driving period. After

MNi41 N4

nodes 1
reaching the customer location, any reasonable combination of rest and break periods may be added
to the schedule before adding the customer visit with REF f;{;jtl In the figure, A; represents the
maximum driving time as given in the feasibility condition of f9V* and additional conditions for
expanding a path along an arc are given in square brackets.

By expanding labels as described above, the total number of alternative
labels generated by the scheduling approach may grow quickly. Given two
labels I, = ({time qnisht pdrivelR ydriveB pwork|B jelapsed jrest pbreak jtrip jlatest) — apd ], =
(lime qoisht gdrivelR jdrivelB ywork|B yelapsed jrest jbreak ptrip jlatest) we write I} < I, if Ii < [i for all
i € {time, drive|R, drive|B, work|B, elapsed, rest, break, trip} and [}t > [latest Tf [, and I, denote
resource labels at the same node and if [; <[5, then [; dominates I and the label I; can
be discarded. By discarding dominated labels, the total number of alternative labels and the
computational effort of the scheduling approach can be significantly reduced.

For detailed information regarding the mathematical properties on which the above mentioned

approach is based, the reader is referred to the Appendix.

7. Extended daily driving times and reduced rests
In order to consider extended daily driving times and reduced rests, we need the additional param-
eters listed in Table 9 and additional resource attributes [®<tensions apd [reductions jndijcating the
number of times the driving time has been extended to above 9 hours and the number of times
the duration of a regular rest period has been reduced to below 11 hours without having taken the
first part of a rest before.

The resource attribute [<*°"5°ms is incremented by farve(]) whenever [drivelR < gdrivelR gy jdrivelR 1
A > t4velR The resource attribute [redutions is incremented by fa*(l) whenever A < [*** or
[elapsed 1 jrest  gday and by fREMet (1) whenever max{A, [Might 4 gright _ jtime} o Jrest o jelapsed  prest

tday

Given a feasible label I, fave(l) is feasible if
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Notation Value Description

greduced 9 hours The minimum duration of a reduced rest period

preductions 3 The maximum number of times a driver may take a reduced rest
period

textended 10 hours The extended daily driving time limit

extensions
n 2

The maximum number of times a driver may extend the daily
driving time limit
Table 9  Additional parameters

e it is feasible w.r.t. the regular limits, i.e.

A < min{tdrlve\R o ldrlve|R7 tdrlve\B o ldrlve\B7 twork|B o lwork|B7 tday _ lrest _ lelapsed7 lmght o ltlme}, (2)

e if the driving time may be extended and it is feasible w.r.t. the respective limits, i.e.

(ldrlve\R > tdrlve|R or lextensmns <

nextensions) and (3&)

A < min{textended _ ldr1ve|R, tdrlve|]3 _ ldrlve|B’ 2fwmrk\B _ lwork|B’ 2fday _ Jrest _ lelapsed’ lIllght _ ltnne}’

(3b)

e if the duration of a rest may be reduced and it is feasible w.r.t. the respective limits, i.e.

lreductlons < nreductlons and (4&)

A S min{tdrlve|R o ldrlve|R’ tdrlve\B - ldrlve|B’ twork\B o lwork|B’ tday - treduced . lelapsed’ lnlght o ltlme}’

(4b)
e or if the driving time may be extended and the duration of a rest may be reduced and it is

feasible w.r.t. the respective limits, i.e.

(ldrlve\R > tdr1ve|R or lextensmns < nextensmns) and lreductlons < nreductlons and (5&)
A < min{textended o ldrlve\R7 tdrlve|B . ldrlve|B7 twork\B . lwork|B7 tday . treduced . lelapsed7 lmght o ltlme} .

(5b)

In the feasibility conditions for fa***(1) and fa®""**(l), the condition €2psed 4 Jrest < [day ig
replaced by the condition that either [e!apsed 4 [rest < gday oy [reductions - preductions gy felapsed
greduced < jday - Similarly, the feasibility conditions for the other REFs are changed in such a way
that either a regular or a reduced rest can be taken within 24 hours after the previous rest.

