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Abstract— Although of particular importance for many real-
life applications, restrictions to drivers’ working hours have
only received very little attention in the vehicle routing litera-
ture. Regulations regarding drivers’ working hours often have
a big impact on total travel times, i.e. the time required for
driving, breaks, and rest periods. In this paper we describe
the regulations for drivers’ working hours in the European
Union. We present the Vehicle Routing Problem with Drivers’
Working Hours (VRPDWH) which generalises the well-known
Vehicle Routing Problem with Time Windows. We present
a Large Neighbourhood Search algorithm and test cases for
the VRPDWH and conclude this paper with computational
experiments.

I. INTRODUCTION

The consideration of drivers’ working hours in vehicle
routing and scheduling is of extraordinary importance to
increase safety and punctuality in road freight transport.
Motor carriers must organise the work of drivers in such
a way that drivers are able to comply with the respective
regulations. Due to the commitment to the just-in-time
philosophy manufacturing companies increasingly request
the delivery of parts and components within narrow time
windows. Punctuality can only be warranted if vehicle move-
ments are planned considering all operational constraints, in
particular, restrictions to drivers’ working hours.

Vehicle telematics can be used to improve the availability
of information regarding vehicle position, and driving and
rest periods. This information can be used to estimate arrival
times at customer locations and to plan vehicle movements
if decision support and planning tools are capable of con-
sidering restrictions to drivers’ working hours. Despite the
importance of drivers’ working hours current decision sup-
port and planning tools, as well as most literature on vehicle
routing and scheduling totally ignore respective regulations.

In this paper we describe the regulations for drivers’
working hours in the European Union and present the Vehicle
Routing Problem with Drivers’ Working Hours. Furthermore,
we propose a Large Neighbourhood Search algorithm capa-
ble of handling drivers’ working hours.

This paper is organised as follows. First, we discuss
related work on vehicle routing focusing on the literature
regarding restrictions to drivers’ working hours. In section III
we describe how drivers’ working hours are regulated in
the European Union. After giving a formulation of the
Vehicle Routing Problem with Time Windows (VRPTW)
in section 1V, we show how driving and rest periods can

be scheduled and present the Vehicle Routing Problem
with Drivers’ Working Hours (VRPDWH) in section V.
In section VI we present a Large Neighbourhood Search
algorithm for the VRPDWH. Eventually, we derive test cases
for the VRPDWH from the well-known benchmark problems
for the VRPTW by Solomon [1] and present computational
experiments performed on these test cases.

II. RELATED WORK

The VRP book edited by Toth and Vigo [2] covers the
state of the art of both exact and heuristic methods for
the Vehicle Routing Problem (VRP) and some of its most
important variants. The Vehicle Routing Problem with Time
Windows (VRPTW) is one of the best studied variants of
the VRP and a comprehensive survey of the VRPTW is
provided by [3]. Recent surveys on construction heuristics
and metaheuristics for the VRPTW have been presented by
Briysy and Gendreau [4], [5].

Although of particular importance for many real-life ap-
plications, restrictions to drivers’ working hours have only
received very little attention in the vehicle routing literature.
A maximum number of hours worked during a tour can be
modelled similar to capacity restrictions. This approach is
for example used by [6]. Only very few works have tried to
address vehicle routing problems in which drivers can only
work for a limited amount of time during a working day
and must take a daily rest period before they are allowed to
continue the tour. [7] present a Column Generation approach
for a dynamic and generalised Pickup and Delivery Problem
in which lunch breaks and night breaks must be taken within
fixed time intervals. Drivers’ working hours as regulated by
the U.S. Department of Transportation have been considered
by [8] who present a Column Generation approach for a rich
Pickup and Delivery Problem. [8] do not consider that a daily
rest periods may be taken before the maximum daily driving
time is exhausted. Such “early” rest periods, however, are
required in order to be able to satisfy narrow time windows
at subsequent customer locations.

We are not aware of any work considering EU regulations
regarding drivers’ working hours. These regulations are more
complicated than the regulations of the U.S. Department of
Transportation as, in addition to daily rest periods, short
breaks must be made after four and a half hours of unin-
terrupted driving.



