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Abstract

This paper studies the problem of scheduling working hours of team drivers in European road
freight transport where a sequence of A locations shall be visited within given time windows.
Since April 2007 working hours of truck drivers in the European Union must comply with regu-
lation (EC) No 561/2006. These regulations impose standard limits on the daily driving times of
truck drivers and extended daily limits that may only be used twice a week for each driver. We
present a depth-first-breadth-second search method which can find a feasible schedule complying
with standard daily driving time limits in O()\Q) time, if such a schedule exists. Furthermore,
we show that this method can also be used to find schedules complying with regulation (EC) No

561/2006 if daily driving times may exceed the standard limit.
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1 Introduction

The European Transport Safety Council estimates that driver fatigue is a significant factor in approxi-
mately twenty per cent of commercial road transport crashes and reports that one out of two long haul
drivers has fallen asleep while driving. To improve road safety and working conditions of drivers,
the European Parliament and the Council of the European Union have adopted regulation (EC) No
561/2006 laying down provisions concerning driving and working hours of drivers in road transport.
This regulation entered into force in April 2007 and applies to drivers of vehicles with a total mass
of at least 3.5 tonnes and vehicles constructed to carry more than nine persons. According to the new
regulation, road transport undertakings can be made liable for infringements committed by drivers.
Neglecting regulatory constraints when scheduling driving and working hours of drivers may lead to
infringements and/or delayed arrival times due to required breaks and rest periods that have not been
scheduled. Consequently, road transport undertakings must ensure that truck driver schedules comply
with regulation (EC) No 561/2006.

Scheduling working hours of truck drivers differs significantly from airline crew scheduling and
driver scheduling in rail transport or mass transit systems which are covered by a comprehensive
annotated bibliography by Ernst et al. (2004). The difference stems from the fact that in road freight
transportation it is usually possible to interrupt transportation services in order to take compulsory
breaks and rest periods. Furthermore, time constraints in road freight transport are usually not as
strict and departure and arrival times can often be scheduled with some degree of freedom.

Perhaps the first work considering a combined vehicle routing and truck driver scheduling prob-
lem is the work by Savelsbergh and Sol (1998), who consider a problem in which lunch breaks and
night breaks must be taken within fixed time intervals. The first work explicitly considering working
hour regulations imposed by government agencies is the work of Xu et al. (2003). They conjecture
that determining a minimal cost truck driver schedule complying with U.S. hours of service regula-
tions is NP-hard in the presence of multiple time windows. Archetti and Savelsbergh (2009) present
an algorithm for scheduling driving and working hours of truck drivers in the presence of single time
windows and U.S. hours of service regulations. They prove that their algorithm finds a feasible truck
driver schedule for a sequence of A locations to be visited within single time windows in O(\?) time

if one exists. They conclude that the conjecture made by Xu et al. (2003) may not be true. Goel
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and Kok (2009) present more efficient algorithms which are able to find feasible truck driver sched-
ules in O(\?) time. Although restrictions imposed by U.S. hours of service regulations share some
similarities with European legislation for team drivers, there are several differences. For example,
European legislation requires that a new daily rest period is completed within 30 hours after the end
of the last rest period. Furthermore, U.S. regulations do not allow to exceed the standard limit on the
daily driving time. Thus, the methods developed by Archetti and Savelsbergh (2009) and Goel and
Kok (2009) cannot be used for the European case.

European Union regulations for driving and working hours of truck drivers are receiving increas-
ing attention because motor carriers and shippers can be made liable for infringement committed by
the drivers. Goel (2009a), Kok et al. (2009), and Goel (2009¢) present methods for generating truck
driver schedules for vehicles manned by a single driver. Goel (2009b) studies the scheduling problem
for team truck drivers in the European Union focussing on the standard driving time limit imposed by
European regulation. Goel (2009b) identifies some structural properties of the truck driver scheduling
problem and presents a depth-first search algorithm. This paper shows that by carefully exploring the
search space the truck driver scheduling problem can be solved in O(\?) time. Furthermore, we show
that the case where team drivers may exceed standard daily driving time limits can be tackled without
increasing the complexity.