The scheduling approach outlined in the previous section can be adapted to the case of extended
daily driving times and reduced rests. For this, we have to create additional copies of the arcs asso-
ciated to REF f9¢, One copy is created for each alternative limit on the accumulated driving time
resulting from the options of extending the daily driving time and/or reducing the rest duration.
Furthermore, a copy of each arc associated to REF fdavrest gp fnightrest jq created and used with
the duration of a reduced rest. Except for minor changes in the dominance criteria to consider the

new resource attributes appropriately, no further changes are required.
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8. Minimizing labor costs
The scheduling approach outlined above only focuses on finding a feasible schedule for a given
route. The resulting schedules may thus have unnecessarily long waiting times between subsequent
customer locations which may result in unnecessarily high schedule durations and labor costs. We
will now describe how the scheduling approach can be modified in order to minimize labor costs.
minimizing the duration required to perform a route may result in schedules in which a short period
of time is worked just before the night on the first day and/or just after the night before the last
day. We deem it to be more realistic that driver wages are related to the number of days a driver
is employed to perform a route. Thus, independently of the actual amount of work performed on
a particular day, we assume that the driver is paid for the full day. When optimizing routes and
schedules a transport company would thus seek to make the best use of each paid day of work.

In order to determine the number of days required for a particular resource label, we can introduce
a new resource attribute [”°¢'", representing the day on which the first work activity of the driver is
conducted. In the beginning of the scheduling approach, different resource labels are generated for
each day of the planning horizon at which the schedule may begin. After initialization, the resource
attribute is not changed by any of the REFs. For any resource label [, the respective number of
days of work can be easily determined by calculating the difference between the day corresponding
to [tme and [Pesin,

With the additional resource label, the dominance relationship ‘<’ has to be adjusted when
comparing two resource labels I; and I, so that {; < I, implies that (Y8 > [>°¢™  Consequently, a

resource label can only dominate another resource label if fewer days of work are required.

9. Computational results
This section presents the results of several computational experiments conducted in order to better
understand the impact of the night time provisions for logistics operations studied in the previous

sections and to demonstrate the usefulness of the scheduling approach presented.

9.1. Impact on feasibility

In a first analysis we are interested in identifying the impact of the night work provisions on
the feasibility of routes. In particular we want to analyze how likely it is, that tours obtained by
solving a vehicle routing and truck driver scheduling problem without considering the night work
provisions can be executed without conducting night work. As a reference we used the optimal
solutions obtained by the exact approach for solving vehicle routing and truck driver scheduling
problems presented by Goel and Irnich (2017). This approach has been evaluated on 56 benchmark
instances provided by Goel (2009). The instances are divided into different groups with random

and/or clustered customer locations. For each route in the solutions obtained by the approach by
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Goel and Irnich (2017), we applied a scheduling approach using the REFs presented in this paper
in order to determine whether a feasible schedule exists, in which each customer is visited within
the given time window and no work is performed during night time. As some customers have very
short time windows which require a night visit, we modified the instances by increasing the length

of the respective time windows in such a way that each customer can also be visited during day

time.
Night time
20.00h-7.00h 23.00h-6.00h 0.00h-4.00h
Tours 30.7% 228 % 15.8 %
Solutions 69.6% 55.4 % 411 %

Table 10 Percentage of infeasible tours and solutions without night work

Table 10 shows the percentage of the routes for which no feasible schedule without night work can
be found and the percentage of complete solutions in which at least one route cannot be executed
without night work. We can see that, depending on the definition of night time, for between 15
and 30 percent of the routes no feasible schedule without night work exists. This results into a low
share of between 30 and 60 percent of solutions in which all routes can be executed without night
work. This shows that, when optimizing vehicle routes and schedules without explicitly considering
the night work provisions, it is very likely that solutions are found that cannot be executed without
night work. Thus dispatchers would either have to manually modify the solutions to avoid night
work, and thus would increase the cost of the solution, or would have to rely on night work, which
would result in additional compensation for the drivers which would also increase costs and which

might not be legally possible for all regions of operation.