III. DRIVERS’ WORKING HOURS

In the European Union drivers’ working hours are cur-
rently regulated by EC regulation 3820/85 [9]. In February
2006 the European Parliament and the Council of the Eu-
ropean Union have agreed on new regulations on working
time, breaks, and rest periods for drivers engaged in road
transport of goods and passengers [10] which will enter into
force in April 2007. According to the new regulations motor
carriers must organise the work of drivers in such a way that
drivers are able to comply with the regulations and are made
liable for infringements committed by the drivers. The new
regulations are:

o After a driving period of four and a half hours a driver
shall take an uninterrupted break of not less than 45
minutes, unless he takes a rest period. During a break
a driver must not drive or undertake any other work.

o The daily driving time between the end of one daily
rest period and the beginning of the following daily rest
period shall not exceed 9 hours. A daily rest period is
any period of at least 11 hours during which a driver
may freely dispose of his time.

o The weekly driving time shall not exceed 56 hours.

o A weekly rest period shall start no later than 144 hours
after the end of the previous weekly rest period.

Figure 1 illustrates an example of driving and rest periods
for a vehicle manned by one driver.  In a multiple manned
vehicle, the other driver(s) may take a break on the moving
vehicle whilst one driver is driving. Furthermore, the daily
rest period in which the vehicle must be stationary may be
reduced to 9 hours. As can be seen in figure 2, travel times
for long distance haulage are significantly shorter for vehicles
manned by two drivers than for vehicles manned by one
driver.

In this paper we only consider the working period between
two consecutive weekly rest periods and the regulations
described above. Further regulations apply but they are not
regarded in the remainder of this work:

e The daily driving time can be extended to at most 10

hours not more than twice during the week.

e The daily rest period may be reduced to 9 hours not
more than 3 times during the week.
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Fig. 1. Driving and rest periods
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Fig. 2. Driving and rest periods for a vehicle manned by two drivers

o The break may be replaced by a break of at least 15
minutes followed by a break of at least 30 minutes.

o The daily rest period may be taken in two periods, the
first of which must be an uninterrupted period of at
least 3 hours and the second an uninterrupted period of
at least 9 hours.

o Within each period of 24 hours (30 hours) after the
end of the previous daily rest period a driver (a driver
engaged in multi-manning) shall have taken a new daily
rest period.

Furthermore, there are regulations regarding weekly rest
periods, the maximum weekly working time, and the accu-
mulated driving time during any two consecutive weeks.

IV. VEHICLE ROUTING WITH TIME WINDOWS

The Vehicle Routing Problem (VRP) concerns the distribu-
tion of goods and products to customers by a set of vehicles,
which are located in a depot, are operated by a set of drivers,
and perform their movements by using an appropriate road
network. In particular, the solution of a VRP calls for the
determination of a set of tours, each performed by a single
vehicle that starts and ends at the depot, such that all the
requirements of the customers are fulfilled, all the operational
constraints are satisfied, and the global transportation cost is
minimised. The Vehicle Routing Problem with Time Windows
(VRPTW) is the extension of the VRP in which capacity
constraints are imposed and each customer is associated with
a time interval during which the service of the customer must
start [11].

Let C denote the set of customer locations and let }V denote
the set of vehicles available. For each vehicle let n(, 1)
and n, 2y denote a node corresponding to the depot where
all vehicles start and end their tour. That is, several nodes
correspond to the same geographical location (the depot).
Let

Dy :={nwmn |veV}

and
D_ = {n(v,g) | v E V}
and
N::CUD+U’D7
and
A = (CuDy)x(CuD_) \ {(n,n)|necC}

U D_ XD+.

Each arc (n,m) € A is associated with costs ¢, and
travel times d,,, that may include the time required for
service at node n. Note that arcs (n,m) € D_ X D, are
only used to simplify the notation and have zero costs. The
capacity of the vehicles is denoted by »™** and each customer
location n € C is associated with a known resource demand
r,. Bach customer n € C is associated with a time interval
[¢min ¢max] - called a time window. The vehicle must arrive
at the customer location within its time window and may
have to wait during the trip in order not to arrive too early.
For each node n € D, UD_ the demand 7, is zero and



the time interval [tMi" $M3] represents the total availability
during which the vehicles may be en-route.

For each arc (n,m) € A the binary variable x,,,, indicates
whether node m is visited immediately after node n. For each
node n € C UD_ the variable ¢, represents the arrival time
at the node and for each n € D, variable ¢,, represents the
time the vehicle starts its tour. For each node n € A the
variable p,, represents the accumulated demand.