The remainder of this paper is organised as follows. Section 2 describes the driving hour regula-
tions for team drivers in the European Union. Section 3 introduces the truck driver scheduling prob-
lem and some definitions required throughout this paper. Section 4 presents an enumeration method
for determining truck driver schedules in a so-called normal form. Section 5 presents a depth-first-
breadth-second search method which can find a schedule complying with standard daily driving time
limit in O(\?) time if one exists. Section 6 shows that the depth-first-breadth-second search can also
be used to find schedules complying with regulation (EC) No 561/2006 if standard daily driving time

limits may be exceeded. Section 7 concludes this paper.
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2 Regulation (EC) No 561/2006

This section describes relevant provisions of regulation (EC) No 561/2006 for vehicles continuously
manned by two drivers. Regulation (EC) No 561/2006 distinguishes between four driver activities:
rest periods, breaks, driving time, and other work. Rest periods are periods of at least 9 hours during
which drivers may freely dispose of their time. During rest periods, the vehicle must remain station-
ary, implying that both drivers must take their rest period simultaneously. Breaks are short periods
exclusively used for recuperation, during which a driver may not carry out any work. During break
periods, the vehicle does not have to remain stationary and one driver may take a break while the
other is driving. Driving time refers to the time during which a driver is operating a vehicle and in-
cludes any time during which the vehicle is temporarily stationary due to reasons related to driving,
e.g. traffic jams. Other work refers to any work except for driving and includes time spent for loading
or unloading, cleaning and technical maintenance, customs, etc.

According to regulation (EC) No 561/2006, a daily rest periods of 9 hours must be completed
within 30 hours after the end of the previous rest period. The standard set of rules constrains the ac-
cumulated driving time of each driver between two consecutive rest periods to at most 9 hours. Thus,
the accumulated driving time of both drivers is limited to 18 hours. Twice a week, however, each
driver may drive up to at most ten hours between two consecutive rest periods. Thus, the accumulated
driving time of both drivers is limited to 18 hours if no driver makes use of extended driving times,
to 19 hours if one of the drivers makes use of extended driving times, and to 20 hours if both drivers

make use of extended driving times.

BREAK BREAK
BREAK BREAK

41n 41n 41n 41h h

Figure 1: Driving times, breaks, and rest periods for vehicles manned by two drivers

As illustrated in Figure 1, regulation (EC) No 561/2006 has a big influence on total travel times
since a big part of total travel times results from periods in which the vehicle is not moving. In this

paper, we consider a planning horizon of one week and assume that limits on the weekly amount of
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driving and working are complied with. A full description of the regulation including limits on the

weekly amount of driving and working can be found in European Union (2006).

3 The Truck Driver Scheduling Problem

Let us consider a sequence of locations denoted by 71, ng, ..., ny which shall be visited by a double
manned vehicle. At each location n,, some stationary work of duration wy, shall be conducted.
This work shall begin within a time window denoted by 7),,. We assume that n; corresponds to
the vehicle’s location at time zero and that drivers complete their work week after finishing work at
location n. The driving time required for moving from node n,, to node n,1 shall be denoted by
O i1

The truck driver scheduling problem is the problem of scheduling driving, working, and rest
periods in such a way that all locations are visited within the given time windows and that driving and
working hours of the truck drivers comply with applicable legislation.

Let us denote with DRIVE any period of consecutive driving, with WORK any period of work
during which the drivers are not driving, with REST any rest period of at least 9 hours, and with
IDLE any other period which is neither regarded as driving, work, or rest period.