9.2. Impact on route length

In a second analysis we are interested in identifying the impact of the night work provisions on the
total distance traveled by all routes in a solution of a vehicle routing and truck driver scheduling
problem. Furthermore, the applicability of the REFs presented within the exact branch-and-price
approach for the vehicle routing and truck driver scheduling problem presented by Goel and Irnich
(2017) is evaluated. Again the benchmark instances for the vehicle routing and truck driver schedul-
ing problem provided by Goel (2009) are used in this analysis and only the first 25 customers of all
instances are considered as in Goel and Irnich (2017). To assure that a feasible solution exists for
any of the night time definitions given in Table 1, the length of the time window of some customers
in the benchmark instances was increased in such a way that each customer can be visited without
performing any work between 20.00h and 7.00h, assuming a driving pattern of two driving periods

of four and a half hours interrupted by a 45 minute break and followed by a rest period.
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EU (Standard) EU (All)
Instance 20.00h-7.00h 23.00h-6.00h 0.00h-4.00h No night | 20.00h-7.00h 23.00h-6.00h 0.00h-4.00h No night
TDS_C101 191.17 191.17 191.17 191.17 191.17 191.17 191.17 191.17
TDS_C102 190.08 190.08 190.08 190.08 190.08 190.08 190.08 190.08
TDS_C103 190.08 190.08 190.08 189.42 190.08 190.08 190.08 189.42
TDS_C104 186.67 186.67 186.67 n/a 186.67 186.67 186.67 n/a
TDS_C105 191.17 191.17 191.17 191.17 191.17 191.17 191.17 191.17
TDS_C106 191.17 191.17 191.17 191.17 191.17 191.17 191.17 191.17
TDS_C107 191.17 191.17 191.17 191.17 191.17 191.17 191.17 191.17
TDS_C108 191.17 189.75 189.75 189.75 191.17 189.75 189.75 189.75
TDS_C109 187.83 187.83 187.83 187.83 187.83 187.83 187.83 187.83
TDS_C201 338.42 260.92 224.50 224.50 338.42 260.92 214.42 214.42
TDS_C202 271.75 256.83 217.83 217.83 271.75 254.17 214.42 214.42
TDS_C203 248.58 221.33 217.83 217.83 248.58 217.92 214.42 214.42
TDS_C204 n/a 217.83 217.58 217.58 n/a 214.17 214.17 214.17
TDS_C205 224.50 214.42 214.42 214.42 224.50 214.42 214.42 214.42
TDS_C206 214.42 214.42 214.42 214.42 214.42 214.42 214.42 214.42
TDS_C207 214.17 214.17 214.17 214.17 214.17 214.17 214.17 214.17
TDS_C208 214.42 214.17 214.17 214.17 214.42 214.17 214.17 214.17
TDS_R101 575.58 526.75 514.75 499.33 575.58 525.83 514.75 499.33
TDS_R102 528.92 472.42 465.25 446.92 528.92 467.33 465.25 446.92
TDS_R103 414.00 409.50 408.67 408.67 414.00 408.00 408.00 407.67
TDS_R104 360.92 360.92 360.92 360.92 360.92 359.42 359.42 359.42
TDS_R105 471.75 463.58 438.17 438.17 471.75 463.58 438.17 438.17
TDS_R106 410.75 407.08 407.08 407.08 410.75 407.08 407.08 407.08
TDS_R107 401.08 401.08 401.08 401.08 401.08 401.08 401.08 391.83
TDS_R108 359.42 351.67 350.42 350.42 359.42 350.42 350.42 n/a
TDS_R109 417.17 414.08 409.50 389.83 417.17 410.25 409.50 385.08
TDS_R110 363.08 363.08 363.08 360.67 363.08 354.42 354.42 354.42
TDS_R111 394.17 394.17 394.17 387.67 394.17 391.83 391.83 387.67
TDS_R112 349.75 345.33 345.33 337.33 349.75 n/a n/a n/a
TDS_R201 486.75 484.83 482.17 463.58 486.75 481.17 481.17 463.58
TDS_R202 435.83 424.92 424.92 410.75 435.83 424.92 424.92 410.75
TDS_R203 404.92 401.08 400.58 400.58 404.92 400.58 391.83 391.83
TDS_R204 358.83 358.83 358.83 358.83 358.83 357.83 357.83 357.83
TDS_R205 434.25 434.00 417.17 395.17 434.25 430.83 417.17 395.17
TDS_R206 407.08 406.00 398.92 378.08 407.08 404.75 398.92 378.08
TDS_R207 400.58 391.83 387.67 367.17 400.58 391.83 387.67 367.17
TDS_R208 349.42 349.42 349.42 341.08 349.42 349.42 n/a n/a
TDS_R209 390.92 390.92 390.92 387.83 390.92 390.92 389.50 376.75
TDS_R210 414.58 411.75 411.75 411.75 414.58 411.75 411.75 411.75
TDS_R211 351.17 351.17 351.17 351.17 351.17 351.17 351.17 351.17
TDS_RC101 359.83 358.75 358.25 358.25 359.83 358.75 358.25 358.25
TDS_RC102 338.67 336.83 335.92 335.92 338.67 336.83 335.92 335.92
TDS_RC103 327.08 327.08 327.08 327.08 327.08 327.08 327.08 327.08
TDS_RC104 299.75 299.75 299.75 299.75 299.75 299.75 299.75 299.75
TDS_RC105 338.08 334.75 334.75 334.75 338.08 334.75 334.75 334.75
TDS_RC106 317.00 317.00 313.25 310.83 317.00 317.00 313.25 310.83
TDS_RC107 296.33 296.33 296.33 296.33 296.33 296.33 296.33 296.33
TDS_RC108 294.50 294.50 294.50 294.50 294.50 294.50 294.50 294.50
TDS_RC201 366.25 364.83 362.75 358.42 366.25 364.83 362.75 358.42
TDS_RC202 339.58 338.17 336.08 336.08 339.58 338.17 336.08 336.08
TDS_RC203 328.17 327.08 327.08 327.08 327.08 327.08 327.08 327.08
TDS_RC204 301.58 299.75 299.75 299.75 299.75 299.75 299.75 299.75
TDS_RC205 340.17 338.08 338.08 338.08 338.08 338.08 338.08 338.08
TDS_RC206 341.25 335.83 332.42 324.25 341.25 335.83 332.42 324.25
TDS_RC207 298.33 298.33 298.33 298.33 298.33 298.33 298.33 298.33
TDS_RC208 298.17 293.50 n/a n/a 298.17 n/a n/a n/a
Average 327.39 321.40 318.28 314.84 327.29 320.55 317.72 313.94
+3.99% +2.08% +1.09% +4.25% +2.11% +1.21%
CPU (in s) 101.3 138.2 195.6 225.3 141.3 380.9 469.5 633.0