The Vehicle Routing Problem with Time Windows

(VRPTW) is
minimise
> TomCam )
(n,m)eA
subject to

Z Tom = Z T for all n € N )

(n,m)eA (m,n)eA

Z Tpm = 1 for all n € N 3)

(n,m)eA

pn=0foralln € Dy (4a)

for all (n,m) € AwithneCUD; : (4b)
if . = 1 then pp, = pp + 12

pn < ™ for all n € N (4c)

for all (n,m) € AwithneCUD, : (52)
if £, = 1 then t,,, > t,, + dpm

thin < ¢, <M for all n € N (5b)

ZTnm € {0,1} for all (n,m) € A (6)

Equation (2) represents the flow conservation constraints
which impose that exactly the same number of vehicles reach
a node n € N as vehicles depart from it. Equation (3) im-
poses that each node is visited exactly once. Constraints (4a),
(4b), and (4c) are the capacity constraints which impose that
the accumulated demand at any point in the tour of a vehicle
is less or equal the capacity of the vehicle. Constraints (5a)
and (5b) are the time window constraints which impose that
each arrival time is within the time window at the node.
Eventually, constraints (6) impose that all x,,,, are binary.

V. VEHICLE ROUTING WITH DRIVERS’ WORKING HOURS

In many real-life problems regulations regarding drivers’
working hours must be considered when constructing tours.
Therefore, the total travel time of a trip from one node to
another is the sum of the pure driving time and the time
required for breaks and rest periods. In order to consider
drivers’ working hours we use the following notation:

Sn the service time required at node n € N

Onm, the pure driving time from node n € A to node
meN

tweekly the maximum weekly driving time between two

consecutive weekly rest periods

the maximum daily driving time between two con-
secutive daily rest periods

tnonstop the maximum nonstop driving time between two
consecutive breaks or rest periods

the time required for a daily rest period

the time required for a break

tdaily

trest
threak

In this paper we assume that service times are working
periods in which drivers perform handling activities. Conse-
quently, the service time must not be interpreted as a break
and must not be part of a daily rest period. As illustrated in
figure 3, the state of the driver at a customer location cannot
be uniquely determined as it is possible to schedule driving
and rest periods in a way such that rest periods are taken
before the respective accumulated driving time is exhausted.
For all nodes n € A a label

lna arrival time
L= lno | | weekly driving time
" | l.s | | daily driving time
lpa nonstop driving time

can be used to represent the state of the driver at the node.
The vehicle can start the service at node n € A at time
ln,1 and can depart from n at time [, 1 + s,,. It may drive
tweekly — In,2 before the next weekly rest period, tgaily —In,3
before the next daily rest period, and t,onstop — In,a before
the next break.

Although there may be very many different labels at a
node, not all of them need to be considered. A label [,

time window at the customer location
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Fig. 3. Alternative driver states at a customer location



dominates another label I/, if

Ing <l and I, 5 <1, 5 and (D1)
ln,3 < l;l73 and Zn,4 < 14174
or
ln,l + toreak < Z;L,l and ln,2 < l;L72 and (DZ)
ln,3 S 1;73
or
ln,l + trest § 1;71 and ln,2 § 14%2- (D3)

Obviously, if a label is dominated by (D1) it doesn’t need to
be considered. If a label dominates another label by (D2) the
vehicle may continue its tour with a break period, and after
the break (D1) is satisfied. Analogously, if a label dominates
another label by (D3) the vehicle may continue its tour with
a daily rest period, and after the daily rest period (D1) is
satisfied. Note that none of the labels corresponding to the
driver states illustrated in figure 3 dominates the others.

Consider that a vehicle is supposed to travel from node
n € N with label [, to a node m € N. As illustrated
in figure 3, several labels can be determined for node m.
As only working periods between two consecutive weekly
rest periods are considered in this paper, it is assumed that
ln.2 + 0nm < tweekly. Otherwise, a weekly rest period would
be required before reaching node m. In order to determine
possible labels at node m let

lm = (ln,l + Sny ln,2 + 57”’“ l”aS’ l”74)T

and let £ := (). The recursive function illustrated in figure 4
is invoked by expand_label(l,,, d.,,,,). First, the time the
vehicle may drive uninterrupted is calculated and the label
and the remaining required driving time § are respectively
adjusted. If 6 = 0 node m is reached and the label [, is
added to the set £. If § > 0 and [,,, 3 = tgaily a daily rest
period is required before the vehicle may continue to travel
towards m and the label is respectively adjusted. If § > 0
and I, 3 < tdaily and if ¢ or the remaining daily driving
time are less or equal ?honstop @ New label Il is generated
with arrival time [, 1 + tyest, zero daily driving time, and
zero nonstop driving time. This new label is generated as
it may be beneficial to continue with a daily rest period
instead of a break. The new label is expanded by invoking
expand_label(l’,, ). Then, the time required for a break
is added to the arrival time of label [, and the remaining
required nonstop driving time is respectively adjusted. The
label expansion continues with the calculation of the next
driving period.