Throughout this paper, we assume that at the beginning of the planning horizon both drivers return
from a rest period long enough, such that previous activities have no effect on the amount of driving
and working within the planning horizon. In the case where drivers must not take extended daily

driving times, the following parameters are given by the regulation:
e The minimum duration of a rest period is " := 9 hours

e The maximum time after the end of the previous rest period after which a new daily rest period

must be completed is t9% := 30 hours

e The maximum accumulated driving time of both drivers between two rest periods is 1" :=

18 hours

The general case in which daily driving times may exceed the standard limits is covered in Section 6.
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A schedule can be specified by a sequence of activities to be performed by the drivers. Let
A = {a = (a¥, a""eM) | a¥P¢ ¢ {DRIVE,WORK,REST, IDLE}, a"*"" > (0} denote the set of

activities that may be scheduled. Let «.» be an operator that concatenates different activities. Thus,

aj.az. ... .aydenotes a schedule in which foreachi € {1,2,...,k— 1} activity a;4 is performed
immediately after activity a;. For a given schedule s := aj.as. ... .apandi,j € {1,2,... k} let
8;j = @;.Q;+1. ... -a; denote the partial schedule composed of activities a; to a;. Unless otherwise

stated, in the remainder of this paper, we assume that a; to aj denote the activities of a schedule s,
i.e. we assume that s = aj.a2. ... .ay.

For the ease of notation and without loss of generality, we assume that each schedule begins with a
rest period and that min 7},, > ¢"*. Let us now define some properties of a schedule s = a1.as.
.aj. For this, let i := max{i’ | 1 < i’ < k,a;” = REST} denote the index of the last rest period in

the schedule.

e The completion time of the work plan is

end ,__ length
15 = g a;

1<j<k

e The accumulated driving time since the last rest period is

daily .__ length
I = E a;

i<j<k
a‘jype:DRIVE

e The time of completion of the last daily rest period is

last_rest .__ jend
jlastrest — pen

With this notation we can now give a definition for feasible truck driver schedules for a tour
0 := (n1,...,ny). Let us consider a sequence of activities ay, as, . .., ar which contains exactly A
stationary work periods. Let us denote with (1) the index corresponding to the pth stationary work
period, i.e. a;(,,) corresponds to work performed at location 7,,. Forany 1 < i < k with ;™ = WORK

let us denote with n (i) the respective location in tour 6, i.e. n(i(p)) = ny.



O J oUW

OO UG GGG OTOT R B BB BB DRDEDAEDNWWWWWWWWWWNNNNNNNNNNR R e e
GRWNRFRPFOOVW®OJIdNNEWNROW®®JdANUTAWNROWOO AT EWNRFROWOW®O-JdJAURWNROW®OW-LTOUAWNR O W

Definition A schedule s = aj.as. ... .ay is a feasible schedule for tour 6 := (ny, na,...,ny) if
and only if
Z 1=X\ and Z a;.ength = Z a;e“gth (1)
1<j<k i(1) <5 <i(N) 1<j<k
af,}-ype:WURK a"¥YP¢ —pRIVE a‘jype:DRIVE
length
ie(';f;t = wy,, foreach p € {1,2,..., A} )
lg’l‘i(“)il € Ty, foreach p € {1,2,..., A} 3)
> a™ =6, 4 foreach p e {1,2,..., A1} 4)
i(p)<j<i(p+1)

P =pRIvE

zggije < ¢9ve foreach 1 < i < k (5)
af™" > ¢ for each 1 < i < k with a® = REST ©)
119 4 grest < pstrest 49 for each 1 < 4 < k with a7 # REST 7

Condition (1) demands that the work plan contains exactly \ stationary work periods and that all
driving activities are scheduled between the first and the last stationary work period. Condition (2)
demands that the duration of the uth work activity matches the specified work duration at location
n,. Condition (3) demands that each work activity begins within the given time window. Condition
(4) demands that the accumulated driving time between two work activities matches the driving time
required to move from one location to the other. Conditions (5) and (6) guarantee that daily driving
time limits are not exceeded and that the duration of rest periods is long enough to start a new working
day. Condition (7) guarantees that a rest period of at least 9 hours is completed 30 hours after the end
of the previous rest period.