Table 11

Total distance traveled
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We performed different experimental runs assuming a night time definition of 20.00h to 7.00h,
23.00h to 6.00h, and 0.00h to 4.00h. The first night time definition could be used by a transport
company operating internationally and seeking to use a single parameter setting that guarantees
feasibility within the entire Furopean Union. The other two night time definitions are representative
for most of the countries which also have a night time definition of seven or four hours duration.
Furthermore, experiments are conducted on the same instances ignoring the night work provision
of the directive. The optimization goal in all experiments is to minimize the total distance traveled.
Table 11 shows the solutions obtained when solving an instance of the vehicle routing and truck
driver scheduling problem using the exact approach on a single core of an Intel i7-56000U CPU
@ 2.60Ghz with a runtime limit of one hour. The first column indicates the name of the instance
and the remaining columns indicate the total distance of all routes in the solutions, whereas the
columns labeled No night shows the results of the approach by Goel and Irnich (2017) which
ignores the night work provisions. Two sets of experiments are conducted. The first set named EU
(Standard) considers all rules considered in Section 6, the second set named EU (All) also considers
the possibility of extending the daily driving time to ten hours and reducing the rest duration to
nine hours as described in Section 7. For the set EU (All), the approach by Goel and Irnich (2017)
has been extended accordingly. Fields with an entry “n/a” indicate that the approach was not able
to find the optimal solution within the runtime limit. The last rows of the table show the average
distance traveled per instance, the increase in distance traveled compared to the respective case
disregarding the night time provisions, and the average time (in seconds) required by the solution
process to solve an instance.

We can see that for some instances the night work provision does not have an impact on the
optimal solution. However, for some instances, e.g. instances TDS C201, TDS C202, TDS C203,
TDS R101, and TDS R102, the impact is significant. On average there is an increase in distance of
around 4, 2, and 1 percent for night time definitions of 20.00h to 7.00h, 23.00h to 6.00h, and 0.00h
to 4.00h.