Let [,, € L be a label generated as described above. The
arrival time [,,, ; may be smaller than the begin of the time
window ¢, Therefore, for all I,,, € L let

‘C(lm) = { (max{tﬁinv lm,l}a lm,2a lm,?n lm,4)T7
( max{tﬂin’ lm,l + tbreak}7 lm,2a lm,37 0)T7

( max{t%in7 lm,l + trest}7 lm,27 07 O)T}

!
¢

(A = min{0, tonstop — I taily — lm.3}>

Iy = lpa +A
lng —lms+ A
b — g+ A
oA ®

i

&[ﬁﬂ]*»(

[else]

'
Q [ lns = tdail_v |~
[else]

Lo LU{l) )
|

(A = min{0, taaily — lmn,3 })

<> [A < tnomtup] ’( llm = (17m1 + trest, lm.2, 0, [))T )

Img = Ly + Lrest
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Fig. 4. Recursive function expand_label(l,, §)

denote a set of potential labels. Now, let £,,(l,,) denote the
set of labels containing all

tef{ll, e |J Lm) |1, <tm>}
lm€L

such that no label is dominated by any other label and let
[V denote the initial label at the start of the tour of vehicle
v e V.

The Vehicle Routing Problem with Drivers’ Working Hours
(VRPDWH) is

minimise (1)
subject to (2), (3), (4a), (4b), (4¢c), (6) and

l =[YforallveV (5a%)

M (v,1)

for all (n,m) € A,v €V withneCUD, : (5b%)

if Xy =1 then 1, € L, (1)

Constraints (52’) and (5b’) replace the time window con-
straints of the VRPTW formulation and impose that time
window constraints are satisfied at each node and that
drivers’ working hours are satisfied for all trips.

VI. SOLUTION APPROACH

The difficulties in solving the VRPDWH come from three
aspects. First, the VRPDWH generalises the VRPTW which
already is hard to solve. Second, it is impossible to efficiently
determine all possible sets of labels £,,(I,). Eventually, a
change at one point in the tour requires the recalculation of
all labels of subsequent points in the tour.
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Fig. 5. Large Neighbourhood Search

In this section we propose a Large Neighbourhood Search
(LNS) algorithm for the VRPDWH. LNS has been presented
by [12] for the VRPTW and has proven to be well suited for
rich vehicle routing problems [13], [14]. The LNS algorithm
is outlined in figure 5. The basic idea is to start with an initial
solution and to remove k customers from their tours. After
these k customers are removed an insertion method tries to
re-insert the removed customers. If the new found solution
is better than the previous, the previous solution is replaced.
The algorithm continues with the next iteration until some
termination criterion is met.

The choice of customers to be removed in one LNS
iteration can be made completely randomly or according
to some appropriate relatedness criterion. For example, [12]
proposes a relatedness criterion based on geographical dis-
tance, difference of arrival times in the current schedule, and
the difference of the demand at the customer location.

The (re-)insertion of customer locations can be made
by any tour construction method, e.g. the auction method
proposed by [15] for the VRPTW. An iteration of the auction
method can be divided into three phases which are illustrated
in figure 6. In the first phase all unscheduled customers

Customers Vehicles Customers Vehicles Customers Vehicles
G Q ©
30 AN R O O
Qe OUNY O
"/, S > \\ o
Ct - D O------%0 O~—0
ko O--__ 0
: 0 e Q/o
= o
1. Make requests 2. Make proposals 3. Accept proposals

Fig. 6. Tllustration of the auction method

request and receive from each vehicle an insertion possibility
and the costs of insertion. In order to determine whether
an insertion of a customer is feasible all labels of the node
preceding the customer must be expanded and all labels of
succeeding nodes must be recalculated. An infinite cost is
assumed if no feasible insertion is possible. In the second
phase each unscheduled customer, chooses a vehicle with
low incremental costs and sends a proposal for insertion to
this vehicle. In phase three each vehicle which received a
proposal chooses a customer for insertion to the tour. The
insertion method stops if no customer can be inserted and
continues otherwise.

VII. COMPUTATIONAL EXPERIMENTS

In order to perform computational experiments we mod-
ified the well-known Solomon benchmark problems for the
VRPTW [1]. All values representing times in the Solomon
problems are interpreted as minutes. The time windows,
however, are multiplied by ten. The vehicles travel at a speed
such that they can travel 5 units per hour. As a weekly
rest period is required after 144 hours, the availability of
all vehicles is restricted. If the time interval representing the
total availability of the vehicles in the Solomon problems is
greater the vehicles are given different periods of availability,
each of length 144 hours. In this case, the labels must
be tagged with the vehicle index and only such labels