Because of condition (7) it may be required that rest periods of more than 9 hours duration have
to be taken. Otherwise, the time between the completion of two subsequent rest periods may exceed
the 30 hour limit. Let us now introduce the concept of pseudo-feasibility which allows us to restrict
our search to schedules in which each rest period has a duration of ¢*'. For any partial schedule

Sij = @;-Qj41. ... .Qj let

slack . length
lsi’j = g a,

i<l <j
aP°—1pLE
k2
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denote the accumulated slack time. Given a schedule s = aj.as. ... .ap and some 1 < 7 < k
with ¢ = REST, we know that [{% is the maximum amount of time by which the rest period
may be extended without increasing the completion time. For each 1 < ¢ < k with atiyp ® — WORK,

end

we know that max T, ;) — (5]

, 18 the maximum amount by which the start of the work period can
be postponed without violating time window constraints. Thus, the maximum amount by which the
duration of the last rest period in schedule s may be extended without increasing the completion time

or violating time window constraints is

extend ,__ : slack : slack . __gend
l; = mln{lsi’k, min {lsi’]. + max T;,(;) — ! }}

i<j<k S1,j—1
a‘].ype:wakk
where i = max {7 | 1 <4 < k,a?pe = REST}. We can now define criteria for pseudo-feasible
schedules.
Definition The schedule s = aj.a2. ... .ay is a pseudo-feasible schedule for tour @ if and only if
(1) - (6) and

190 4 ¢ < st gend 4 for each 1 < i < k with @)™ # REST (7)

Goel (2009b) shows that the problem of finding a feasible schedule for a given tour can be replaced
by the problem of finding a pseudo-feasible schedule for the tour, and that each pseudo-feasible
schedule for a tour # can be transformed into a feasible schedule for tour §. The normal form for
schedules provided by Goel (2009b) allows us to restrict the search space in such a way that it can be

efficiently explored.

Definition A pseudo-feasible schedule s = aj.as. ... .ay foratour @ is in normal form if and only

ifforeachl < <k

t t t t
a;™ = af} = o™ = a’f} = WORK (ND)
™ = IDLE = a;'F} = WORK (N2)
™ =REST and af] = DRIVE = [dive — ¢drive o N3)
I, = IS e
type IDLE length inT lend N4
a; = = a,; = min n(i+1) — $1,i-1 ( )
a;ype — REST — aiength _ 2erest (NS)
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(N1) demands that two consecutive activities are of different type unless they are working ac-
tivities. If (N1) is violated we can simply merge two consecutive activities of the same type. (N2)
demands that idle periods are only scheduled immediately before work periods. If (N2) is violated we
can switch the positions of the idle period and the following activity. (N3) demands that a rest period
which is followed by a driving period is only scheduled if no additional driving activity could have
been scheduled before the rest. If (N3) is violated we can schedule a part of the following driving
activity before the rest. (N4) and (N5) demand that the duration of all idle and rest periods is as short
as possible. If either of the conditions is violated we can reduce the length of that period.

Goel (2009b) shows that each pseudo-feasible schedule can be converted into a pseudo-feasible
schedule in normal form. Thus, the truck driver scheduling problem can be reduced to the problem of

finding pseudo-feasible schedules in normal form.

4 Enumeration

This section presents a method for determining all pseudo-feasible schedules in normal form. The trip
calculation method illustrated in Figure 2 can be used to determine the activities to be performed to
reach the next destination. The trip calculation first determines the maximum amount of driving until
either the next destination is reached or a rest period must be scheduled. Then a driving activity is
appended to the schedule. If the next destination is not yet reached a rest period is scheduled and the
trip calculation method determines the duration of the next driving period. This process is continued
until the next destination is reached.

We can now enumerate all pseudo-feasible schedules in normal form as follows. Let us set A, :=
() and B, := {(REST, t"*").(IDLE, min 7}, — ¢"*").(WORK, wy, )}. For any partial schedule s let us
denote with p(s) the output of the trip calculation method illustrated in Figure 2. Foreach 1 < p < A

let

An,yr = { p(5).(WORK, wy,,, ) | 8 € A, UBp,, IS € Ty } U

{ p(s).(IDLE,min T}, ., — l;r(‘g)).(woﬁK, W, 1) | s € An, UBy,, l;‘gg) <minT,,,}

pt1

and

Aﬂ;ﬁ—l — {S c Any+1 | lgnd +trest < lLaerest + lgxtend +tday}
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(A = mm{& t«lnvo _ l;lnvc. lLaat rest + lgxtond + trlay _ trost _ Z:ml})