Interestingly, exploiting the possibility of extending the daily driving time to ten hours and
reducing the rest duration to nine hours appears to only have very limited benefit. This insight
contradicts previous results indicating that extending the daily driving time to ten hours and
reducing the rest duration to nine hours can significantly reduce operational costs (Kok et al. 2010,
Prescott-Gagnon et al. 2010, Goel and Vidal 2014). The main reason for this difference is, that in
previous studies the night work provisions of the Road Transport Working Time Directive had been
neglected and solutions have been generated in which a significant share of the routes would be
infeasible in practice. Another interesting results of the experiments is, that considering the night

work provisions significantly accelerates the solution process and with longer night time durations
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less time is required to solve the instances. The main reason for this acceleration is that the night
rests can help reducing variation in alternative resource labels because after each night rest the
resource labels [*** and [P**k are at the initial values. Thus, dominance becomes stronger and
the number of alternative labels that have to be considered is dramatically reduced. This insight
should be of particular interest to the transportation research community because it clearly shows
that improving algorithmic decision support does not necessarily require novel methodologies for
solving difficult optimization problems faster. Instead, solving the right problem should always be

considered as the primary contribution.

9.3. Impact on costs

In a third analysis, we are interested in identifying the impact of the night work provisions on costs.
As Regulation (EC) No 561/2006 prohibits paying drivers based on the distances traveled, this
analysis assumes that drivers receive a fix salary for every day they are on service. More precisely,
we assume a cost structure of 150 Euro for driver and vehicle for each day of operation plus 0.50
Euro per kilometer for direct expenses related to distance such as fuel and toll costs. With this
cost structure and the adaptations described in Section 8, we reran the previous set of experiments
for the EU (Standard) rule set.

Table 12 shows the results of the new experiments. The first column indicates the name of the
instance, the following columns show the minimal costs of the solutions obtained in the previous
experiment, and the last columns show the costs of the solutions obtained by the exact approach.
The last rows show the average costs over all instances and the relative cost reduction compared
to the costs of the solutions obtained when using total travel distance as the optimization goal.
It must be noted that the additional resource label [P°#™" weakens dominance and thus, causes
additional computation effort when trying to minimize daily wages. Therefore, only a small share of
the instances was solved to optimality within the runtime limit of one hour. For those instances, for
which no optimal solution is found within the runtime limit, the costs of the best solutions found
are shown. We can see that around 4 percent can be saved by using the cost minimization goal
when optimizing routes. As only a few instances are solved to optimality when trying to minimize

costs, the actual cost savings can be expected to be higher than the reported cost difference.

9.4. Impact on road safety

To understand the impact of the night work provisions on road safety, we used the fatigue and
risk index calculator available from Health and Safety Executive (2006) to analyze the relative
accident risk of the solutions obtained for experiments with different night time durations. The
indices represent the estimated relative accident risk and an index of two represents a twice as high