TABLE I
RESULTS
0 sec 1800 sec 3600 sec
V| >d [V >d [V >d
cl103 17 | 2713.52 11 1186.56 10 1166.94
cl04 15 | 2536.17 10 1360.39 10 1247.57
cl05 19 | 2467.14 11 1168.05 11 1031.99
cl06 19 | 2625.00 11 1063.61 11 1037.70
cl07 18 | 2476.14 10 1126.10 10 1047.10
cl108 17 | 2536.82 10 1110.42 10 1071.69
cl09 13 | 2198.24 10 1192.47 10 1174.02
c201 25 | 3153.36 14 1291.64 14 1291.64
c202 25 | 2998.99 11 1298.27 11 1270.90
c203 24 | 2993.64 11 1303.02 10 1308.61
c204 16 | 2349.06 11 1390.67 10 1339.77
c205 25 | 2411.51 13 1337.66 13 1327.58
c206 24 | 3133.63 11 1206.87 10 1110.77
c207 22 | 2684.07 11 1223.27 11 1126.62
c208 22 | 3079.18 13 1308.01 12 1232.14
r201 15 | 2092.35 10 1338.95 10 1290.76
1202 18 | 2146.33 9 1254.65 9 1219.11
203 14 1928.22 8 1085.67 7 1049.04
204 13 | 2132.75 9 1202.16 8 1175.36
r205 10 1961.76 9 1199.13 9 1132.88
r206 11 1967.23 9 1185.57 9 1170.87
1207 15 | 2415.15 9 1159.65 8 1171.00
r208 9 1731.24 6 1065.69 5 908.42
r209 15 | 2031.26 11 1164.77 11 1102.86
1210 11 1972.78 8 1150.12 8 1058.87
211 13 1884.35 8 1108.48 8 1067.81
rc201 17 | 2712.29 10 1486.77 10 1472.19
rc202 14 | 2253.66 12 1447.74 12 1441.00
rc203 11 2261.01 9 1381.43 9 1327.16
rc204 12 | 2223.21 9 1288.13 9 1244.64
rc206 14 | 2883.06 8 1334.98 8 1224.96
rc207 15 | 2934.40 9 1440.30 8 1295.47
rc208 13 | 2475.81 6 1127.53 6 1075.75




must be considered which have an arrival time within the
availability of the vehicle. The periods of availability are
distributed such that the ith vehicle becomes available at
time (i — 1)A after the begin of the total availability given
in the Solomon problems. The value of A is such that the
last vehicle becomes available 144 hours before the end of
the total availability. All vehicles are manned by one driver
and the following parameters are used: fyeeky = 56 hours,
tdaily = 9 hours, thonstop = 4.5 hours, t,cs¢ = 11 hours, and
tbreak = .79 hours.

Computational experiments were performed on a Intel
Pentium 4 processor with 2 GHz. In order to minimise the
number of vehicles first and then the total distance travelled
all arcs (n, m) € Dy xD_ where given a high negative cost,
such that empty tours were preferred in the LNS algorithm.
In each LNS iteration k£ € [2,30] customers were removed
from the tours. The value of k as well as the customers to be
removed were chosen randomly. Table I shows the number
of vehicles (]V|) and the total distance travelled (}_d) of
the initial solution, the solution after 30 minutes, and the
solution after 60 minutes of computation. Some problems are
not listed in the table (c101, c102, rc205, and all problems
belonging to the series rl and rcl) as, due the modification
of the Solomon problems, not all customers can be feasibly
served in the VRPDWH problems.

VIII. CONCLUSIONS AND FUTURE RESEARCH

This paper describes how drivers’ working hours are
regulated in the European Union. We have shown how
driving and rest periods can be scheduled considering the
fact that rest periods may be taken before the respective
accumulated driving time is exhausted. Such ‘“early” rest
periods are required in order to be able to satisfy narrow
time windows at customer locations. To our knowledge no
existing models have addressed this issue so far. In fact, only
very few works have addressed regulations regarding drivers’
working hours at all. This paper presents the Vehicle Routing
Problem with Drivers’ Working Hours which generalises the
Vehicle Routing Problem with Time Windows. The same
generalisations can be easily made to other variants of
the VRP, e.g. the VRP with pickups and deliveries which
is often used in long-distance haulage. The consideration
of drivers’ working hours will significantly improve the
applicability of schedules as the time required for breaks
and rest periods is often a significant portion of the total
travel time. We proposed a Large Neighbourhood Search

algorithm capable of handling drivers’ working hours. Fur-
thermore, we presented test cases for the VRPDWH derived
from Solomon’s benchmark problems for the VRPTW and
performed computational experiments. Future research will
show how the proposed algorithm competes against other
solution approaches. Further research is necessary in order to
consider all the regulations imposed by EU social legislation.
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