[else]

[A>0]
¥

s < s.(DRIVE, A)
d—0—A

&[6:0}»@

[else]

!
( s « s.(REST, t'") )7

Figure 2: Trip calculation method

and

an—l — {p(S).(REST,treSt)'(WDR’K’ wn#_H) ‘ s € ‘Anu U anl I(lg) 4 prest ¢ Tan_I} U

€
P
— o4 — ¢t (WORK, wy,,,,) | $ € Ap, UBy,,

{ p(s).(REST, ¢"").(IDLE, min T, o

pt1

l;‘(“;) + 't < minTy,,,, }.

and
B

= {8 c Bn | lgnd + trest S lLast_rest + lzxtend + tday}

Nu+1 1

Lemma 1 For each 1 < g < A the set of all pseudo-feasible schedules in normal form for tour

Op = (n1,...,n,)is Ap, UB,,.

Proof. For ;1 = 1 the schedule s € B,,, is the only pseudo-feasible schedule in normal form. Assume
the statement is true for some © < A. We show that the statement holds for p < p + 1. First,
note that each pseudo-feasible schedule in normal form for 6,1 must be an extension of a pseudo-

UB

feasible schedule in normal form for 6,,. Thus, A i1

N1 only contains feasible extensions of
schedules in A, U B,,,. Because of the normality conditions we know that idle periods are taken
as late and as short as possible and that driving periods are taken as early as possible. Rest periods

are only taken when required to continue driving or after arriving at the next customer location.

10
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Thus, any pseudo-feasible schedule in normal form for tour 6,41 which starts with a partial schedule
s € Ay, U By, must continue with the activities determined by the trip calculation method until

location 7,41 is reached. If l;‘(‘g) < minT,, , then p(s) must continue with an idle period of

pt1
minimum duration or a rest period. In the latter case, the rest period may be succeeded by an idle
period of minimum length until the time window opens. After that, the next work period must be
scheduled. If l;’(‘g) > minT),
In the latter case, the rest period must be succeeded by the next work period. Thus, A

then p(s) must continue with the next work period or a rest period.

UB

pt1

Mp+1 Mp+1

contains all pseudo-feasible schedules in normal form for tour ,,,1. By definition all schedules in

A,  UB

are pseudo-feasible and in normal form. O

Tp+1 Mp+1

Generating all pseudo-feasible schedules in normal form results in a search tree with up to 22!

leaves. In general, it is not efficient to completely enumerate the tree. In order to efficiently solve the
truck driver scheduling problem we need to constrain the number of schedules which may be part of
a solution. Let S(6) denote the set of pseudo-feasible schedules for a tour 6 := (nq,ng,...,n)) and
for any schedule s let

S0,s) :={5]s5€S)}
denote the set of schedules § for which s.3 is a pseudo-feasible schedule for tour 6.

Definition Let§ := (ny,n,...,ny)andforeach 1 <y < Alet6, := (n1,n2,...,n,). Aschedule

s' € 8(0,) dominates s" € S(0,,) if some schedule 5 exists such that
5.5€8(0,s) forall $ € S(0,s").

Thus, if s” is dominated by s’ we know that for any 3 for which s” .5 is a pseudo-feasible schedule
for tour 6 there exists a schedule 5 for which s'.5.5 is a pseudo-feasible schedule for tour 6. Thus, it
suffices to search for schedules in S(6, s”) and we do not need to consider the dominated schedule s”

in our search for a feasible schedule for 6.

Lemma 2 Schedule s’ € S(6,,) dominates s” € S(6,,) if
lgr)d < lz?/d and l;l/rive < l;l/rlive and llse)stfrest + l?tend > l?ftﬁrest + lz)/(/tcnd

Proof. §:= (IDLE, %% — (1) if 7Y < (09, and § := () otherwise. O

11
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Lemma 3 A schedule s’ € B,,, dominates all other schedules s” € A,,, U B, with {14 < %9,

Proof. For each s' € B,,, we have [ = 0 and lls"}sue“ 4 pextend = epd — g, L IF 1S9 = 199 then

conditions of Lemma 2 are satisfied. Otherwise, § := (IDLE, [*}¢ — [<19), O

sy bgr

With these dominance criteria we do not need to enumerate the complete search tree because

many branches will not be required in our search for a feasible schedule.