average accident risk as an index of one.
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Distance minimization Cost minimization
Instance 20.00h-7.00h  23.00h-6.00h 0.00h-4.00h | 20.00h-7.00h 23.00h-6.00h 0.00h-4.00h
TDS_C101 3438.17 3438.17 3438.17 3438.17 3438.17 3313.75
TDS_C102 3280.58 3280.58 3280.58 3084.33 2970.58 2983.33
TDS_C103 3280.58 3280.58 3130.58 2984.58 2850.33 2892.92
TDS_C104 3106.67 3106.67 2806.67 2817.58 2625.58 2476.83
TDS_C105 3438.17 3438.17 3438.17 3313.75 3163.75 3163.75
TDS_C106 3438.17 3438.17 3438.17 3438.17 3438.17 3313.75
TDS_C107 3438.17 3438.17 3438.17 3163.75 2961.83 2961.83
TDS_C108 3438.17 3428.25 3278.25 2961.83 3017.83 2930.25
TDS_C109 2964.83 2664.83 2664.83 2633.25 2629.08 2598.75
TDS_C201 4618.92 4076.42 3371.50 4618.92 3680.08 3271.08
TDS_C202 3702.25 3447.83 3024.83 3702.25 3447.83 2924.42
TDS_C203 3390.08 3049.33 3024.83 3390.08 2982.17 2950.67
TDS_C204 2819.92 2874.83 2873.08 2669.92 2801.83 2769.17
TDS_C205 3371.50 2850.92 2850.92 3361.50 2850.92 2850.92
TDS_C206 2850.92 2850.92 2850.92 2850.92 2850.92 2850.92
TDS_C207 2849.17 2849.17 2849.17 2849.17 2849.17 2700.92
TDS_C208 2850.92 2849.17 2849.17 2850.92 2849.17 2849.17
TDS_R101 7629.08 7137.25 6903.25 7629.08 7078.17 6742.67
TDS_R102 6852.42 6306.92 5956.75 6680.75 5939.67 5867.92
TDS_R103 5298.00 5122.92 5410.67 5154.92 4869.58 4869.58
TDS_R104 4626.42 4476.42 4476.42 4436.08 4348.00 4362.42
TDS_R105 6002.25 5795.08 5617.17 5656.67 5312.33 5300.75
TDS_R106 5275.25 4949.58 4949.58 4965.83 4876.58 4834.50
TDS_R107 4757.58 4757.58 4607.58 4611.67 4571.92 4421.92
TDS_R108 4465.92 3961.67 3952.92 4337.50 3910.83 3902.08
TDS_R109 5020.17 4998.58 4671.75 4878.83 4726.58 4532.25
TDS_R110 4191.58 4041.58 4041.58 4191.58 4041.58 3928.33
TDS_R111 4859.17 4709.17 4559.17 4605.17 4523.50 4373.50
TDS_R112 4098.25 3767.33 3767.33 4006.00 3767.33 3767.33
TDS_R201 6257.25 6243.83 6225.17 5963.00 5963.00 5894.08
TDS_R202 5900.83 5374.42 5374.42 5306.50 4860.17 4860.17
TDS_R203 4934.42 4757.58 4904.08 4783.75 4632.58 4632.58
TDS_R204 4161.83 4161.83 4161.83 4041.00 3975.58 4041.00
TDS_R205 5589.75 5289.75 5170.17 5297.75 5062.08 4907.50
TDS_R206 4949.58 4942.00 4892.42 4825.75 4825.75 4762.67
TDS_R207 4904.08 4842.83 4513.67 4413.17 4585.92 4412.08
TDS_R208 3950.00 3945.92 3795.92 3895.08 3895.08 3795.92
TDS_R209 4836.42 4686.42 4536.42 4544.58 4493.17 4387.00
TDS_R210 5152.08 4982.25 4982.25 4732.33 4709.00 4636.08
TDS_R211 3808.17 3808.17 3808.17 3808.17 3808.17 3808.17
TDS_RC101 4618.83 4461.25 4607.75 4618.83 4461.25 4347.42
TDS_RC102 4470.67 4307.83 4451.42 4324.75 4161.92 4024.75
TDS_RC103 4389.58 4239.58 4089.58 4100.08 3955.33 3943.67
TDS_RC104 4348.25 4198.25 3898.25 3949.00 3685.17 3641.42
TDS_RC105 4616.58 4443.25 4443.25 4378.42 4218.50 4218.50
TDS_RC106 4019.00 4019.00 3842.75 3877.17 3877.17 3842.75
TDS_RC107 3424.33 3424.33 3424.33 3424.33 3424.33 3424.33
TDS_RC108 3411.50 3411.50 3411.50 3411.50 3411.50 3411.50
TDS_RC201 5113.75 5103.83 5089.25 5113.75 5103.83 5089.25
TDS_RC202 4927.08 4917.17 4902.58 4631.17 4534.25 4477.67
TDS_RC203 4697.17 4689.58 4689.58 4255.33 4255.33 4255.33
TDS_RC204 4511.08 4498.25 4498.25 3959.92 4058.58 3941.25
TDS_RC205 4631.17 4616.58 4616.58 4631.17 4616.58 4441.42
TDS_RC206 4488.75 4450.83 4276.92 4428.00 4390.08 4276.92
TDS_RC207 3738.33 3738.33 3738.33 3738.33 3738.33 3738.33
TDS_RC208 3587.17 3254.50 3411.50 3451.17 3254.50 3411.50
Average 4335.55 4199.92 4129.97 4164.06 4023.76 3952.30
-3.96% -4.19% -4.30%