S Depth-First-Breadth-Second Search

In this section we present a depth-first-breadth-second search (DFBSS) algorithm which uses the
dominance criteria given in the previous section to cut off branches corresponding to dominated
schedules. Figure 3 illustrates this algorithm. The DFBSS begins with initialising foreach 1 < p < A
the set S, of already known pseudo-feasible schedules in normal form for tour 6,,, and the set S:m
of schedules for tour ¢, which have already been selected as input for the trip calculation method.
The set S, is uniquely determined. All other sets are empty at the beginning of the algorithm. The
algorithm begins iterating with ;1 = 1. Among all schedules in S,,, which have not yet been selected
the algorithm selects the schedule s with earliest completion time. This schedule is included to the set
S;“ of already selected schedules and used by the trip calculation method. The set Sy, ,, of known
solutions for tour 6,1 is now updated by adding up to two schedules obtained by taking the solution
p(s) and adding a work period at the earliest possible time or adding a work period at the earliest
possible time after completion of an additional rest period. After this update some of the schedules in
Sh, 4, may be dominated and can be removed. The DFBSS increments y and continues with the next
schedule in S, \S;;H. If no such schedule exists, p is reduced to the smallest value for which such a
schedule exists. The algorithm terminates when the first schedule in Sy, is found or it = A.

In order to find an upper bound on the number of iterations performed by the DFBSS let us first
give an upper bound on the number of schedules in S, , \ S;ZM, foreach 1 < p/ < A, ie. the
number of schedules determined by the search whose branches are not yet explored when traversing

the reference point in Figure 3.

Lemma 4 At the reference point in Figure 3 we have |S, , \'S; | < 1foreach 1 < p' <A
s "

12
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S;‘/l =0forall 1 <pu<A\
=1

$\\[\/{ =

l

S, = {(REST, ¢'*").(IDLE, min 7,,, — t**!).(WORK, w,,,) }
Sy, =0 forall 1 <p<A

< A R
gf Reference point

Choose s € 5, \ S, with
lf;“d < l;‘}‘d for all s’ € Snﬂ \S,’,‘“

C S, S, U{s)

{n(s)-(
{n(s)(
{n(s).(
{n(s)-(

p(s)-(WORK, wy,,,,) | 15 € Ty, } U

IDLE,minT, ,, — lf,l(ff)).(woRK, W) | lg;{;*) <minT,,,,} U
REST, t"").(WORK, w,,,,) | IS99 + ' € T,, ,,} U

Y1

— 10 — %) (WORK, wy,,,,,) | 158 + ¢ < minT;,  }

!

CS”;LH - S”;H»l U{S c S‘ | lgll(l+tlcst < lkxbt,x‘cst+l§xtcnd+tday})

!

( Remove dominated schedules from S,

)

M+l
pe—p+1

O— 5,40 —@

[else]

[else]

S, \ St = 0]

ny

[else]

¥
(= mindi! | 5, \ 55, #0V 4 = 2})

Figure 3: Depth-first-breadth-second search

13
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Proof. We will first show another property of the DFBSS. In the beginning of the DFBSS we have
An,NSn, \S:;u, = () foreach 1 < p/ < \. In each iteration of the search at most two new schedules

and at most one is

ns

Mp+1

are included into the set S, At most one of these two schedules is in A

Mput1e Mpt1
in B

IS, \S;, ., # 0 either the new schedule in A or a schedule in B3

Nu+1- Tp+1 Mp+1

is chosen in the next step and inserted to S;M oy If a schedule in B ns, is chosen, either

Nu+1 ut1

was included into the set S

no schedule in A g1

Nug1 or the schedule is dominated by the chosen

is included in S, it is either

schedule and removed. Thus, each time a new schedule in A Myt

Mp+1

included into §; | in the next iteration or immediately removed because the schedule is dominated

by a schedule in B Therefore, each time the reference point is passed 'A"M N S”u’ \ S,’;M/ =10

Tp+1

foreach 1 < p/ < A\
Because of Lemma 3 we know that after removing dominated schedules |Bn“, N Sn#, \ S:;u, | <1

for each 1 < u/ < \. Thus, combining these two properties we know that each time the reference

point is passed ‘S“u’ \ST*LM,| <1foreachl < p/ <\ O
Lemma 5 The DFBSS algorithm terminates after at most %)\2 — %/\ iterations.