Table 12 Costs
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Figure 4 Impact of night time definitions on resulting risks

Figure 4 shows the average risk indices for the solutions obtained for the different night time
definitions in Europe. Although, Austria has a night time definition of only fours hours duration,
Austria also has a general ban on night driving between 22.00h and 5.00h for heavy goods vehicles
(International Road Transport Union 2016a) and is thus shown with the other countries having
a night time definition of seven hours. The risk indices shown in the figure are normalized to the
average risk associated to routes and schedules obtained when solving the benchmark instances
without considering the night work provisions. We can see that risk indices are significantly lower
for all national regulations compared to the case where the routes and schedules are optimized
without considering night time provision. We can thus conclude that the night work provisions are
effective in reducing accident risk. Furthermore, we can see that for night time durations of seven or
eight hours, the risk is approximately 3 percent smaller than for the shortest night time definitions
allowed by the directive. With a night time definition of ten hours duration, Belgium appears to
have the by far safest regulations in Europe. The previously used scenario of a carrier who plans
using a night time definition which includes all night time definitions found in Europe, will have
a 10 percent lower average risk as a carrier who plans using the shortest night time definitions of

just four hours.

10. Conclusions
This paper studies legal aspect in road freight transport optimization and reviews relevant regu-

lations. We identify a major gap in the current state-of-the-art in vehicle routing for truck drivers
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in the European Union, i.e., that night work provisions of the Road Transport Working Time
Directive have been neglected in all approaches presented so far.

We present an approach for determining whether a truck driver schedule complies with all rele-
vant regulations and propose a scheduling approach for generating compliant schedules for a given
route. Computational experiments using our scheduling approach reveal that a large share of the
routes generated with previously presented approaches cannot be performed without night work
and would be infeasible in practice.

When explicitly considering the night work provisions of the Road Transport Working Time
Directive, our approach can solve vehicle routing problems with only moderately higher distance
compared to solutions generated ignoring the directive. Our experiments show that transport com-
panies can only slightly improve routes by exploiting the possibility of extending the daily driving
time to ten hours and reducing the rest duration to nine hours. This managerial insight contradicts
previous results reported for experiments ignorant of the night work provisions of the Road Trans-
port Working Time Directive. Furthermore, we showed that considering the night work provisions
is beneficial from an algorithmic performance point of view with solutions found up to 4.5 times
faster.

We propose a new objective for optimizing routes and schedules based on mileage and labor costs
related to working days, rather than on mileage or route duration alone. By using this objective,
total transportation costs can be reduced by approximately 4 percent.

Lastly, we compare the different national implementations of the Road Transport Working Time
Directive and show that longer night time definitions induce a significant reduction of fatigue-
related accident risks. Given that in the European Union there are around 4000 fatalities a year
in accidents with heavy goods vehicles (European Transport Safety Council 2017) and that driver
fatigue is a significant factor in approximately 20 percent of commercial road transport crashes
(European Transport Safety Council 2001), this insight should be of high relevance for policy

makers concerned with road safety.
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Appendix

This appendix provides the technical background for the approach presented in Section 6. On a trip
between two customer locations n and m, a truck driver can conduct any sequence of driving and
off-duty activities. The total driving time must match the total driving time d,,,, required between

n and m before customer location m is visited.

dayrest
A
drive nightrest
A A
trip visit
nm fm
n > >
rest|1st idle
rest] i
break break|1st
A A

Figure 5 REFs used along the route segment from n to m

As illustrated in Figure 5, any trip begins with an initialization of the trip distance by REF frip
and ends with the visit of customer ,m for which REF f¥it is used. Between the start of the trip
and the visit of customer location m, a driver can perform any sequence of driving and off-duty
activities represented by the arcs which start and end at the intermediate node.

For any two labels [; and Il with [; < ly, we have f(l;) = f(lo) for each REF f €

{trip drive pdayrest pnightrest prest|lst break break|1st idle fvisit
» JA ’

RSN 5 O DN A A s A , fusitl ie. the REFs are non-decreasing.

Thus, we can state the following proposition:

Proposition 1 Let Iy and I, be resource labels at the same node. If 1| <1y, then any feasible

extension of ly corresponds to a feasible extension of Iy, hence, I, dominates I5.