Proof. Let ' denote the value of ;. at the ith time the reference point is passed. The search iterates

at most A — p’ times before passing the reference point again. Because of Lemma 4 we know that

each time after passing the reference point the only schedule in Sn#i \'S;; . is chosen and included to
i

S’ . Thus, ' < p'*! and the DFBSS algorithm terminates after at most
ut

Y 0-w=2070

2
1<p<

iterations. ]

6 Extended Daily Driving Times

So far we have only considered the standard limit on daily driving times. This section shows how the
method presented in the previous section can be used for the case where the combined daily driving
time may exceed the standard limit. Twice a week each driver may exceed the standard daily driving

time of 9 hours and may drive for up to at most 10 hours. As we only consider a planning horizon of
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one week, at most four extra hours may be taken throughout the week. As each driver may only drive
up to nine plus one hour without a rest period, the maximum number of extra hours taken between
two subsequent rest periods is at most two.

The accumulated driving time between any two rest periods can add up to 18 hours or more at
most six times within a planning horizon of at one week (168 hours), because less than 18 hours
of driving can be performed after 6 x (18 + 9) = 162 hours since the beginning of the planning
horizon. Each time the accumulated daily driving time reaches 18 hours we can decide whether the
daily driving time of one or both drivers may be extended. Let

K := {(k1, k2, k6) € {0,1,2}°| Y ri =4}
1<i<6

denote a configuration corresponding to all the schedules complying with the regulation in which x;
denotes whether the daily driving time of no driver (x; = 0), one driver (x; = 1), or both drivers
(k; = 2) may be extended at the ¢th time the accumulated daily driving time reaches 18 hours.
The number of different configurations K equals 90 because there are 15 configurations in which 4
different daily driving times may be extended, 60 configurations in which one daily driving time may
be extended twice and three others may be extended once, and 15 configurations in which two daily
driving times may be extended twice. For each of these configurations K, we can use the modified
trip calculation method illustrated in Figure 4.

The modified trip calculation begins with initialising ¢ representing the remaining driving time
required to reach the next location, and ¢ indicating the number of rest periods in schedule s which
follow a daily driving time of 18 hours or more. Then, the algorithm determines the duration of
the next driving period based on the daily driving time limit increased by x;41. The modified trip
calculation continues with the same steps as in the original method and updates 7 in each iteration.

As there is a constant bound on the number of configurations, we retain a complexity of O(\?)
for solving the truck driver scheduling problem with extended daily driving times. It must be noted
that it is not necessary to perform all the steps of the DFBSS algorithm for each configuration. In-
stead, we can eliminate redundant steps for similar configurations and reduce the computational effort

accordingly.
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o 5= e )

|

7

i := number of rest periods following a daily driving time
of 18 hours or more

(A = mmin{, LU gy — [ive Jlast rest g jextend +td<\v_tr(sst_linrl}>

[else]

[A>0]
v

s < s.(DRIVE, A)
d—0—A
)
%[b‘ =0~@

[else]

( s — s.(REST, £7%) >7

Figure 4: Modified trip calculation method

7 Conclusions and Final Remarks

Scheduling of working and driving hours of truck drivers is a complex task in the presence of legisla-
tory constraints. Despite their importance, restrictions on drivers’ working hours have only attracted
very little interest in the literature. This paper studies truck driver scheduling problems considering
the European Union regulations for team drivers. A depth-first-breadth-second search algorithm is
presented, which can find a schedule complying with standard daily driving time limits in O(\?) time
if one exists. We furthermore show, that the general case in which standard driving time limits may

be exceeded, can be solved without increasing the complexity.
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