Proof: First, let us note that I, < I, implies that [J'¥" = [J&" hecause [ < [fime and
[iatest > Jlatest " For all REFs except for f91ve it is easy to see that f(I;) is feasible if f(l,) is feasible.
Furtherrnore, we have f(ll) j f(lz) fOI' f c {ff;inp7fgayrest’ IAlightrest’ Xsstllst7 greak’ greak\lst’ Xﬂe,

fusit) If fdrive(],) is feasible then firiinv{ozgfip,a.}(ll) is also feasible and firiinv{ozgfip,a.}(ll) =< farive([,).
QED.

Because of Proposition 1, we can reduce the number of paths between node n and m that need

to be considered drastically. First, we have

L= fR0) (6)
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and therefore know that REF fid® is not required. Note, that a schedule may still contain idle time,
however, this idle time would be implicitly added by REF f¥i* if the customer is reached before
the opening of the time window and the duration of the last rest period cannot be sufficiently
extended.

Furthermore, we have

fmeh (1) = ) (7a)
SR D) < F) ()
frfa = g (7c)
FEk@) = S5 (7d)
frrin ) < grmhe ), (7e)

Thus, all off-duty periods can be scheduled with the minimum duration required by the regulation.

Using the same REF multiple times after another may only be relevant for frightrest hecause of

fAlJrAz (l) — ng OfA1 (l) for all f c {fdrive,fdayrest’frest|1st’fbreak’ fbreak\lst}. (8)

Furthermore, we have

nlghtrebt(l) mghtrest o fAl (l) for all f c {fdayrest’ frest|1st’ fbreak7 fbreak\lst} (9&)
dayrest(l) daYYESt o fA1 (l) for all f c {frestllst7 fbreak, fbreak\lst} (gb)
rest\lst(l) rest\lst o fAl (l) for all f e {fbreak, fbreak|lst} (9C)

break(l) bredk fbreak|lst( ) (9d)
and
fnlghtrest(l) _< fA2 o nlghtrebt(l) fOI' all f c {fdayrest’fbreak} (10&)
fdayrebt (l) fbrcak dayrest (l) (10b)
frcst|1st(l) < fgr;akofg)ft‘lst(l)- (10C)

Thus, the only reasonable combinations of subsequent off-duty periods are frestilst o fnightrest

frest|lst o fdayrest, fbreak|1st ° fnightrest) fbreak|1st ° Jl‘dayrest7 fbreak|lst ° frest|1st7 and fnightrest o fnightrest.
Furthermore, fdavrest  frest/ist = gbreak = fbreak|lst apq fbreakllst ar6 opnly used if the completion time of
the resulting label is smaller than the beginning of the next night, because a night rest would have

to follow otherwise.
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For any value A >0 we have

iﬁZEO,A—Al} ©go fiﬁiﬁl{cA,Al}(l) = fiﬂvc og(l) (11)

where g represents any sequence of REFs not including f9"¢ and fV®* and A, is the maximum
driving duration given by (1). Therefore, we can assume that a driving period of duration A, is

always scheduled if " >0 and A; > 0. As we have
PRI o 1) = o FH ), (12)

there is no need to schedule the first part of a break before arriving the next customer location.

After every rest period we have A; > 0. Thus, no paths have to be considered containing the
Subsequencesfrest\lst o fnightrest’ frest\lst o fdayrest7 and fnightrest o fnightrest before arrival at the next
location, i.e. if I*'P > 0.

Lastly, if """ =0 and [*"™¢ > ¢ we have

fA Of;:Sit(l) j f;lisit o fA(l) fOI‘ all f c {fnightrest7fdayrest’frest|lst,fbreak’ fbreak\lst}. (13)

Thus, if f¥51%(]) is feasible and [*"™° > ¢ there is no benefit in scheduling any other activity before
the service.

Because of the above observations, we can use the network shown in Figure 3 to find a feasible
schedule. A big advantage in this network, is that for each REF corresponding to an off-duty period
we can use the minimum duration given by the regulation, and for REF fa'V°, we can choose the
parameter A = min{/*"P, A;}. Thus, a schedule for a given tour can be found by starting with

an initial resource label, extending this label in all possible ways in the network, and deleting all

dominated labels, to avoid unnecessary computational overhead.
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